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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease charac-

terised by the death of upper and lower motor neurons. Approximately 10% of ALS

patients have a known family history of the disease and genetic analysis of ALS-a↵ected

families has identified causal mutations in multiple genes. The identification of these

mutations has provided the opportunity to develop models of ALS, essential tools for

studies investigating the biology of the disease and for preclinical testing of potential
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therapeutics. While many of the mechanisms underlying ALS have been elucidated,

these mechanisms remain poorly understood. Further studies using both established

and novel models of ALS are required to enhance the current understanding of these

mechanisms. A greater understanding of disease biology will lead to the identification

of potential therapeutic targets.

Mutations in CCNF linked to both familial and sporadic ALS were recently reported.

Patients who carry these CCNF mutations develop TDP-43 positive protein aggre-

gates within the their motor neurons – pathology considered to be the hallmark of the

disease in over 95% of cases. Therefore, the identification of ALS-linked mutations in

CCNF provides an opportunity to develop novel models that reflect the most common

pathology seen in ALS patients. This project aimed to develop these novel models in

the zebrafish.

Zebrafish have emerged as useful tools to identify and investigate mechanisms of human

disease. As vertebrates, they share significant genetic, anatomical and physiological

similarities with humans, while their speed of development, their high fertility and the

relative ease of manipulating their genome contribute to e�cient development of dis-

ease models. This project investigated the suitability of zebrafish to model ALS-linked

mutations in CCNF by characterising the zebrafish ccnf homologue and its encoded

protein, cyclin F. Comparison of zebrafish and human cyclin F identified significant

structural similarities between the proteins, suggesting that they perform similar func-

tions in the two species. Further, cyclin F was found to be persistently expressed in

the zebrafish central nervous system throughout development. This suggests that mod-

els in which cyclin F is artificially expressed in the central nervous system will have

physiological relevance. These findings supported the hypothesis that zebrafish are a

suitable species in which to model cellular changes associated with ALS-linked mutant

CCNF.
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Based on these findings, generation of the CCNF -based zebrafish commenced. A va-

riety of model paradigms were explored to identify strategies that produced models

suitable for investigative studies. Several strategies failed to generate viable mod-

els, including persistent embryonic overexpression of CCNF and selective expression

of CCNF within the motor neurons. Two strategies emerged that did produce suit-

able models with which to study ALS - transient overexpression of ALS-linked mutant

CCNF and inducible overexpression of ALS-linked mutant CCNF in adult zebrafish.

Evidence presented in this thesis indicates that the transient model will prove useful

for e�cient analysis of the cellular changes associated with mutant CCNF and will be

suitable for use in preclinical trials of potential therapeutics, while the inducible trans-

genic model will prove useful for longitudinal studies aimed at investigating disease

biology in an adult animal. Such studies will contribute to a greater understanding of

the mechanisms involved in disease onset and progression. The presence of TDP-43

pathology in patients who carry a CCNF mutation suggests that findings from these

models will be applicable to wider ALS. A greater understanding of the biology of ALS

will lead to the identification of potential therapeutic targets, an essential step in the

development of desperately needed e↵ective therapies.
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Introduction

1.1 General introduction to this thesis

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that is char-

acterised by the progressive death of upper and lower motor neurons. The disease

generally progresses rapidly and the majority of ALS patients die from respiratory

complications within 3-5 years (Rowland and Shneider, 2001). Currently available

treatments extend the life of patients by just a few months. This scarcity of e↵ective

treatments reflects our need for a greater understanding of the biology of ALS, and the

need for valid models for therapeutic discovery and preclinical studies. The ongoing

identification of ALS-linked gene mutations has provided valuable insight into the bi-

ological pathways disrupted in ALS, but much remains to be understood.

1
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ALS gene discovery has also facilitated the development of models that reflect aspects

of patient pathology. ALS pathology can only be examined in humans at post mortem,

at which point disease processes are well advanced. To gain insight into pre-clinical

pathological changes and consequently, potential therapeutic targets suitable for early

intervention, animal models are essential. Such models are also required to test the

safety and e�cacy of potential therapeutics. However, no current model adequately

represents all aspects of ALS pathology. Consequently, no model can accurately reflect

disruption in the multiple biological pathways that have been implicated in disease

pathogenesis. Therefore, multiple models, based on di↵erent ALS-linked genes that

function in di↵erent pathways are required. Our laboratory recently identified novel

mutations in CCNF that are linked to the most common form of the disease - ALS with

TDP-43 pathology. This discovery presents an opportunity to develop novel models to

examine the biology of ALS from a fresh perspective.

The protein degradation pathways are strongly implicated in the pathogenesis of ALS

(Webster et al., 2017). Cyclin F, encoded by CCNF, plays a role in protein degradation

through the ubiquitin proteasome system (UPS) (Galper et al., 2017). This suggests

that models based on ALS-linked mutations in CCNF will provide tools with which

to investigate dysfunction in this key pathway. The aim of this project was to develop

such models in the zebrafish.

This thesis begins with an overview of the current state of ALS research, including

the ALS-linked genes identified to date and the biological pathways that have been

implicated in the pathogenesis of the disease. This is followed by a review of the in

vivo models that have been established based on ALS-linked gene mutations and the

key insights that these models have provided into disease biology. The thesis then

details the characterisation of zebrafish ccnf, which established the suitability of the

species to model ALS-linked mutations in the gene, followed by a description of the

transgenic strategies that were assessed in this project and the two viable models that

these strategies generated. The thesis concludes with a discussion of potential studies
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for this these two viable models may be suited.

1.2 Introduction to ALS

1.2.1 Motor neuron disease, amyotrophic lateral sclerosis and

frontotemporal dementia

The motor neuron diseases (MNDs) are a group of disorders that are characterised

by progressive degeneration of motor neurons. The motor neurons are classified as

upper motor neurons (UMNs), which originate in the cerebral cortex and brainstem,

and lower motor neurons (LMNs), which transmit nerve impulses to the muscles. The

LMNs may innervate either the limbs (spinal LMNs) or the muscles of the face and

tongue (cranial nerve LMNs). Degeneration of the UMNs leads to muscle spasticity,

while degeneration of the spinal LMNs leads to muscle weakness and atrophy. Degen-

eration of the cranial nerve LMNs leads to bulbar motor neuron signs, which include

di�culty speaking and swallowing. Clinical presentation varies between MND patients,

however the disease is invariably progressive and ultimately fatal.

Amyotrophic lateral sclerosis (ALS) is the most common and most rapidly progressive

form of MND. ALS is a heterogeneous disease that demonstrates significant variability

with respect to dominant clinical features (upper or lower motor neuron), age of onset

and speed of progression. This variability is observed even amongst patients who carry

the same ALS-linked gene mutation (Xi et al., 2014). Survival time of patients is highly

variable, however in most cases, death typically occurs within 3-5 years of symptom

onset (Rowland and Shneider, 2001).

ALS is linked clinically, pathologically and genetically to a form of presenile dementia

- frontotemporal dementia (FTD) (Figure 1.1). Frontotemporal dementia is charac-

terised by degeneration of the frontotemporal lobes, which clinically leads to progres-

sive behavioural changes and language deficits (Warren et al., 2013). Up to 50% of
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ALS patients develop some degree of frontotemporal dysfunction and this dysfunction

is severe enough in approximately 15% of patients to meet the criteria for diagnosis of

co-morbid ALS-FTD (Giordana et al., 2011). Conversely, approximately 15% of pri-

mary FTD patients meet the criteria for diagnosis of ALS (Ringholz et al., 2005). In

addition to this clinical overlap, the two conditions share a key pathological feature -

the cytoplasmic aggregation of ubiquitinated misfolded proteins within neurons (Ling

et al., 2013). Furthermore, the two conditions are linked by several gene mutations

which are found in both ALS and FTD patients. As a result of these common features,

ALS and FTD are regarded as two ends of a spectrum of neurodegenerative disease

(Couratier et al., 2017).

1.2.2 Epidemiology of ALS

ALS has an estimated worldwide incidence of 1.5-1.85 people per 100 000 population

(Marin et al., 2017). The incidence of the disease is approximately 1.3 times higher

in men than women, however this ratio varies with both age and ethnicity (McCombe

and Henderson, 2010). Geographically, the incidence of ALS is similar across Europe,

North America and New Zealand (approximately 1.89 per 100 000) (Marin et al., 2017).

This is significantly higher than the reported incidence of ALS in Asia (approximately

0.88 per 100 000) (Marin et al., 2017). The age of onset of ALS is variable. The average

age of onset is reported to be 64.3 years of age (Paulukonis et al., 2015), however, rare

juvenile (under 25 years of age) and young onset (under 45 years of age) forms of the

disease have reported (Turner et al., 2012).
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1.2.3 Familial ALS

Approximately 10% of ALS cases demonstrate familial inheritance of the disease (famil-

ial ALS, FALS) (Iguchi et al., 2013) and currently, gene mutations are the only known

cause of ALS. To date, mutations in over 25 genes have been confidently linked to ALS

(ALS-linked genes), accounting for approximately 60% of familial cases (McCann et al.,

2017). Gene mutations have also been identified which appear to be act as disease risk

factors or disease modifiers (ALS-associated genes) (Table 1.1). ALS-linked mutations

often display classic Mendelian inheritance patterns, however significant variability

is seen with respect to disease penetrance and clinical presentation (Al-Chalabi and

Lewis, 2011).

Over 50% of familial ALS cases are attributable to mutations in just four genes -

SOD1, TARDBP, FUS and C9orf72 (McCann et al., 2017). These genes are briefly

discussed in this section, followed by a more comprehensive review of the gene at the

centre of this project - CCNF.

SOD1

The identification of ALS-linked mutations in SOD1 was the first genetic breakthrough

in ALS research (Rosen, 1993). The SOD1 protein, superoxide dismutase, is a metal-

loenzyme, required to convert superoxide free radicals to less reactive oxygen species.

To date, over 160 mutations distributed throughout this gene have been reported, ac-

counting for 12-23% of ALS patients worldwide (Andersen, 2006) and approximately

13.7 % of Australian FALS cases (McCann et al., 2017).

TARDBP

Over 95% of ALS patients and approximately 45% of FTD patients develop neuronal

protein aggregates that are positive for the protein encoded by TARDBP - TDP-43
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Table 1.1: ALS-linked and ALS-associated genes identified to date.
ALS-linked Gene Incidence Primary functional pathway
SOD1 (Rosen, 1993) ⇠20% Antioxidant
TARDBP (Sreedharan et al., 2008) ⇠4% RNA processing
FUS (Vance et al., 2009; Kwiatkowski et al., 2009) 3-5% RNA processing
ALS2 (Hadano et al., 2001) <1% Activation of GTPases, neurite outgrowth
SETX (Chen et al., 2004) <1% DNA repair, RNA synthesis
VAPB (Nishimura et al., 2004) <1% ER membrane protein
ANG (Greenway et al., 2006) <1% Angiogenesis, RNA processing
FIG4 (Chow et al., 2009) <1% Vesicle tra�cking (?)
OPTN (Maruyama et al., 2010) <1% Golgi protein, protein homeostasis
VCP (Johnson et al., 2010) <1% Protein homeostasis
UBQLN2 (Deng et al., 2011) <1% Protein homeostasis
SIGMAR1 (Luty et al., 2010) <1% ER transport
PFN1 (Wu et al., 2012a) <1% Actin dynamics
C9ORF72 (DeJesus-Hernandez et al., 2011; Renton et al., 2011) ⇠40% Protein homeostasis, transcription
SPG11 (Orlacchio et al., 2010) <1% Neuronal skeleton, axonal transport, synaptic vesicles
CHMP2B (Parkinson et al., 2006) <1% Endocytosis, protein tra�cking,
hnRNPA1 (Kim et al., 2013) <1% RNA processing
MATR3 (Johnson et al., 2014) <1% RNA processing
CCNF (Williams et al., 2016) 0.6-3.3% Protein homeostasis
DCTN1 (Munch et al., 2004) <1% ER-golgi transport
SQSTM1 (Fecto et al., 2011) <1% Protein homeostasis
NEFH (Figlewicz et al., 1994) <1% Axoskeleton protein
PRPH (Gros-Louis et al., 2004) <1% Cytoskeletal protein
TUBA4A (Smith et al., 2014) <1% Neuronal skeleton
hnRNPA2B1 (Kim et al., 2013) <1% RNA processing
EWSR1 (Couthouis et al., 2012) <1% Transcription suppression
CHCHD10 (Bannwarth et al., 2014; Chaussenot et al., 2014) <1% Mitochondrial protein
ALS-associated genes Incidence Primary functional pathway
TBK1 (Freischmidt et al., 2015; Chase, 2015) Unknown Innate immunity, autophagy
ATXN2 (Elden et al., 2010) Unknown RNA processing, endocytosis
NEK1 (Kenna et al., 2016; Brenner et al., 2016) Unknown DNA damage and repair
C21orf2 (van Rheenen et al., 2016) Unknown DNA damage and repair
TAF15 (Couthouis et al., 2011) Unknown Transcription initiation
SPAST (Meyer et al., 2005) Unknown Neurofilament, cytoskeletal, microtubule development
CREST (Chesi et al., 2013) Unknown Transcription initiation
ELP3 (Simpson et al., 2009) Unknown Unknown
DAO (Mitchell et al., 2010) Unknown Unknown
UNC13A (van Es et al., 2009) Unknown Neurite outgrowth, synaptic transmission
ERBB4 (Takahashi et al., 2013) Unknown Protein kinase
NTE (Rainier et al., 2008) Unknown ER protein
PON1-3 (Cronin et al., 2007) Unknown Antioxidant
C19orf12 (Kim et al., 2016) Unknown Mitochondrial protein
EPHA4 (Van Hoecke et al., 2012) Unknown Tyrosine kinase receptor activity
CHGB (Gros-Louis et al., 2009) Unknown ER-golgi transport
SMN (Orrell et al., 1997) Unknown snRNP synthesis

(Neumann et al., 2007). This suggests that TDP-43 dysfunction is a key feature of both

diseases, a hypothesis that was confirmed by the identification of ALS and FTD-linked

mutations within TARDBP (Sreedharan et al., 2008; Van Deerlin et al., 2008; Kabashi

et al., 2008; Yokoseki et al., 2008). TDP-43 is an RNA binding protein which has a

role in regulation of transcription, RNA transport and translation, mRNA splicing and

DNA repair (Sephton et al., 2012). Over 50 ALS-linked mutations within this gene

have now been reported, accounting for up to 4% of familial cases worldwide (Sreed-

haran et al., 2008) and approximately 1.9% of Australian FALS cases (McCann et al.,

2017).
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FUS

TDP-43 shares significant structural and functional similarities with another RNA

binding protein, fused in sarcoma (FUS). Due to these similarities, Vance et al. (2009)

identified the FUS-encoding gene (FUS ) as a prime candidate for ALS mutation screen-

ing in patient cohorts. This screening identified three mutations within the gene that

segregated with disease (Vance et al., 2009). To date, 49 ALS-linked mutations in FUS

have been reported, accounting for 3-5% of ALS cases worldwide (reviewed in Shang

and Huang (2016)) and approximately 2.4% of Australian FALS patients (McCann

et al., 2017).

C9orf72

The most common genetic cause of ALS is a hexanucleotide repeat (GGGGCC) expan-

sion in a non-coding region of the C9orf72 gene. Una↵ected individuals typically carry

up to 23 copies of the hexanucleotide repeat sequence, whereas ALS and FTD patients

with the C9orf72 mutation carry hundreds to thousands of repeats. The C9orf72 mu-

tation accounts for approximately 40.6% of Australian FALS patients (McCann et al.,

2017) and is also the most common genetic cause of FTD, accounting for 25.9% of FTD

patients (van Blitterswijk et al., 2012). The cellular functions of C9orf72 are only now

being elucidated. So far, the protein has been shown to be involved in the maintenance

of multiple homeostatic pathways, including protein homeostasis through autophagy

(more specifically, microautophagy)(Nassif et al., 2017), nuclear transport (Freibaum

et al., 2015; Zhang et al., 2016) and actin dynamics (Sivadasan et al., 2016).

CCNF

Introduction to CCNF

Cyclin F, encoded by CCNF, is an E3 ubiquitin ligase, a substrate recognition compo-

nent of the UPS. Known substrates of cyclin F include cell cycle proteins and proteins
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that function in DNA repair and replication. By regulating the expression levels of

these substrates, cyclin F has a role in regulating both cell cycle progression and the

maintenance of genome stability (Galper et al., 2017). The function of cyclin F within

the UPS and its downstream biological e↵ects are detailed in a review article (Paper

1) published in the International Journal of Biochemical Cell Biology.

Paper 1
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A B S T R A C T

Cyclin F, encoded by CCNF, is the substrate recognition component of the Skp1-Cul1-F-box E3 ubiquitin ligase
complex, SCFcyclin F. E3 ubiquitin ligases play a key role in ubiquitin-proteasome mediated protein degradation,
an essential component of protein homeostatic mechanisms within the cell. By recognising and regulating the
availability of several protein substrates, SCFcyclin F plays a role in regulating various cellular processes including
replication and repair of DNA and cell cycle checkpoint control. Cyclin F dysfunction has been implicated in
various forms of cancer and CCNF mutations were recently linked to familial and sporadic amyotrophic lateral
sclerosis and frontotemporal dementia, offering a new lead to understanding the pathogenic mechanisms un-
derlying neurodegeneration. In this review, we evaluate the current literature on the function of cyclin F with an
emphasis on its roles in cancer and neurodegeneration.

1. Introduction

First reported in 1994, cyclin F (encoded by CCNF, alias FBXO1) is
the founding member of the F-box family of proteins, which are char-
acterised by the presence of an F-box motif (Bai et al., 1994). F-box
proteins act as the substrate recognition subunits of Skp1–Cul1–F-box
(SCF) E3 ubiquitin ligase complexes, which recognise and mediate the
ubiquitination of target proteins via an enzyme cascade. First, E1 ubi-
quitin-activating enzymes transfer activated ubiquitin to an E2 ubi-
quitin-conjugating enzyme. E3 ubiquitin ligase complexes then mediate
the transfer of activated ubiquitin from the E2 ubiquitin-conjugating
enzyme to specific substrates (Fig. 1A) (Tanaka and Matsuda, 2014).
Ubiquitinated proteins are then directed to the proteasome for pro-
teolysis. This system is collectively known as the ubiquitin-proteasome
system (UPS). Cyclin F also belongs to the cyclin family and is involved
in regulating various cell cycle processes, including centrosome dupli-
cation (D’Angiolella et al., 2010), genome stability maintenance
(Walter et al., 2016) and DNA replication and repair (D’Angiolella
et al., 2012). In contrast to other cyclins, which utilise cyclin-dependent
kinases (cdk) to phosphorylate protein substrates and promote cell
cycle events, cyclin F regulates the cell cycle independent of cdk ac-
tivity. Alternatively, it ubiquitinates or directly interacts with substrates
(D’Angiolella et al., 2012; D’Angiolella et al., 2010; Klein et al., 2015).

In line with its role in regulating the cell cycle, CCNF dysfunction has
been linked to various forms of cancer and cyclin F expression levels
have been proposed as a biomarker of hepatocellular carcinoma (Fu
et al., 2013). Recently, CCNF mutations were linked to amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Williams
et al., 2016), highlighting a pathogenic role of cyclin F in neurode-
generative diseases.

2. Structure

Cyclin F is a 786-amino acid protein that is encoded by the 17 exon
CCNF gene (Bai et al., 1994). Cyclin F contains two nuclear localisation
signals (NLS), an F-box domain, two functional D-box motifs, a cyclin
box and a PEST sequence rich in Pro (P), Glu (E), Ser (S) and Thr (T)
residues (Fig. 2). The two NLS ensure cyclin F remains predominantly
nuclear (Kong et al., 2000). The F-box domain binds S-phase kinase-
associated protein 1 (Skp1) within the SCF complex (Schulman et al.,
2000), whilst the D-boxes, composed of an RxxL sequence, are required
for anaphase promoting complex/cyclosome (APC/C)-mediated de-
gradation of cyclin F (Choudhury et al., 2016). The cyclin box domain
shares structural similarities with other cyclins, and is responsible for
binding substrates through hydrophobic residues (D'Angiolella et al.,
2012; D'Angiolella et al., 2010; Walter et al., 2016). The PEST sequence
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Fig. 1. (A) The SCFcyclin F complex in the ubiquitin
proteasome system pathway. Cyclin F, Skp1, Cul1
and RING box protein 1 (Rbx1) form a Skp1-Cul1-F-
box (SCF) E3 ubiquitin ligase complex. E1 ubiquitin-
activating enzymes transfer ubiquitin to E2 ubi-
quitin-conjugating enzymes, which then interact
with the SCFcyclin F complex to transfer ubiquitin to a
target substrate. This directs the substrate to the
proteasome for degradation. The question mark de-
notes that outcomes besides proteasomal degrada-
tion of ubiquitinated substrates are possible, al-
though this has not been specifically explored for
cyclin F. (B) Substrates targeted by SCFcyclin F for
protein degradation and cyclin F binding partners,
with functional outcomes.

Fig. 2. Structure of the CCNF gene (transcript ID ENST00000397066.8) and cyclin F protein (protein ID ENSP00000380256). CCNF has 17 exons that cover a 29.46 kb region on
chromosome 16. Cyclin F is a 786-amino acid protein that contains two nuclear localisation signals (NLS), an F-box, a cyclin box and a PEST (Pro (P), Glu (E), Ser (S) and Thr (T)) region.
Black numbers on the CCNF gene schematic denote exon number and black numbers on the protein schematic denote amino acid position. Grey dotted lines show which exon(s) encode
each protein domain. UTR untranslated region. Red arrows and text indicate the location of each of the ALS/FTD-linked mutations within CCNF identified to date. Gene structure
adapted from Ensembl (Yates et al., 2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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is located at cyclin F’s C-terminal. PEST regions are typically present in
proteins that are rapidly degraded and in agreement with this, ex-
pression of cyclin F lacking the PEST region leads to an accumulation of
cyclin F in cells (Fung et al., 2002).

3. Expression, activation and turnover

In humans, cyclin F mRNA is ubiquitously expressed (Bai et al.,
1994), however mRNA expression levels differ between tissues (Uhlen
et al., 2015, http://www.proteinatlas.org/) and this difference may be
attributed to the proportion of cycling cells within a specific tissue (Bai
et al., 1994). High mRNA expression occurs in skeletal muscle and brain
whilst low expression occurs in the heart and pancreas (Bai et al.,
1994). In humans, cyclin F protein is most abundant in the lung, skin,
bone marrow and immune system (Uhlen et al., 2015, http://www.
proteinatlas.org/). Cyclin F mRNA and protein abundances oscillate
throughout the cell cycle (Bai et al., 1994). Cyclin F mRNA accumulates
in S phase, peaks at G2 phase and decreases at M phase (Bai et al.,
1994). Within the cell, cyclin F is predominately nuclear, however it
has also been noted in perinuclear regions in dividing cells (Bai et al.,
1994).

The E3 ubiquitin ligase activity of SCFcyclin F is modified by the
neural precursor cell expressed developmentally downregulated protein
8 (NEDD8). NEDD8 post translationally modifies SCFcyclin F by forming
a covalent attachment to the C-terminal of the SCFcyclin F subunit Cul1.
This neddylation induces ‘open’ and ‘closed’ conformational re-
arrangements, resulting in SCFcyclin F activation or inactivation re-
spectively (Duda et al., 2008). SCF activation by NEDD8 likely enables
E2-ligase recruitment whilst preventing the binding of an SCF inhibitor,
cullin-associated NEDD8-dissociated protein 1 (CAND1), resulting in
ubiquitin ligase activity (Choudhury et al., 2016; Duda et al., 2008).

Cyclin F is known to be phosphorylated, although the functional
consequences of this phosphorylation are unclear (Bai et al., 1994).
Typically, PEST regions of proteins are heavily phosphorylated, im-
pacting processes such as protein interactions and ligase activity
(Garcia-Alai et al., 2006).

Two potential mechanisms of cyclin F degradation have been pro-
posed. The PEST region of cyclin F confers instability to the protein and
this has been proposed to promote degradation through the action of
metalloproteases (Fung et al., 2002). In another study, cyclin F was
identified as a direct substrate of the APC/Cfzr (fizzy-related protein
homolog) ubiquitin ligase, leading to its ubiquitination and subsequent
proteasome-mediated degradation (Choudhury et al., 2016). These
studies presented different cyclin F degradation mechanisms, however,
each study utilized differing cell cycle stages, so it is possible that the
degradation mechanism of cyclin F is cell cycle stage dependent, al-
though this needs further investigation.

4. Biological functions

Cell cycle activity is tightly regulated through the production and
degradation of cell cycle-associated proteins (Choudhury et al., 2016;
D'Angiolella et al., 2012; D'Angiolella et al., 2010; Murray et al., 1989).
By binding and/or ubiquitinating several cell cycle-associated protein
substrates, SCFcyclin F plays a role in regulating various cell cycle-as-
sociated functions, including maintenance of genome stability and cell
cycle transitions (Fig. 1B).

4.1. DNA synthesis and repair/genome stability

SCFcyclin F limits the availability of ribonucleotide reductase (RNR)
during the G2 phase of the cell cycle by promoting the ubiquitination
and subsequent degradation of an RNR subunit – RRM2 (D'Angiolella
et al., 2012). RNR catalyses the conversion of ribonucleotides to
deoxyribonucleotides (dNTPs), required for both replicative and re-
parative DNA synthesis. Misregulation of dNTP homeostasis leads to

genome instability and a hypermutator phenotype. Experimental
downregulation of cyclin F expression has been shown to lead to an
increase of RRM2 and consequently an abnormal increase in dNTP le-
vels. In response to DNA damage from genotoxic stimuli, cyclin F de-
gradation lead to the accumulation of RRM2 and an increased pro-
duction of dNTPs to facilitate DNA repair (D'Angiolella et al., 2012).

SCFcyclin F also targets cell division cycle 6 (CDC6), a protein that is
involved in DNA replication. Critically, CDC6 degradation by SCFcyclin F

prevents DNA from re-replication or over-replication, which is highly
disruptive to DNA integrity and promotes genome instability. This can
activate ataxia telangiectasia mutated protein dependant responses,
including the arrest of the cell cycle, DNA repair or apoptosis (Walter
et al., 2016).

Recently, it was found that cyclin F responded to DNA damage by
maintaining G2 phase arrest, which enables the induction of DNA repair
mechanisms that precede mitosis. This is achieved by cyclin F-mediated
suppression of Myb-related protein B (B-Myb), an oncoprotein that
drives a transcriptional program to promote accumulation of crucial
mitosis-promoting proteins (Klein et al., 2015). Also in response to DNA
damage, cyclin F ubiquitinates exonuclease 1 (Exo1). The purpose of
cyclin F-mediated degradation of Exo1 is unclear, although it is
speculated to prevent unnecessary DNA resection under stress (Elia
et al., 2015). Cyclin F may additionally respond to DNA damage by
regulating phosphorylated H2A.X histone protein pro-apoptotic sig-
nalling. By targeting stem-loop binding protein (SLBP), a factor neces-
sary for expression of H2A.X, SCFcyclin F indirectly limited H2A.X
synthesis, thereby reducing phosphorylated H2A.X-mediated pro-
apoptotic signalling under genotoxic stress (Dankert et al., 2016). In
summary, cyclin F regulates the availability of RNR, CDC6, B-Myb,
Exo1 and SLBP to help maintain the integrity of the genome during
DNA repair and synthesis.

4.2. The cell cycle

SCFcyclin F controls several mechanisms that maintain both the
normal progression and checkpoint control of the cell cycle. Through
ubiquitin-mediated proteolysis, SCFcyclin F decreases levels of cen-
trosomal protein of 110 kDa (CP110). CP110 promotes centrosome
duplication, a process that must occur only once per cell cycle. The
timely degradation of CP110 by SCFcyclin F is critical to prevent cen-
trosome duplications from re-occurring (D'Angiolella et al., 2010).

At the end of G2 phase, SCFcyclin F inactivates APC/Cfzr to allow
entry into S-phase, by targeting the fzr subunit of APC/Cfzr for pro-
teolytic degradation (Choudhury et al., 2016). SCFcyclin F also controls
the assembly of the mitotic spindle by decreasing nucleolar and spindle
associated protein (NuSAP1), a protein involved in the organisation of
microtubules (Emanuele et al., 2011). Independently of the SCFcyclin F

complex, cyclin F also forms a complex with cyclin B and cdc2 (together
known as M-phase promoting factor), which acts to promote the onset
of mitosis (Kong et al., 2000).

In vivo mouse studies by Tetzlaff and colleagues have demonstrated
important roles for cyclin F in development and cell cycle regulation
(Tetzlaff et al., 2004). Cyclin F /+ mice examined up to 24 months of
age exhibited no detectable phenotype. In contrast, cyclin F / mice
were embryonically lethal at midgestation and exhibited gross defects,
including failure to initiate chorio-allantoic fusion during development.
Interestingly, tissue-specific knockout of cyclin Fflox/ mice in the eye,
bone, gut and bladder revealed no specific sensitivity to cyclin F
function during embryogenesis or adulthood in rodents (Tetzlaff et al.,
2004). Mouse embryonic fibroblasts deficient for cyclin F appeared
viable in culture, although they exhibited a delayed rate of both growth
and cell cycle re-entry, implicating cyclin F in cell cycle entry and
progression (Tetzlaff et al., 2004). These mouse studies suggest that
cyclin F is indispensable for the completion of embryogenesis, but not
essential for the development or physiology in the tissues examined. It
should be noted that the differences between in vivo and in vitro models
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used cannot be ruled out as a source of the phenotype disparities ob-
served between tissue-specific knockout and embryonic fibroblasts. The
possibility remains that cyclin F knockout in untested tissues, such as
nervous tissue, could generate a phenotype and therefore an in-
vestigation into this is warranted.

5. Cyclin F in cancer and neurodegenerative disease

5.1. Cancer

The cBioPortal for Cancer Genomics lists 74 studies covering nu-
merous cancers in which CCNF alterations (mutation, amplification or
deletion) have been identified (Cerami et al., 2012). However, the
contribution of these genomic alterations to tumorigenesis is yet to be
established. Causal somatic mutations in CCNF have been identified in
breast cancer (Stephens et al., 2009) and in Endemic Burkitt Lymphoma
(Abate et al., 2015).

Evidence suggests that cyclin F has a tumour suppressor role (Wang
et al., 2014). Overexpression of cyclin F in U-2OS cells (D'Angiolella
et al., 2010) and C33A cells (Bai et al., 1994) has been shown to induce
G2 phase arrest, impeding the initiation of mitosis. It has also been
shown to reduce centrosome duplications, the amplification of which is
a hallmark of cancer. Consistent with this tumour suppressive role,
cyclin F expression is significantly downregulated in hepatocellular
carcinoma (HCC) tumour tissue. Indeed, the magnitude of its down-
regulation correlates with a range of HCC prognostic markers and thus
cyclin F expression levels have been proposed as a prognostic indicator
in the disease (Fu et al., 2013).

Experimental downregulation of cyclin F has been shown to in-
crease RRM2 expression, effectively disrupting the balance of dNTPs,
leading to an increased frequency of genomic mutations (D'Angiolella
et al., 2012). Consequently, increased RRM2 expression is a common
feature of numerous cancers, including pancreatic, breast, lung,
ovarian, bladder and gastric cancer, HCC and osteosarcoma (Huret
et al., 2013). RRM2 expression is not solely regulated by cyclin F, and
additional modifiers, most notably the oncogenic KRAS gene, have been
shown to upregulate its expression (Yoshida et al., 2011). Further in-
vestigation into the contributory roles of upstream modifiers of RRM2,
including cyclin F, is required to enhance our understanding of the
pathways involved, and to identify potential therapeutic targets.

5.2. Neurodegenerative disease

Cyclin F has recently been linked to a spectrum of neurodegenera-
tive diseases – ALS, FTD and co-morbid ALS-FTD (Williams et al.,
2016). To date, ten missense mutations in CCNF have been identified
which segregate with disease in both familial and sporadic ALS and FTD
patients (Fig. 2). These mutations are scattered throughout the gene
domains but their functional consequences are yet to be determined.
Experimentally, overexpression of mutant, but not wildtype, cyclin F in
NSC-34 cells leads to UPS dysfunction upstream of the proteasome and
an accumulation of ubiquitinated proteins, including TAR DNA-binding
protein 43 (TDP-43), a hallmark pathology of ALS/FTD (Williams et al.,
2016). This study suggests that CCNF mutations could contribute to the
overall protein homeostasis disruption in ALS/FTD. Currently, the re-
lationship between cyclin F and TDP-43 remains unclear, and it will be
interesting to investigate whether TDP-43 is a substrate of cyclin F. In
addition, overexpression of cyclin FS621G in zebrafish resulted in an
aberrant motor neuron phenotype (Hogan et al., 2017). Taken together
with the mouse study conducted by Tetzlaff et al. (2004) where tissue-
specific knockout of cyclin F did not exhibit an effect, CCNF mutations
are likely to be due to a toxic gain-of-function.

It should be noted that although commonly used to model motor
neurons in ALS, NSC-34 cells are dividing and would therefore not re-
capitulate all features of post-mitotic neurons. In addition, the nature of
the polyubiquitin chains associated with mutant compared to wildtype

cyclin F is unknown and warrants further investigation.
The role of cyclin F in neurons has not been well studied. Cell cycle

proteins are differentially expressed in post-mortem tissue from patients
with a range of neurodegenerative diseases, including ALS (Yang and
Herrup, 2007). Some of these cell cycle proteins, such as cyclin B, are
known interactors of cyclin F (Busser et al., 1998), suggesting that in-
appropriate activation of cell cycle proteins may play a role in neuro-
degeneration. There is evidence to suggest that post-mitotic neurons are
able to re-enter the cell cycle (Yang and Herrup, 2007), however this re-
entry appears to initiate neuronal apoptosis, a process known as cycle-
related neuronal death. Cycle-related neuronal death has been reported
in models of Parkinson’s disease (Hoglinger et al., 2007) and Alzhei-
mer’s disease (Yang and Herrup, 2007), and it would be of interest to
establish whether a similar mechanism occurs in CCNF-associated ALS/
FTD.

6. Concluding remarks

In conclusion, cyclin F is a unique multifunctional protein that
carries features of both cyclin and F-box proteins. Further character-
isation of cyclin F, including the identification of additional substrates
and its interaction with TDP-43, will provide further insights into
neurodegenerative disease mechanisms. F-box proteins, including cy-
clin F, provide potential targets for cancer treatment, for example, al-
tered expression of the F-box protein SKP2 has demonstrated significant
promise in in vitro and in vivo cancer models (Chan et al., 2013). Further
work to elucidate the expression pattern of cyclin F and its other pri-
mary substrates in various forms of cancer may provide additional
biomarkers and valuable insight into new therapeutics.
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1.2 Introduction to ALS 15

CCNF in ALS

Our laboratory recently identified ALS and FTD-linked mutations in CCNF through

a combination of genetic linkage analysis and next-generation sequencing (Williams

et al., 2016). To date, 10 missense mutations in this gene have been reported in ALS

cohorts, with a worldwide frequency that ranges from 0.6 to 3.3% (Williams et al.,

2016). Significantly, patients who carry an ALS-linked mutation in CCNF have been

shown to develop TDP-43 pathology (Williams et al., 2016).

ALS-linked mutations in CCNF have been shown to induce UPS dysfunction in vitro.

Analysis of Neuro-2A cells transfected with mutant CCNF (CCNF S621G) demonstrated

an accumulation of ubiquitinated proteins, including TDP-43, and a reduction in UPS

activity (Williams et al., 2016). Overexpression of CCNF S621G in both Neuro-2A and

SH-SY5Y cells has been shown to alter UPS-mediated protein ubiquitination and in-

duce disruption of the second major proteolytic pathway - autophagy (Lee et al.,

2017b). The zebrafish models presented in this thesis are the first in vivo models

based on ALS-linked mutations in CCNF.

1.2.4 Sporadic ALS

Approximately 90% of ALS cases have no known family history of the disease and are

classified as sporadic (SALS). Approximately 10% of these apparently sporadic cases

carry a mutation in a known ALS gene, which may be a reflection of misclassification

due to incomplete family history or reduced penetrance of a mutation (Iguchi et al.,

2013). For the 90% of SALS cases that do not carry a known ALS-linked mutation, the

cause of their disease remains unclear. It is hypothesised that a combination of genetic

and environmental risk factors, rather than a single causative factor are involved in

the development of disease in these patients (Simpson and Al-Chalabi, 2006). Gene

variants that appear to increase susceptibility to ALS have been reported (Table 1.1)

and multiple environmental factors have been proposed as risk factors for the disease.

These environmental factors include smoking (Armon, 2009), exposure to heavy metals
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and pesticides (reviewed in Bozzoni et al. (2016)) and exposure to a cyanotoxin, N-

methylamino-L-alanine (BMAA) found in cycad seeds and cyanobacteria (blue green

algae) (Bozzoni et al., 2016; Caller et al., 2012). However, no study has yet conclusively

demonstrated a link between any of these environmental factors and ALS and the

underling cause of the majority of SALS cases remains unclear.

1.2.5 Pathology of ALS

Despite the distinction between familial and sporadic ALS, the two forms of the disease

are pathologically and clinically indistinguishable. The dominant pathological features

of both FALS and SALS are the progressive loss of motor neurons in the motor cortex,

corticospinal tracts, brainstem and spinal cord, and the presence of ubiquitin positive

protein aggregates within the neuronal cytoplasm (Neumann et al., 2007). In over 95%

of patients, these protein aggregates are immunopositive for the TDP-43 protein (Scot-

ter et al., 2015). Patients who carry a mutation in the SOD1 gene are an exception.

These patients develop neuronal aggregates that are ubiquitin and SOD1 positive but

TDP-43 negative, suggesting that di↵erent mechanisms are at play in this subset of

patients (Mackenzie et al., 2007). Additional pathology that has been identified in ALS

patient tissue includes eosinophilic intraneuronal inclusions (Bunina bodies) (Okamoto

et al., 2008), gliosis and microglial activation (Kawamata et al., 1992; McCombe and

Henderson, 2011)).

1.2.6 Pathological mechanisms of ALS

Converging pathological mechanisms

A combination of gene discovery, post mortem tissue analysis and analysis of disease

models has identified multiple mechanisms that are involved in the pathogenesis of

ALS. These mechanisms include aberrant protein homeostasis due to dysfunction in

both the UPS and the autophagic pathways (reviewed in Webster et al. (2017)), altered

RNA processing and transport (reviewed in Ling et al. (2013)), ER-golgi dysfunction

(reviewed in Soo et al. (2015a)), oxidative stress (reviewed in Barber and Shaw (2010)),
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disruption to nuclear-cytoplasmic transport (reviewed in Boeynaems et al. (2016), mi-

tochondrial damage (reviewed in Bozzo et al. (2017)), excitotoxicity associated with

over stimulation of glutamate receptors (reviewed in Van Den Bosch et al. (2006)), dys-

function in the DNA damage and repair mechanisms (reviewed in Coppede (2011)),

defective axonal transport (reviewed in De Vos and Hafezparast (2017)) and neuroin-

flammation (reviewed in Hooten et al. (2015)). The key evidence implicating these

mechanisms in the biology of ALS are shown in Table 1.2. Due to the role of CCNF

in the UPS, this pathway and the evidence linking it ALS are discussed in detail in

Section 1.2.6.
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Table 1.2: Mechanisms implicated in ALS

Mechanism Genetic evidence Key neuropathological evidence implicating pathway in ALS

RNA processing TARDBP, FUS, Neuronal aggregates containing RNA binding proteins TDP-43 and FUS (Keller et al., 2012)

C90rf72, ANG, MicroRNA dysregulation in patient spinal cord (Campos-Melo et al., 2013)

TAF1, HnRNAP2B1, Aberrant RNA splicing in ALS patient tissue (Lin et al., 1998)

ATNX2, MATR3 Altered RNA splicing in a TARDBP mouse model (Arnold et al., 2013)

SETX,HnRNPA1

Protein homeostasis CCNF, VCP The presence of ubiquitinated aggregates in patient neurons (Lowe, 1994)

UBQLN2, SOD1, Protein aggregate formation in multiple animal models of ALS (reviewed in Picher-Martel et al. (2016))

C9orf72, ALS2, UPS inhibition induces neurodegeneration and TDP-43 pathology in vitro (van Eersel et al., 2011)

OPTN, SQSTM1 UPS inhibition induces neurodegeneration and TDP-43 pathology in vivo (Kabashi et al., 2012)

Reduced expression of the 20S proteasomal subunit in post mortem spinal cord (Kabashi et al., 2012)

Marked activation of autophagy in post mortem spinal cord (Hetz et al., 2009)

Proteasomal inhibition induces MN degeneration, motor defects and aggregation (Kabashi et al., 2012)

Accumulation of autophagosomes in patient spinal cord (Sasaki, 2011)

ER dysfunction VAPB, SIGMA1, Marked activation of the UPR in post mortem spinal cord (Hetz et al., 2009; Sasaki, 2010a)

SOD1, VCP, Upregulation of UPR chaperones in the CSF and MNs of patients (Atkin et al., 2008)

DCTN Elevated UPR stress sensors in SOD1 mouse models (Atkin et al., 2006, 2008)

ER stress, activation of the UPR stress response in in vitro models (Atkin et al., 2008; Saxena et al., 2009)

Endosomal tra�cking C9orf72, ALS2, Loss of TDP-43 function inhibits endosomal tra�cking in primary neurons (Schwenk et al., 2016)

VAPB, OPTN Reduced transferrin levels in serum and CSF of ALS patients (Brettschneider et al., 2008),

CHMP

Mitochondrial dysfunction SIGMA1 Aberrant mitochondrial morphology in patient tissue (Atsumi, 1981; Sasaki, 2010b)

CHCHD10 Aberrant mitochondrial morphology in SOD1 mice (Wong et al., 1995; Higgins et al., 2003; Vinsant et al., 2013)

Aberrant mitochondrial morphology in multiple animal models of ALS (reviewed in Smith et al. (2017))

Reduced mitochondrial enzyme activity in spinal cord of SOD1 mouse models (Jung et al., 2002)

Reduced cellular respiration and ATP production in ALS patients and models (reviewed in Smith et al. (2017))

DNA damage and repair NEK1, C9orf72 Up-regulation of markers of the DNA damage response in C9orf72 patient neurons (Farg et al., 2017)

Continued on next page
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Table 1.2 – continued from previous page

Mechanism Genetic evidence Key neuropathological evidence implicating pathway in ALS

Axonal transport DCTN1, SPG11 Defective axonal transport in SOD1 patient neurons (De Vos et al., 2007)

Defective axonal transport in SOD1 mouse models (Williamson and Cleveland, 1999; Bilsland et al., 2010)

Oxidative stress SOD1 Elevated markers of oxidative damage in post mortem tissue (reviewed in Barber and Shaw (2010))

Increased oxidative damage in SOD1 mouse models (Andrus et al., 1998; Liu et al., 1998; Ferrante et al., 1997)

Excitotoxicity DAO Loss of the astrocytic glutamate transporter protein EAAT2 in patient tissue (Rothstein et al., 1995)

Elevated levels of glutamate in CSF of some ALS patients (Spreux-Varoquaux et al., 2002)

Cortical hyperexcitability precedes lower motor neuron dysfunction in ALS patients (Menon et al., 2015)

Hyperexcitability demonstrated in SOD1 mouse models (Thielsen et al., 2013)

Neuroinflammation Activated microglia and infiltrating lymphocytes in patient NS (Henkel et al., 2004)

Pro-inflammatory mediators in the CSF of patients (Kuhle et al., 2009)

Biochemical indicators of immune response activation in bloods samples (Mantovani et al., 2009)

MN = motor neuron UPS = ubiquitin proteasomal system NS = nervous system UPR = unfolded protein response

CSF = cerebral spinal fluid ROS = reactive oxygen species
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The UPS in ALS

Overview of the UPS

The UPS is responsible for the degradation of many short lived and misfolded proteins.

It is a selective, energy dependent system in which specific proteins are tagged for pro-

teasomal degradation by the addition of polyubiquitin chains. The system is comprised

of three families of enzymes - E1 enzymes, of which there are two known members, E2

enzymes, of which approximately 40 members have been identified (Stewart et al.,

2016) and E3 enzymes, of which there are over 600 (Iconomou and Saunders, 2016).

The E1 enzymes activate ubiquitin molecules. Once activated, the ubiquitin molecules

bind to the E2 ubiquitin-conjugating enzymes. E3 ubiquitin ligase complexes mediate

the transfer of ubiquitin from the E2 enzyme to a target substrate. A schematic repre-

sentation of the UPS and the role of cyclin F within this system is shown in Paper 1.

In some cases, the UPS attaches a single ubiquitin molecule to a substrate, but in

the majority of cases, polyubiquitin chains are formed, the configuration of which de-

termines the fate of the protein (Lecker et al., 2006). Ubiquitin carries seven lysine

residue sites and the configuration of the polyubiquitin chains is determined by the

site at which binding occurs (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) (Li

and Ye, 2008). Di↵erent chain configurations direct the substrate to di↵erent path-

ways. For example, Lys48 and Lys11 chains direct their proteins to the proteasome

for degradation (Newton et al., 2008; Wickli↵e et al., 2011), while Lys63 chains direct

their proteins to the autophagic pathway (Ravid and Hochstrasser, 2008). Further

regulation of protein fate is provided by de-ubiquitinases (DUBs) which disassemble

polyubiquitin chains and remove ubiquitin from substrates (Heideker and Wertz, 2015).

An additional component of the UPS are the chaperone proteins. These proteins are

responsible for identifying misfolded proteins, facilitating their recognition by the UPS

and transferring Lys48 and Lys11-tagged proteins to the proteasome for degradation

(Dantuma and Bott, 2014; Shiber and Ravid, 2014). Dysfunction at any point in this
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highly regulated UPS system has the potential to disrupt protein homeostasis and in-

duce pathological change.

Evidence implicating UPS dysfunction in ALS

There is strong genetic, pathological and molecular evidence implicating UPS dys-

function in the biology of ALS as summarised in Table 1.2. Genetically, ALS-linked

mutations have been identified in multiple genes that have a role in this pathway, in-

cluding CCNF and the chaperone proteins UBQLN2 (Deng et al., 2011) and VCP

(Johnson et al., 2010). Evidence indicates that mutations in other ALS-linked genes,

including SOD1 and C9orf72 also induce UPS dysfunction (discussed in Section 1.3.3).

Pathologically, the presence of ubiquitinated protein aggregates within ALS patient

neurons suggests UPS dysfunction is a feature of ALS (Neumann et al., 2007). Indeed,

reduced proteasomal activity has been reported in post mortem spinal cord tissue of

ALS patients (Kabashi et al., 2012) and experimental inhibition of the proteasome has

been shown to induce ALS-like pathology both in vitro and in vivo. For example, pro-

teasomal inhibition in primary neurons was shown to induce the formation of TDP-43

positive protein aggregates reminiscent of those found in ALS patient neurons (van

Eersel et al., 2011), and inhibition of a proteasome subunit (Rp3) within mouse motor

neurons was shown to induce the formation of cytoplasmic protein aggregates, motor

neuron death and associated motor deficits (Tashiro et al., 2012). Unravelling UPS

dysfunction in ALS has significant potential to identify possible therapeutic targets,

the modification of which may restore UPS function and consequently alter disease

progression.

1.2.7 Current treatments for ALS

Riluzole, a benzothiazole derivative, is currently the only drug approved to treat ALS

in Australia. The mechanisms of action of riluzole remain incompletely characterised,

however its e↵ects are known to include inhibition of glutamate release, stabilisation
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of inactivated sodium channels and inhibition of the e↵ects of transmitter binding at

excitatory amino acid receptors (https://pubchem.ncbi.nlm.nih.gov/). In the first hu-

man clinical trials, the drug was shown to have significant benefits with respect to

both disease progression and survival (Bensimon et al., 1994). However, queries over

the design, duration and statistical analysis of the clinical trial were raised following

publication of the results (Rowland, 1994) and since its approval, riluzole has demon-

strated limited clinical benefit, extending the lifespan of patients by an average of 2

months (Miller et al., 2002).

Edaravone was recently approved as an ALS treatment in America, however its clin-

ical e�cacy remains unclear. Edaravone is a free radical scavenger and therefore is

proposed to reduce the oxidative stress that is a feature of ALS (Watanabe et al.,

2004). The drug demonstrated beneficial e↵ects in a SOD1G93A mouse model of ALS,

significantly slowing the decline of motor function (Ito et al., 2008). However, these

results failed to translate to the majority of ALS patients in a phase 2 clinical trial

(Abe et al., 2014). A small subset of patients within that trial did show some benefit

from edaravone treatment and consequently, a phase 3 trial was performed in which

stringent selection criteria was used to select for patients within that subset (Abe et al.,

2017). Edaravone was shown to have significant clinical benefit in this second trial,

leading to FDA approval of the drug as a treatment for ALS. However, based on the

selection criteria, less than 7% of ALS patients would have been considered eligible for

the phase 3 trial, raising the question as to the value of the drug as a treatment for the

majority of ALS patients. Additionally, the trial period was shorter than European

Medical Agency standards and the clinical relevance of the monitoring criteria used

(ALSFRS-R) has not been established (Hardiman and van den Berg, 2017).

The current therapeutic approach that has the greatest benefit to patients is supportive

therapy. Respiratory and nutritional support have both been shown to improve quality

of life and survival of patients (Traynor et al., 2003), while symptomatic treatment,

such as physical therapy to minimise cramps and muscle spasticity aim to improve
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patient comfort (reviewed in Majmudar et al. (2014)).

1.3 In vivo models of ALS

1.3.1 Overview

Disease gene discovery in ALS research has allowed the development of in vivo models

that reflect some aspects of disease pathology. These models are invaluable tools for

the mechanistic investigation of ALS-linked mutations, providing insight into disease

pathobiology. Numerous strategies have been used to develop these models, including

strategies that overexpress an ALS-linked mutant gene, silence a gene of interest or

introduce a point mutation into a gene of interest. The primary strategies used to

generate animal models and their advantages and limitations are shown in Table 1.3.

The strategies used in this project include transient overexpression through mRNA

injection (Chapter 3), constitutive overexpression of a transgene (Chapter 4) and in-

ducible overexpression of a transgene (Chapter 5). These strategies are discussed in

greater detail within each chapter.
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Table 1.3: Common strategies used to generate animal models.

Techniques Key advantages Key limitations
Transient overexpression Rapid model development Brief expression may limit phenotype development
(mRNA injection) Embryonic model of adult onset disease

Ubiquitous expression only
Transient silencing Rapid model development High potential for o↵ target e↵ects
(Antisense morpholinos, shRNAs) Embryonic model of adult onset disease
Random mutagenesis Mutant gene expressed at physiologically relevant levels Highly ine�cient
(ethyl-nitroso-urea)
Constitutive transgenic overexpression E�cient, well established Overexpression not physiologically accurate

Accelerated disease course Positional e↵ects due to random integration
Spatial control over gene expression

Inducible transgenic overexpression Spatial and temporal control of transgene expression Overexpression not physiologically accurate
Positional e↵ects due to random integration
Potential leakage of transgene expression

Genome edited gene silencing Permanent gene knockdown Potential o↵ target e↵ects
(CRISPR, TALEN, ZFN)
Genome edited point mutation Mutant gene expressed at physiologically relevant levels Low e�ciency, o↵ target e↵ects, mosaicism (all improving)
(CRISPR, TALEN, ZFN)
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1.3.2 Species used to model ALS

A range of animal species have been used to model ALS, from invertebrate models such

as Caenorhabditis elegans (nematode worm), to non-human primates. Each species has

their particular advantages and limitations, as discussed in this section and outlined

in Table 1.4.
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Table 1.4: Key species used to model human disease.

C.elegans Drosophila Zebrafish Rodents
% of genes with human homologues ⇠38% (Shaye and Greenwald, 2011) ⇠60% (Reiter and Bier, 2002) >70% (Howe et al., 2013) ⇠99% (Guenet, 2005)
Protein conservation ⇠35% (Van Damme et al., 2017) ⇠40% (Van Damme et al., 2017) ⇠75% (Van Damme et al., 2017) ⇠85% (Van Damme et al., 2017)
Age of maturity 3 days 7 days 3 months 8 weeks
Average lifespan Short Short Long Long
E�ciency of model development High Intermediate Intermediate Low
Suitability for compound screening Yes Yes Yes No
Costs Low Low Intermediate High
ALS related publications 77(Van Damme et al., 2017) 184 (Van Damme et al., 2017) 62 (Van Damme et al., 2017) >4500 (Van Damme et al., 2017)
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Caenorhabditis elegans

As models of neurological disease, C.elegans have the advantage of a very simple

nervous system that is readily visualised in vivo due to their optical transparency.

C.elegans reach maturity within 3 days, which together with low costs of housing,

breeding and maintenance, allows highly e�cient and cost e↵ective generation of dis-

ease models (Markaki and Tavernarakis, 2010). However, as invertebrates, there is

a large evolutionary distance between C.elegans and humans. Consequently, the two

species share approximately 38% genetic sequence homology (Shaye and Greenwald,

2011) and some mammalian systems are not conserved, such as an active immune

system (Teschendorf and Link, 2009). Nevertheless, C.elegans models have provided

important insights into ALS biology (reviewed in Therrien and Parker (2014)) and

been used extensively as a tool for preliminary testing of potential therapeutic agents

(reviewed in Chen et al. (2015b)).

Drosophila melanogaster

Drosophila melanogaster provides an intermediate model between the invertebrate

C.elegans and vertebrate species, sharing many of the advantages of both. Drosophila

have been used in medical research for over 100 years and consequently, an extensive

set of resources have been developed to genetically manipulate and study these insects.

Compared to C.elegans, Drosophila have a relatively complex nervous system that

has similar organisation to the mammalian brain, including the presence of a blood

brain barrier (McGurk et al., 2015). Genetically, approximately 60% of human dis-

ease genes have homologs in Drosophila (Lloyd and Taylor, 2010) and physiologically,

there is good conservation of basic signalling pathways and cellular processes between

Drosophila and humans (Prussing et al., 2013). With regards to cost and e�ciency of

model development, Drosophila provides similar advantages to the C.elegans model,

with their small size, high fecundity and rapid development, requiring just 10 days to
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reach maturity. Due to these advantages, Drosophila models have been used exten-

sively in ALS research and provided valuable insights into disease biology (reviewed in

Casci and Pandey (2015)).

Zebrafish (Danio rerio)

Zebrafish (Danio rerio) provide a disease model with many of the advantages of in-

vertebrate species with the greater complexity that has evolved in vertebrates. The

complexity of the zebrafish nervous system lies between the invertebrate models and

mammals, so is more comprehensible than the human system, but retains similar cell

types and structure (reviewed in Babin et al. (2014); Panula et al. (2010)). In addition,

zebrafish and humans share similar brain neurochemistry, including similar neurotrans-

mitter expression, binding and signalling properties (Panula et al., 2010).

Like C.elegans, zebrafish embryos have the advantage of optical transparency, allowing

in vivo live imaging, a significant advantage for studies investigating the progression

of disease pathology (Lieschke and Currie, 2007). Zebrafish are closer in evolutionary

distance to humans than C.elegans and Drosophila and consequently, approximately

75% of zebrafish genes have a human orthologue (Howe et al., 2013). Additional advan-

tages of zebrafish as models of human disease include their high fertility and fecundity

and their external fertilisation, which translates to an ease of genetic manipulations.

These characteristics permit relatively e�cient and cost e↵ective development of dis-

ease models (Dooley and Zon, 2000; Kabashi et al., 2011b).

Mammalian species

While non-mammalian species have a significant role to play in ALS research, mammals

share genetic and physiological similarities that are not reflected in non-mammalian

species. For this reason, rats and mice remain the most commonly used animals in

medical research (Van Damme et al., 2017). However, their greater size, lower fecun-

dity and slower maturation rates equate to significantly higher costs of breeding and
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maintenance, while their internal fertilisation complicates embryonic genetic manipu-

lations. The high rate of inbreeding in laboratory colonies is an additional caveat of

rodent models. Rodent models of ALS based on the same genetic mutation, generated

in the same manner, have been shown to display significantly di↵erent phenotypes as a

consequence of their di↵erent genetic backgrounds (Pfohl et al., 2015). This raises the

question of how accurately rodent colonies reflect the genetics of ALS patients, despite

the high homology between the human and rodent genomes (Van Damme et al., 2017).

Mammals other than rats and mice have been used to model ALS, including pigs

(Yang et al., 2014) and non-human primates (Uchida et al., 2012). Models of ALS in

both of these species have been shown to better replicate key pathological features of

the disease, however, the significant costs and ethical concerns of using such species

have limited their use as models of human disease.

1.3.3 In vivo models based on ALS-linked gene mutations

Key animal models and their contribution to current understanding of the biology of

ALS are discussed below and summarised in Tables 1.5, 1.6, 1.7 and 1.8.

Models based on ALS-linked mutations in SOD1

As discussed in Section 1.2.3, the SOD1 protein is involved in the conversion of super-

oxide free radicals to less reactive oxygen species such as hydrogen peroxide (H2O2).

Evidence indicates that ALS-linked mutations do not impair the ability of SOD1 to

metabolise free radicals, rather these mutations appear to induce a toxic-gain of protein

function. Evidence supporting this conclusion includes a study which demonstrated

reduced levels of superoxide free radicals and increased levels of the products of su-

peroxide metabolism in SOD1G93A transgenic mice compared to SOD1WT transgenic

mice (Liu et al., 1999). Further supporting a toxic gain of function mechanism is the

ALS-relevant phenotype that has been demonstrated in multiple mouse models that

overexpress ALS-linked mutant SOD1 (Gurney et al., 1994; Bruijn et al., 1998; Ripps
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et al., 1995; Tu et al., 1996; Wang et al., 2003; Wong et al., 1995; Jonsson et al., 2006a;

Zang and Cheema, 2002). While there is some variability with respect to age of onset

and speed of progression, these models all reflect some of the key pathology seen in

ALS patients, including motor neuron degeneration, cytoplasmic aggregation of ubiq-

uitinated proteins, locomotor deficits progressing to paralysis and premature death.

Similar phenotypes have also been demonstrated in rat (Aoki et al., 2005; Howland

et al., 2002; Nagai et al., 2001), zebrafish (Lemmens et al., 2007; Ramesh et al., 2010),

Drosophila (Watson et al., 2008) and C.elegans (Wang et al., 2009a; Gidalevitz et al.,

2009) SOD1 overexpression models.

As previously discussed (Section 1.2.5), the characteristic pathology seen in motor

neurons of patients who carry a SOD1 mutation di↵ers from the pathology seen in the

majority of ALS patients. SOD1 patients develop ubiquitin positive protein aggregates

that are not immunoreactive for the TDP-43 protein (Mackenzie et al., 2007). Instead,

these aggregates predominately consist of misfolded SOD1, which appears to escape

degradation by the UPS. Evidence from multiple SOD1 mouse models indicates that

this misfolded SOD1 not only escapes degradation by the UPS, but also inhibits the

activity of the proteasome (Cheroni et al., 2009; Kabashi et al., 2004; Urushitani et al.,

2002; Marino et al., 2015).

Misfolded SOD1 aggregates appear to have multiple deleterious e↵ects in addition

to inhibition of proteasomal activity. One of these e↵ects is induction of the ER stress

response, which has been demonstrated in multiple SOD1G93R mouse models (Saxena

et al., 2009; Chen et al., 2015a; Atkin et al., 2006, 2008). Saturation of the ER stress re-

sponse and its subsequent failure to clear aggregated proteins has been shown to induce

cellular apoptosis (Nakagawa et al., 2000) and it is hypothesised that this process is a

key mechanism of SOD1 -linked ALS (reviewed in Jaronen et al. (2014)). Additional

e↵ects of the SOD1 aggregates include mitochondrial dysfunction, as indicated by the

deposition of SOD1 aggregates on the outer mitochondrial membrane of SOD1G93R
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mice (Liu et al., 2004), and sequestration of wildtype proteins, which has been demon-

strated in multiple SOD1 in vitro models (Okado-Matsumoto and Fridovich, 2002;

Rakhit et al., 2002; Yu et al., 2014) as well as in spinal cord extracts from a SOD1G93A

mouse model (Lu et al., 2009). Interestingly, analysis of the SOD1G93A mouse spinal

cord demonstrated sequestration of key regulatory RNA-binding proteins within the

SOD1 aggregates, suggesting dysregulation of transcription as a further mechanism of

ALS-linked mutant SOD1.

SOD1G93A mouse models have been used extensively to investigate the role of non-

cell autonomous mechanisms in ALS onset and progression. Ubiquitous overexpression

of SOD1G93A has been shown to induce pathology reminiscent of that seen in ALS pa-

tients (Gurney et al., 1994). However, motor neuron specific expression of SOD1G93A

fails to produce similar pathological changes (Pramatarova et al., 2001; Lino et al.,

2002), suggesting that non-cell autonomous mechanisms play a significant role. This is

supported by a study in which SOD1G93A was expressed in all cells except the motor

neurons. This mouse model displayed delayed disease onset compared to ubiquitously

expressing SOD1G93A mice, but a normal rate of progression following onset. Interest-

ingly, SOD1G93A mice in which the mutant transgene was expressed in all cells except

the microglia or the astrocytes developed disease symptoms at the same time as ubiqui-

tously expressing SOD1G93A mice, but showed a significantly slower disease progression

(Boillee et al., 2006; Yamanaka et al., 2008; Wang et al., 2009a). Collectively, these

studies suggest that non-neuronal cells significantly influence the onset and progression

of motor neuron degeneration in ALS.
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Table 1.5: Animal models based on ALS-linked

mutations in SOD1

Animal Model Mutation Phenotype Reference

C.elegans Neuronal overexpression WT Reduced motor function Ogawa et al. (2015)

Neuronal overexpression G85R Reduced motor function, SOD1 inclusions Ogawa et al. (2015)

Neuronal overexpression C6S, C57S, C111S, C146S No abnormalities detected Ogawa et al. (2015)

MN overexpression G93A SOD1 inclusions, defective axonal outgrowth Li et al. (2013a)

MN overexpression G93A SOD1 inclusions, defective axonal outgrowth Wang et al. (2009a)

Ubiquitous silencing n/a Increased superoxide free radicals, compensation by sod5 Yanase et al. (2009)

Drosophila MN overexpression A4V, G85R SOD1 aggregates, progressive climbing deficits Watson et al. (2008)

Ubiquitous overexpression D83S Reduced activity, mitochondrial pathology Bahadorani et al. (2013)

Zebrafish Transient overexpression A4V, G93R, G93A MN axonopathy Lemmens et al. (2007)

Ubiquitous overexpression G93A NMJ defects, MN loss (50%) Sakowski et al. (2012)

Ubiquitous overexpression G93R NMJ defects, MN loss, motor deficits, mitochondrial pathology Ramesh et al. (2010)

Mice Ubiquitous overexpression WT Mitochondrial pathology, MN loss (20-30%) Jaarsma et al. (2000)

Ubiquitous overexpression WT SOD1 inclusions, MN loss, glial cell aggregates Gra↵mo et al. (2013)

Ubiquitous overexpression A4V SOD1 inclusions, MN loss Deng et al. (2006)

Ubiquitous overexpression G93R Progressive loss of motor function, MN loss Wong et al. (1995)

Ubiquitous overexpression G93R Loss of motor function, MN loss, mitochondrial degeneration Filali et al. (2011)

Ubiquitous overexpression H46R SOD1, ubiquitin inclusions, Lewy body-like inclusions Chang-Hong et al. (2005)

Ubiquitous overexpression H46R, H48Q Ubiquitin, hyaline inclusions Wang et al. (2002)

Ubiquitous overexpression H46R, H48Q, H63, H120G SOD1, ubiquitin inclusions Wang et al. (2003)

Point mutation D83G MN loss (20%) Joyce et al. (2015)

Ubiquitous overexpression G85R SOD1, ubiquitin inclusions Bruijn et al. (1997)

Ubiquitous overexpression G85R Disease course accelerated by WT overexpression Wang et al. (2009b)

Ubiquitous overexpression G86R Rapidly progressive disease course Ripps et al. (1995)

Ubiquitous overexpression D90A SOD1 inclusions, MN loss Jonsson et al. (2006b)

Ubiquitous overexpression G93A SOD1 inclusions, MN loss, early NMJ loss Gurney et al. (1994)

Continued on next page
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Table 1.5 – continued from previous page

Animal Model Mutation Phenotype Reference

Ubiquitous overexpression G93A SOD1 inclusions, MN loss, early NMJ loss Quarta et al. (2015)

Ubiquitous overexpression G93A Disease course accelerated by WT overexpression Jaarsma et al. (2000)

Overexpression in MNs G93A SOD1 aggregates Jaarsma et al. (2008)

Ubiquitous overexpression L126Z MN loss, ubiquitin inclusions Wang et al. (2005)

Ubiquitous overexpression L126Z MN loss, ubiquitin inclusions Deng et al. (2006)

Ubiquitous overexpression G127X SOD1, ubiquitin inclusions, rapid disease course Jonsson et al. (2004)

Ubiquitous overexpression G93A ER stress, motor dysfunction Tobisawa et al. (2003)

Ubiquitous silencing n/a Reduced motor performance, no MN loss Flood et al. (1999)

Ubiquitous silencing n/a Oxidative stress, muscular atrophy Muller et al. (2006)

Ubiquitous silencing n/a Oxidative stress, axonal degeneration Fischer and Glass (2010)

Rats Ubiquitous overexpression H46R SOD1, ubiquitin inclusions, MN loss, Lewy body-like inclusions Nagai et al. (2001)

Ubiquitous overexpression G93A SOD1, ubiquitin inclusions, MN loss Nagai et al. (2001)

Ubiquitous overexpression G93A SOD1, ubiquitin inclusions, MN loss Howland et al. (2002)

Dogs Naturally occurring mutation T18S SOD1 aggregates, impaired motor function, no neuronal loss Wininger et al. (2011)

Naturally occurring mutation E40K SOD1 aggregates, impaired motor function Awano et al. (2009)

Pigs Ubiquitous overexpression G93A SOD1, ubiquitin inclusions, MN loss, motor deficits Yang et al. (2014)

MN = motor neurons NMJ = neuromuscular junction ER = endoplasmic reticulum
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Models based on ALS-linked mutations in TARDBP

TDP-43 is an RNA binding protein that is ubiquitously expressed and primarily lo-

calised to the nucleus (Sephton et al., 2012). In over 95% of ALS patients, TDP-43

mislocalises from the nucleus to the cytoplasm of a↵ected neurons, where it aggregates

to form a component of the ubiquitinated inclusions characteristic of ALS pathology

(Neumann et al., 2007). This pathology suggests that cytoplasmic mislocalisation of

TDP-43 plays a pathogenic role in the majority of ALS cases. Indeed, experimental

manipulation to induce mislocalisation of wildtype TDP-43 has been shown to be suf-

ficient to produce an ALS-like phenotype in animal models. Two transgenic mouse

models that overexpressed a TARDBP transgene that carried a disrupted nuclear lo-

calisation sequence (�NLS) have been reported. The first of these studies expressed

TARDBP�NLS selectively in the forebrain, which was found to induce neuronal loss,

corticospinal tract degeneration and muscular spasticity (Igaz et al., 2011). The sec-

ond model conditionally expressed TARDBP�NLS in the brain and spinal cord of the

mouse (Walker et al., 2015). This model demonstrated a progressive disease course,

characterised by defects at the neuromuscular junction followed by motor neuron loss,

muscle atrophy and impaired motor function (Walker et al., 2015).

Two mechanisms potentially underlie this apparent toxicity of TDP-43 mislocalisa-

tion. Firstly, the loss of nuclear TDP-43 may lead to a loss of its nuclear functions

(RNA metabolism), secondly, the accumulation of TDP-43 in the cytoplasm may lead

to a toxic gain of function. Animal models support the notion that ALS-linked mu-

tations in TARDBP have both a loss and a gain of function e↵ect. For example,

loss of function through the selective silencing of TARDBP in the spinal cord of mice

(Wu et al., 2012b; Iguchi et al., 2013) and ubiquitous silencing of TARDBP in the ze-

brafish (Schmid et al., 2013) has been shown to induce progressive motor dysfunction

in both species. Conversely, overexpression of mutant TARDBP in numerous animal

models has been shown to induce expression-dependant neurodegeneration (Table 1.6).
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Table 1.6: Animal models based on ALS-linked mutations

in TARDBP

Animal Model Mutation Phenotype Reference

C.elegans Pan neuronal overexpression WT Impaired movement Ash et al. (2010)

Pan neuronal overexpression G290A, A315T, M337V Reduced motor function (WT < Mutants) Liachko et al. (2010)

Neuronal overexpression A315T TDP-43 mislocalisation, MN loss, paralysis (WT< Mutant) Vaccaro et al. (2012)

Drosophila MN overexpression WT TDP-43 inclusions, MN loss, motor deficits Li et al. (2010)

MN overexpression WT Motor deficits, defects at NMJ, cytoplasmic inclusions Lin et al. (2011)

MN overexpression F147L, G287S, A315T, G348C, Progressive motor deficits, MN loss (WT< Mutant) Voigt et al. (2010)

A382T, �NLS

MN overexpression WT Motor deficits, MN loss Cheng et al. (2015)

MN overexpression WT motor dysfunction and reduced life span Hanson et al. (2010)

Zebrafish Transient overexpression A315T, G348C,A382T Motor deficits, decreased axonal length (WT< Mutant) Kabashi et al. (2010)

Transient overexpression A315T Decreased axonal length Laird et al. (2010)

Transient silencing n/a Axonopathy and muscle degeneration Schmid et al. (2013)

Transient silencing n/a Axonopathy and motor dysfunction Kabashi et al. (2010)

Mice Neuronal overexpression WT Cytosolic ubiquitin accumulation, axonal degeneration Xu et al. (2010)

Neuronal overexpression WT MN loss, rapid disease progression Wils et al. (2010)

Neuronal overexpression WT Mitochondrial aggregation Shan et al. (2010)

Neuronal overexpression WT MN loss, brain atrophy Igaz et al. (2011)

Ubiquitous overexpression WT Motor deficits, no paralysis Swarup et al. (2011)

Neuronal overexpression WT TDP-43, ubiquitin inclusions, motor deficits Tsai et al. (2010)

Panneuronal overexpression A315T Muscle atrophy, paralysis Stallings et al. (2010)

Panneuronal overexpression A315T Ubiquitin inclusions, MN loss Wegorzewska et al. (2009)

Ubiquitous overexpression A315T TDP-43, ubiquitin inclusions, motor deficits Swarup et al. (2011)

Ubiquitous overexpression A315T mitochondrial dysfunction, TDP-43 inclusions, MN loss Stribl et al. (2014)

Neuronal overexpression Q331K Reduced motor function Arnold et al. (2013)

Neuronal overexpression Q331K TDP-43, ubiquitin inclusions, MN loss Mitchell et al. (2015)

Continued on next page



36
I
n
t
r
o
d
u
c
t
io
n

Table 1.6 – continued from previous page

Animal Model Mutation Phenotype Reference

Neuronal overexpression M337V TDP-43 inclusions Xu et al. (2011)

Neuronal overexpression M337V Motor deficits Arnold et al. (2013)

Neuronal overexpression M337V TDP-43, ubiquitin inclusions, motor deficits Janssens et al. (2013)

Ubiquitous overexpression G348C TDP-43, ubiquitin inclusions, motor deficits Swarup et al. (2011)

Ubiquitous overexpression M337V M337V induced early death, WT moderate neuronal death Tian et al. (2011)

Neuronal overexpression �NLS motor neuron loss, progressive motor dysfunction Walker et al. (2015)

Neuronal overexpression �NLS neuronal loss, corticospinal tract degeneration Igaz et al. (2011)

Silencing in the spinal cord n/a Progressive motor dysfunction Wu et al. (2012b)

Silencing in the spinal cord n/a Progressive motor dysfunction Iguchi et al. (2013)

Rats Ubiquitous overexpression M337 inducible (day 4) MN loss, TDP-43 staining Zhou et al. (2010)

MN, neuronal, muscle overexpression M337 inducible Paralysis, MN loss Huang et al. (2012)

Astrocytic overexpression M337 inducible (day 40) MN loss, muscle atrophy Tong et al. (2013)

MN = motor neurons NMJ = neuromuscular junction
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In addition to indicating a concomitant loss and gain of function mechanism of TARDBP

mutations, animal models have provided insight into the pathways disrupted by these

mutations. For example, ER stress has been shown to be a feature of the TARDBPA315T

transgenic mouse (Walker and Atkin, 2011), and mitochondrial dysfunction has been

demonstrated in mouse models that overexpress wildtype TARDBP (Shan et al., 2010;

Xu et al., 2010).

The role of the TDP-43 positive aggregates in disease progression remains elusive. Like

the SOD1 aggregates, sequestration of wildtype proteins within the TDP-43 positive ag-

gregates is hypothesised to play a role in the pathology of ALS-linked mutant TARDBP

(reviewed in Wegorzewska and Baloh (2011)). However, established TARDBP rodent

models rarely develop aggregates that are immunopositive for TDP-43 (Wils et al.,

2010; Stallings et al., 2010; Xu et al., 2010; Wegorzewska and Baloh, 2011; Shan et al.,

2010), potentially suggesting that TDP-43 aggregates are not required for TDP-43-

associated neurodegeneration.

Interestingly, two separate rodent studies have suggested that the symptoms associated

with expression of mutant TARDBP are to some extent reversible. The first of these

studies was a TARDBPM337V inducible rat model. Overexpression of TARDBPM337V

led to motor neuron loss and impaired motor function. However, significant functional

recovery was observed following silencing of transgenic expression (Huang et al., 2012).

The second study utilised an inducible TARDBP�NLS mouse model, characterised by

pronounced motor neuron loss and progressive motor dysfunction (Walker et al., 2015).

This model also demonstrated significant functional recovery upon silencing of the mu-

tant transgene (Walker et al., 2015).
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Models based on ALS-linked mutations in FUS

FUS shares many similarities with TDP-43. It is a predominately nuclear, ubiquitously

expressed RNA binding protein (Zinszner et al., 1997). Given these similarities, ALS-

linked mutations in TARDBP and FUS are hypothesised to share similar mechanisms

of action. This hypothesis is supported by complementary studies in zebrafish (Kabashi

et al., 2011a) and Drosophila (Wang et al., 2011), which indicated that TDP-43 and

FUS act in the same functional pathway, with FUS acting downstream of TDP-43.

Both studies used models that suppressed FUS or TDP-43 expression. Reduced ex-

pression of either FUS or TDP-43 in zebrafish induced an axonopathy and motor

dysfunction, while similar suppression in Drosophila resulted in impaired locomotion

and reduced lifespan. In both studies, overexpression of FUS was shown to rescue the

phenotype of the TDP-43 knockdown model. However, TDP-43 was unable to rescue

the phenotype associated with suppression of FUS expression (Kabashi et al., 2011a;

Wang et al., 2011). Interestingly, the zebrafish study also demonstrated that pathology

induced by silencing SOD1 expression was unable to be rescued by either FUS or TDP-

43, and that SOD1 was unable to rescue the pathology induced by silencing either of

the RNA binding proteins. These findings suggest that SOD1 mutations function via

a separate pathological pathway to the TARDBP and FUS mutations (Kabashi et al.,

2011a).

Like TDP-43, cytoplasmic mislocalisation and aggregate formation is a feature of the

pathology of ALS-linked mutant FUS. FUS mislocalisation has been shown to have

toxic e↵ects in Drosophila (Lanson et al., 2011) and mouse models (Shelkovnikova

et al., 2013). Lanson et al. (2011) demonstrated that overexpression of FUSR518K in

the motor neurons of Drosophila induced cytosolic accumulation of the FUS protein,

progressive motor neuron loss and impaired motor function (Lanson et al., 2011). Re-

duction of the cytosolic expression of FUSR518K in this model, through silencing of the

nuclear export signal of the transgene, significantly reduced the observed toxic e↵ects

(Lanson et al., 2011). Shelkovnikova et al. (2013) developed a mouse model that ex-

pressed a FUS transgene in which the NLS and RNA binding motifs were disrupted
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(FUS�NLS). This model demonstrated cytoplasmic accumulation and aggregation of

the protein, neuroinflammation and neuronal death. Additional FUS-based models in

C.elegans (Murakami et al., 2012) and the mouse (Sharma et al., 2016) support this ap-

parent toxicity of FUS mislocalisation. Both studies demonstrated that overexpression

of ALS-linked mutations in this gene (FUSR522G and FUSP525L) induced cytoplasmic

mislocalisation, which was associated with progressive motor dysfunction.

As with TDP-43, the cytoplasmic mislocalisation of FUS suggests both a loss and

a gain of function mechanism of ALS-linked mutations in FUS. Evidence supporting a

toxic gain of function includes the multiple animal models that develop an ALS-relevant

phenotype associated with overexpression of the mutant protein (Table 1.7). Loss of

expression models have proven more di�cult to establish due to embryonic lethality

that results from silencing FUS expression (Hicks et al., 2000) and those that have

been reported provide conflicting results. Inducible silencing of FUS in the post-natal

mouse failed to induce detectable motor neuron degeneration or changes at the neuro-

muscular junction (Kino et al., 2015; Sharma et al., 2016). In contrast, zebrafish and

Drosophila FUS knockdown models did demonstrate impaired motor activity (Arm-

strong and Drapeau, 2013; Wang et al., 2011) and reduced survival (Wang et al., 2011).

Each of these studies used a di↵erent technique to suppress FUS expression, which may

explain the disparity between the models. It is also feasible that extension of the mice

studies beyond one year of age may have identified a late onset ALS-relevant phenotype.
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Table 1.7: Animal models based on ALS-linked mutations in FUS.
Animal Model Mutation Phenotype Reference
C.elegans Panneuronal overexpression Multiple Neuronal cytosolic inclusions Murakami et al. (2012)

Overexpression in GABAergic neurons S57� progressive paralysis, MN degeneration Vaccaro et al. (2012)
Drosophila Overexpression in GABAergic neurons R524S, P525L Reduced motor function, NMJ defects Chen et al. (2011)

Overexpression in GABAergic neurons R518K, R521C, R521H Impaired motor function, FUS mislocalisation Lanson et al. (2011)
Transient suppression n/a Reduced survival Wang et al. (2011)

Zebrafish Transient overexpression R521C, R521H, S57� Impaired motor function, NMJ defects Kabashi et al. (2011a)
Transient overexpression R521C Impaired motor function, NMJ defects Armstrong and Drapeau (2013)
Transient suppression n/a Impaired motor function, NMJ defects Armstrong and Drapeau (2013)

Mice Overexpression under prion promoter WT FUS mislocalisation, NMJ defects, MN loss Mitchell et al. (2013)
Ubiquitous overexpression R521G Impaired motor function, NMJ defects Sephton et al. (2014)
Overexpression R521C, P525L NMJ defects, progressive MN loss Sharma et al. (2016)
Neuronal overexpression �NLS FUS aggregate formation, MN death Shelkovnikova et al. (2013)
Inducible knockout n/s Postnatal induction has no e↵ect on MNs Sharma et al. (2016)
Knockdown n/a No ALS relevant phenotype Kino et al. (2015)

Rats Inducible overexpression R521C MN loss, NMJ defects, aggregates Huang et al. (2011)

MN = motor neurons NMJ = neuromuscular junction
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Models based on the C9orf72 repeat expansion

Patients who carry a C9orf72 repeat expansion mutation develop TDP-43 pathology

in a↵ected neurons. They also develop two additional pathological characteristics –

nuclear RNA foci (Mendez and Sattler, 2015) and aggregates that consist of dipeptide

repeat proteins (DPRs) (Mori et al., 2013). Transcription from the expanded repeat

sequence occurs in the absence of an ATG start codon, a process known as repeat asso-

ciated non-ATG (RAN) translation. RNA foci form from the extended RNA sequences

transcribed from the C9orf72 expansion and evidence from animal models indicates

that these foci have multiple deleterious e↵ects. For example, a zebrafish model that

expressed 72 copies of the repeat sequence demonstrated that the RNA foci sequestered

wildtype proteins in a similar manner to SOD1 and TDP-43 aggregates. Multiple RNA

binding proteins were shown to be sequestered within the foci in the model, suggesting

dysregulation of transcription as a mechanism of C9orf72 -associated ALS (Lee et al.,

2013). A Drosophila model indicated that the RNA foci also a↵ect nuclear-cytosolic

transport (Zhang et al., 2015a). This model, which carried 58 copies of the repeat

sequence, demonstrated that the RNA foci bind to the nuclear pore proteins, thereby

impeding transport (Zhang et al., 2015a). In vitro models have provided further in-

sight into the deleterious e↵ects of the RNA foci. Impaired mitochondrial function,

induction of oxidative stress and DNA damage have been demonstrated in induced

pluripotent stem cell-derived motor neurons (Lopez-Gonzalez et al., 2016), and bind-

ing of the RNA foci to the proteasome and subsequent inhibition of its activity has

been demonstrated in primary rat spinal cord neurons (Gupta et al., 2017).

The second unique pathological feature of C9orf72 patients are the DPR aggregates.

RAN translation occurs in all three reading frames in both the sense and antisense

direction, generating six dipeptide repeat proteins, all of which are highly aggregation-

prone (Mori et al., 2013). Evidence from animal models indicates that the formation of

DPR aggregates alone is su�cient to induce toxicity. This evidence includes a mouse

model in which one of the DPRs - Poly-Gly-Ala (PolyGA), was overexpressed. This
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overexpression lead to aggregate formation, neurodegeneration and behavioural ab-

normalities (Zhang et al., 2016). This study further demonstrated that the PolyGA

aggregates formed in the model sequestered wildtype proteins involved in the UPS,

thereby inhibiting UPS mediated protein degradation (Zhang et al., 2016). Further

evidence supporting a toxicity of the DRPs has been provided by Drosophila (Mizielin-

ska et al., 2014; Wen et al., 2014) and zebrafish models (Ohki et al., 2017). Model in

both species also demonstrated neuronal toxicity associated with expression of a DPR

(polyGA or polyPA).

In addition to the toxicity of RNA foci and DRPs, a loss of C9orf72 function has

been associated with the repeat expansion. Reduced expression of C9orf72 has been

shown in C9orf72 patient tissue (DeJesus-Hernandez et al., 2011; Ciura et al., 2013;

Waite et al., 2014). Additionally, zebrafish (Ciura et al., 2013) and C.elegans (Therrien

et al., 2013) loss of expression models have both been shown to develop neurodegen-

erative changes. However, these findings failed to be replicated in a second zebrafish

model (Schmid, Hruscha, Haass, unpublished) or in multiple mouse models (Lagier-

Tourenne et al., 2013; Koppers et al., 2015; Atanasio et al., 2016; Burberry et al.,

2016; Ji et al., 2017). One mouse study did demonstrate a reduced lifespan of both

homozygote and heterozygote C9orf72 knockout mice, however no motor phenotype or

other ALS-relevant pathology was identified in the models (Ugolino et al., 2016). The

models did however demonstrate an upregulation of autophagy, which lead the authors

to propose a functional role of C9orf72 in this pathway and consequently, a potential

mechanism of autophagic dysfunction in the pathogenesis of the C9orf72 mutation.

Multiple animal models have been developed that overexpress the C9orf72 repeat ex-

pansion mutation with the aim of investigating a potential gain of function mechanism

of the mutation. These models and the phenotype that they display are shown in Table

1.8.
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Table 1.8: Animal models based on ALS-linked mutations in C9orf72.

Animal Model Phenotype Reference

C.elegans Transient knockdown MN loss and paralysis Therrien et al. (2013)
Drosophila Expression of <103 repeats in the CNS RNA foci and DPR Mizielinska et al. (2014)

Expression of 160 repeats RNA foci and DPR Tran et al. (2015)
Expression of 30 repeats in glutamatergic neurons Reduced motor function Xu et al. (2013)
Expression of 500 repeats in glutamatergic neurons Reduced motor function, DPR Freibaum et al. (2015)

Zebrafish Transient knockdown Aberrant MNs, reduced motor function Ciura et al. (2013)
Overexpression of a dipeptide repeat Generalised toxicity Ohki et al. (2017)
Mosaic expression of 38 and 72 repeats RNA foci, neurotoxicity, protein sequestration Lee et al. (2013)

Mice Expression of 66 repeats in the CNS RNA foci, DPR, TDP-43 +ve aggregates, reduced motor function Chew et al. (2015)
Expression of 450 repeats RNA foci, DPR Jiang et al. (2016)
Knockout No ALS-relevant phenotype Jiang et al. (2016)
Expression of 500 repeats RNA foci, DPR Peters et al. (2015)
Expression of 500 repeats RNA foci, DPR, motor neuron loss Liu et al. (2016)
Expression of 100-100 repeats RNA foci, DPR O’Rourke et al. (2015)

MN = motor neurons DPR = dipeptide repeat proteins CNS = central nervous system



44 Introduction

1.3.4 Limitations of disease models

No animal model adequately mimics all of the pathological aspects of ALS. For exam-

ple, a commonly used mouse model of ALS, based on the TARDBPA315T mutation,

develops motor deficits but fails to develop TDP-43 pathology and dies from gastroin-

testinal dysfunction rather than complications arising from motor neuron degeneration

(Hatzipetros et al., 2014). This inability of animal models to reflect all aspects of ALS

pathology is likely to be a consequence of multiple factors, key amongst them being

species di↵erences and limitations of the strategies currently available to generate the

models.

The significance of species di↵erences is illustrated by a comparison of ALS models

based on SOD1 mutations. The SOD1G93A pig model has been shown to demonstrate

ALS-relevant pathological changes, such as the formation of nuclear inclusions, and

SOD1 protein interactions that are not replicated in models in other species (Yang

et al., 2014). This suggests that species-specific targets may be significant to the de-

velopment of some ALS-associated pathological changes (Yang et al., 2014).

The advantages and limitations of the strategies available to generate animal mod-

els are shown in Table 1.3. A limitation that is common to all current animal models,

regardless of the strategy used to generate them, is that they aim to reflect a complex,

multi-factorial disease by expressing or silencing a single ALS-linked gene mutation

in an animal that is housed under standard laboratory conditions. In addition to

the known ALS-linked genes (Table 1.1), disease-modifying gene variants (reviewed in

Lamar and McNally (2014)), epigenetic factors (reviewed in Belzil et al. (2016)) and

environmental factors (reviewed in Cannon and Greenamyre (2011)) are believed to

have a significant impact on the development and progression of ALS. Indeed, these

disease modifiers are hypothesised to account for the substantial phenotypic variability

and irregular disease penetrance observed among carriers of the same ALS-linked gene

mutation (Xi et al., 2014). Inbred models that are based on a single gene mutation and

maintained under stringent environmental conditions cannot recapitulate the genetic,
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epigenetic and environmental interactions involved in ALS.

The SOD1G93A mouse is the model that has been most widely used in preclinical

therapeutic testing for ALS (Philips and Rothstein, 2015). The limitations of this

model are made evident by the failure, thus far, of candidate therapeutics that show

promise in preclinical trials to translate to patient trials. To date there have been over

50 publications describing therapeutic agents that extend the lifespan of the SOD1G93A

mouse, however none of these drugs have shown significant benefits in human patients

(Zwiegers and Shaw, 2015). This failure of translation appears to be due to a combina-

tion of factors, key amongst them being the use of the SOD1G93A mouse in isolation.

As discussed previously, no model, the SOD1G93A mouse included, is capable of accu-

rately reflecting all aspects of ALS. Therefore, studies need to utilise multiple models to

identify pathologic features and therapeutic responses that are consistent both across

species and across models based on di↵erent ALS-linked genes. An additional caveat

that is specific to SOD1 -based models, is that neither SOD1 patients, nor SOD1 mod-

els demonstrate the TDP-43 pathology seen in over 95% of ALS patients (discussed

in Section 1.3.3). In addition, most ALS patients do not develop SOD1 pathology.

Therefore, SOD1 -based models may not accurately represent wider ALS.

In addition to the use of multiple models in therapeutic trials, an adherence to stringent

guidelines for preclinical testing is critical. In 2008, the ALS Therapy Development

Institute (ALS-TDI) retested over 70 compounds reported to have beneficial e↵ects in

the SOD1G93A mouse. The ALS TDI was unable to replicate any of the positive data.

Flawed study design and biological noise were identified as the primary reasons for

the original, positive findings (Scott et al., 2008). This study highlights the need for

stringent guidelines of animal studies to avoid the time and monetary costs associated

with taking poor drug candidates to clinical trial.

The limitations of animal models must be recognised. However, by using multiple

models that reflect di↵erent aspects of the disease, and using these models to answer
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specific questions, animal models can, and do, provide valuable insights into the bio-

logical mechanisms involved in disease and provide essential tools for preclinical testing

to examine the safety and e�cacy of potential therapeutics.

1.4 Aims and significance of this project

ALS is an adult onset disease. However, ALS-linked mutations, such as those in CCNF

are expressed throughout life. This project therefore aimed to develop multiple CCNF -

based models, to allow investigative studies into both developmental and adult onset

aspects of ALS. The advantages of the zebrafish as outlined in Section 1.3.2, permits

time and cost e↵ective testing of multiple transgenic strategies to identify those that

develop viable disease models. This project utilised those advantages to investigate

multiple strategies to establish CCNF -based zebrafish models suitable for investiga-

tive studies and for use in preclinical trials. The role of cyclin F in regulating protein

degradation through the UPS and findings from in vitro CCNF studies suggests that

these CCNF zebrafish will provide a useful tool with which to investigate the mecha-

nisms of disrupted protein degradation in ALS, a pathway that is strongly implicated

in the pathogenesis of the disease. A significant advantage of CCNF -based models is

that patients who carry a CCNF mutation develop the TDP-43 pathology seen in the

majority of ALS patients (Williams et al., 2016). Therefore, unravelling the mecha-

nisms of ALS-linked mutant CCNF has great potential to further our understanding

of the biology of wider ALS. A greater understanding of disease biology will lead to

the identification of potential therapeutic drug targets and disease biomarkers.

Specifically, the aims of the project were:

1. To characterise zebrafish ccnf to determine the suitability of the species to model

ALS-linked mutations in the gene.

2. To develop and characterise an embryonic zebrafish model of ALS that transiently

expresses mutant CCNF, as a tool for rapid discovery, analysis and preliminary testing

of potential therapeutics.
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3. To identify a strategy that allowed the development of suitable CCNF transgenic

zebrafish for longitudinal studies of ALS biology in an adult animal.

1.5 Structure of this thesis

Aims one and two are addressed in Chapter 3 of this thesis. The characterisation of the

zebrafish ccnf orthologue and the development of the transient CCNF zebrafish models

are detailed in a paper published in Human Molecular Genetics (Paper 2). Aim three

is addressed in Chapters 4 and 5. Chapter 4 details the e↵orts to establish transgenic

zebrafish lines that constitutively overexpress CCNF. The key findings from this study

are described in a paper which has been accepted for publication in Science Matters

(Paper 3). Chapter 5 details the development and characterisation of transgenic lines

that inducibly overexpress CCNF. The key findings from his study are described in a

manuscript which has been prepared for submission to Disease Models and Mechanisms

(Manuscript 1).
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2
Methods

2.1 Introduction to this chapter

This chapter details the general methods used throughout this project. The Tol2 Mul-

tisite Gateway cloning system Kwan et al. (2007) was used to generate the CCNF

expression constructs. The principles of this system and the molecular methods used

to generate the constructs are described in Section 2.2.1, followed by the zebrafish hus-

bandry protocols used in the laboratory and the general methods used to study the

zebrafish. Methods used for di↵erent stages of the project are described in Chapter

Specific Methods, Sections 3.2, 4.2 and 5.2. Recipes for bu↵ers and solutions are shown

in Appendix A.2.

49
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2.2 Molecular Methods

2.2.1 Cloning - the Tol2 Gateway system

The Tol2 Multisite Gateway Three-Fragment Vector Construction kit (Life Technolo-

gies) was used to develop the expression constructs required for the generation of the

CCNF transgenic zebrafish (Chapter 4 and Chapter 5). This system uses two recom-

bination reactions to generate the expression constructs. The first, termed the BP

reaction, inserts the cDNA of interest (promoter, fluorophore or gene) into an entry

clone. The second, the LR reaction, combines three entry clones (5', middle and 3'

entry clones) into a single expression plasmid. Both reactions take advantage of spe-

cific recombination sites, denoted att sites, to mediate the order and orientation of the

recombination reactions. The principles of these reactions are detailed in this section.

BP reactions

BP reactions generate 5' entry clones, middle entry clones and 3' entry clones. Each

carry specific att sites. The principles of the BP reactions are shown in Figure 2.1. The

majority of entry clones used in this project had previously been generated (Table 2.1).

However, BP reactions were required to generate 3' entry clones that carried CCNF.

Four CCNF entry clones were generated:

1. Human wildtype CCNF - CCNFWT

2. Human CCNF that carried an ALS-linked mutation - CCNF S621G

3. Zebrafish wildtype ccnf - ccnf WT

4. Zebrafish ccnf that carried the equivalent ALS-linked mutation - ccnf S623G .

The 3' entry vector into which the CCNF sequences were inserted by the
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Table 2.1: Entry clones used in this project

Vector type Vector Reference/ Source
5' vectors p5E:actb2 (Higashijima et al., 1997)

p5E:-3mnx1 (Morsch et al., 2015)
p5E:TRE (Campbell et al., 2012)

Middle Entry Vectors pME:mCherry Chien laboratory
pME:EGFP (Campbell et al., 2012)
pME:rtTA (Campbell et al., 2012)

3' vectors P3E:CCNFWT BP reactions (GeneArt)
P3E:CCNF S621G BP reactions (GeneArt)
P3E:ccnf WT BP reactions (GeneArt)
P3E:ccnf S623G BP reactions (GeneArt)
p3E:pA Chien laboratory

Destination vectors Tol2:PA2 Chien laboratory
Tol2:CG2 Chien laboratory
Tol2:FusionRed GeneArt

amino acid identity.

The BP reactions used to generate the CCNF 3' entry clones consisted of 50

fmoles of the CCNF cDNA, 150 ng of the 3' entry vector (Life Technologies), 2 µl of

BP clonase enzyme mix (Life Technologies) and 1 X TE bu↵er (pH 8, Thermofisher

Scientific) to a final volume of 10 µl. Reactions were assembled at room temperature

and incubated at 25 �C for two hours. Constructs generated from this reaction were

transformed, purified and validated as detailed in Sections 2.2.2 and 2.2.3. Validated

constructs were used in the subsequent LR reactions.

LR reactions

The LR reactions recombined 5', middle entry and 3' entry clones into a destination

vector. The destination vector carried a Tol2 transposable element, used to increase

the e�ciency of transgenic insertion into the genome (discussed in Chapter 4, Section

4.1.3). The principles of this reaction are shown in Figure 2.2 Kwan et al. (2007).

Specific LR reactions used for each component of the project are shown in chapter

specific methods.
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2.2.2 Transformations

Constructs generated through Tol2 cloning were transformed into Alpha-Select Gold

e�ciency competent cells (Bioline) according to manufacturer instructions. Briefly, 2

µl of the BP or LR recombination reaction was gently mixed with 50 µl of competent

cells and cooled on ice for 30 minutes. Cells were heat shocked at 42 �C for 30 seconds,

then immediately returned to ice for 10 minutes. Two-hundred and fifty microliters

of S.O.C. medium (Life technologies) was added to the heat-shocked cells, and the

mixture incubated at 37 �C with shaking at 200 rpm. For transformations using the

BP reaction product, this incubation was performed for 1 hour, for transformations

using the LR reaction incubation time was extended to 1.5 hours.

Cells were then plated onto Luria-Bertani (LB) agar plates containing either 50

µg/ml kanamycin (Sigma-Aldrich) for BP recombination reactions or 100 µg/ml

ampicillin (Sigma-Aldrich) for LR recombination reactions. Plates were inverted and

incubated at 37 �C overnight.

2.2.3 Miniprep

Individual bacterial colonies were added to 5 ml LB medium containing either 50

µg/ml kanamycin (Sigma-Aldrich) for products of BP recombination reactions, or

100 µg/ml ampicillin (Sigma-Aldrich) for products of LR recombination reactions.

Mixtures were incubated overnight at 37 �C with shaking at 200 rpm. Glycerol

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

(Sigma-Aldrich) to 750 µl of culture and mixing. Glycerol stocks were stored at 80 �C.

Plasmids were purified from the bacteria using either the ISOLATE II Plasmid

MiniKit (Bioline) or the Spin Miniprep Kit (Qiagen) as per manufacturer’s instruc-

tions. Purified plasmid was eluted into 30 µl of RNAse-free water and the final
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concentration and purity of the constructs determined using a QIAxpert spectropho-

tometer (Qiagen).

2.2.4 Construct validation

Constructs were validated through a combination of restriction digests and Sanger

sequencing (Macrogen). To perform the restriction digests, one restriction site within

the Tol2 backbone and one restriction site within the middle entry or 3' entry clone

were selected within each construct. Restriction enzymes used are specified in Chapter

Specific methods, Chapter 4, Section 4.2 and Chapter 5, Section 5.2. Digest reactions

consisted of 500 ng of purified construct, 0.5 µl of the restriction enzymes and 1 µl 10

X CutSmart bu↵er (NEB) made up to 10 µl with RNAse free water. Reactions were

incubated at 37 �C for a minimum of 20 minutes. The products of digestion were gel

electrophoresed (1% agrose gel 100V, 60 minutes) and imaged on Gel Doc EZ System

(BioRad).

Constructs that produced products of digestion of the expected size were sent

to Macrogen (Korea) for Sanger sequencing using an ABI3730XL sequencer and

BigDye terminator sequencing (Life Technologies). Sequencing primers were designed

using Primer3 online software (http://bioinfo.ut.ee/primer3-0.4.0/). Sequenc-

ing results were analysed using Sequencher v4.8 software (GeneCodes Corporation,

USA).

2.3 Zebrafish Husbandry

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

by the Animal Ethics Committee, Macquarie University (ARA 2012-050 and ARA

2015-34, Appendix A.1) and the Internal Biosafety Committee (NLRD 5201401007)

and follow guidelines detailed in The Zebrafish Book (Westerfield, 2000).
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The zebrafish strains used for this study were AB/ Túbingen (TAB) wildtype,

Túbingen (TUB) wildtype and the Casper (nacre-roy) unpigmented line. The lines

used for each component of the study are specified within each chapter.

2.3.1 Aquarium conditions

The aquarium was maintained at a constant temperature of 28 �C with a neutral pH

(7.1 – 7.4), a stable conductivity (600-800 µS/m) and a day/night cycle of 11 hours

light and 13 hours dark.

2.3.2 Breeding

The zebrafish used in this study were obtained from natural spawning. The afternoon

prior to planned injections, male and female fish were placed in a false-bottomed

pair-mating tank, separated by a divider. At the onset of light the following morning,

the divider was removed. Eggs produced from the resulting mating passed through

the false bottom of the tank and were collected using a plastic tea strainer. Eggs

were rinsed with system water and transferred to a Petri dish containing E3 embryo

medium with 0.5% methylene blue (Sigma-Aldrich).

2.3.3 Raising of embryos

Embryos were raised in E3 medium in an incubator set at 28 �C until 5 days post

fertilisation (dpf). At 5 dpf, hatched larvae were transferred to juvenile tanks

containing E3 medium to a depth of approximately two centimeters. A consistent

temperature was maintained in the larval tanks by water bath set at 28 �C. Larvae

were fed live paramecium cultures daily. At 10 dpf, live artemia was added to the

diet. At approximately three weeks post fertilisation (wpf), the larvae were moved to
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the main system and fed a combination of live artemia and juvenile pellets. At two

months post fertilisation (mpf), the juvenile pellets were replaced with adult pellets.

2.4 Zebrafish manipulations

2.4.1 Dechorination

Depending on end use, embryos were dechorinated manually or enzymatically. Manual

dechorination was performed under a Nikon SMZ745 stereo microscope using Dumont

#5 watchmaker forceps (Sigma-Aldrich). Enzymatic digestion was performed with 2

mg/ml Pronase (Sigma-Aldrich), which was added to the E3 medium and incubated

at 28 �C for 10 minutes.

2.4.2 Analysis of swimming behaviour at 6 dpf

Embryos to be used for behavioural analysis were raised in equal numbers (n=30 per

petri dish) in the standard light/dark cycle. At 6 dpf, embryos were placed into a

24-well plate and given an hour to recover. Behavioural analysis was performed using

the Zebrabox with the Zebralab software (View-point). A 14 minute protocol was

used, consisting of 6 minutes of light (first two minutes not recorded), four minutes of

dark, followed by an additional four minutes of light. The distance swum by each fish

under light and dark conditions was recorded.

2.4.3 Anaesthetic and Euthanasia

For anaesthesia, fish were immersed in tricaine methanesulfonate solution (Sigma

Aldrich) diluted to approximately 0.2 mg/ml until adequately sedated or anaesthetised.

For euthanasia, fish were immersed in 4 g/l tricaine methanesulfonate solution.
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2.4.4 Fixation

Following euthanasia, zebrafish were washed 2 X with E3 media, then fixed in 4%

paraformaldehyde in phosphate bu↵ered saline (PBS) either overnight at 4 �C or at

room temperature for 2 hours on a gentle rocker. Zebrafish were then rinsed in PBS

and stored at 4 �C.
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Transient CCNF overexpression

3.1 Introduction

3.1.1 Introduction to the Chapter

This chapter addresses aims 1 and 2 of the project:

• Aim 1: Characterisation of endogenous zebrafish ccnf.

• Aim 2: Development of transient zebrafish models that overexpress human

CCNF.

The chapter begins with a discussion of whole genome duplication - its role in

evolution and its potential e↵ects on zebrafish models of human disease. The chapter

59
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then reviews the transient zebrafish models of ALS that have been reported to date.

Data from the current study is presented in a paper published in Human Molecular

Genetics (Paper 2). This paper details the characterisation of zebrafish ccnf, which

indicated the suitability of the species to model ALS-linked mutations in the gene, and

it presents an analysis of transient zebrafish models that overexpress either wildtype

CCNF (CCNFWT) or ALS-linked mutant CCNF (CCNF S621G). Also detailed in

Paper 2 are findings from proteomic profiling analysis of CCNF transfected Neuro-2a

cells (led by Ms Stephanie Raynor and Dr Albert Lee, Centre for MND Research,

Macquarie University). Paper 2 is followed by unpublished data, which indicates the

suitability of the transient models for use in drug screens. The chapter concludes with

a discussion of the advantages and limitations of this current study and the potential

utility of the transient models in future investigative studies and preclinical trials.

3.1.2 Zebrafish models in ALS research

Duplication of the zebrafish genome

Gene duplication greatly increases genetic complexity and diversity and is therefore

considered to be a key driver of evolution (Magadum et al., 2013). Errors during

cell division may result in duplication of an individual gene or, if homologous

chromosomes fail to separate during mitosis, duplication of the whole genome. While

some duplicated genes (paralogues) retain similar functions, most undergo either a

shift in function, sub-functionalisation or a loss of function (Levasseur and Pontarotti,

2011). It is hypothesised that the considerable alterations in gene function that

have resulted from whole genome duplication are largely responsible for vertebrate

evolution (Pennisi, 2001; Ohta, 2003; Fortna et al., 2004; Kellis et al., 2004; Hurles,

2004).

Evidence suggests that the teleost class of fish (including zebrafish) underwent

a whole genome duplication that did not occur in other vertebrates, termed the
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teleost-specific genome duplication (Meyer and Schartl, 1999; Postlethwait et al.,

1998; Gates et al., 1999). Since this duplication event, over 100 million years ago,

evolutionary loss of function has eliminated the majority of paralogues from the

zebrafish genome. However, it is estimated that approximately 20% of zebrafish genes

still retain a functional paralogue (Postlethwait et al., 2000). The potential presence of

a functional paralogue must be considered in the design and interpretation of zebrafish

models that express a human mutation. Zebrafish models based on the ALS-linked

gene TARDBP are a key example. TARDBP has two functional paralogues in the

zebrafish - tardbp and tardbpl. Inhibition of one paralogue is compensated for by

upregulation of the other (Schmid et al., 2013). This is highly significant as evidence

suggests that ALS-linked mutations in TARDBP have concurrent loss and gain of

function e↵ects (reviewed in Chapter 1, Section 1.6). The compensatory ability of the

tardbp and tardbpl paralogues has significant potential to mediate the loss of function

e↵ects of an ALS-linked mutation, thereby impacting the ability of the model to

accurately reflect the cellular changes associated with the mutation. In this study,

examination of the zebrafish genome identified a single ccnf orthologue (Paper 2),

which greatly simplified the design and interpretation of the models.

Transient zebrafish models of ALS

Transient zebrafish overexpression models are generated by injecting mRNA of a gene

of interest, often fused to a fluorescent reporter, into zebrafish embryos at the single

cell stage of development (Yuan and Sun, 2009). The advantage of this strategy is

the speed and relative ease of model development. With an experienced operator,

hundreds of eggs can be injected with high accuracy within an hour (Rosen et al.,

2009). Translation from the mRNA occurs rapidly, resulting in high levels of protein

expression during early embryonic development (Yuan and Sun, 2009). Consequently,

these models typically develop an early phenotype, allowing investigative studies

to be performed with great e�ciency. However, care is required to ensure the

injection technique does not a↵ect model phenotype. Injection volume must be
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precisely measured to ensure equal expression levels between control and treatment

groups. Additionally, timing of the injections must be uniform across experimen-

tal groups. Injection at timepoints beyond the single cell stage of development has

increased potential to produce mosaic, rather than ubiquitous expression of the protein.

Multiple transient models of ALS have been developed in zebrafish and these

models have provided valuable insight into the biological mechanisms of disease (sum-

marised in Table 3.1). Transient zebrafish models have also been used in preclinical

studies to investigate the potential e�cacy of drug candidates. For example, transient

TARDBPA315T and SOD1A4V zebrafish models have been used to examine the neuro-

protective e↵ects of progranulin overexpression (Laird et al., 2010). Mutations in the

progranulin encoding gene, GRN, have been linked to FTD (Cruts et al., 2006; Gass

et al., 2006; Baker et al., 2006). These mutations appear to induce a loss of progranulin

function (Van Damme et al., 2008) and consequently, overexpression of the protein has

been proposed as a therapeutic approach for FTD. Indeed, two clinical trials of drugs

aimed at elevating progranulin levels in FTD patients who carry a GRN mutation

have been performed (https://www.clinicaltrials.gov/, reference NCT02149160 and

NCT01835665. Results not reported). Given the close association of ALS and FTD

(reviewed in Chapter 1, Section 1.2.1) the rescue e↵ect of progranulin overexpression

was examined in the zebrafish models of ALS. Both TARDBPA315T and SOD1A4V

transient zebrafish models develop an axonopathy characterised by shortened primary

motor axons and an increased incidence of aberrant axonal branching (Lemmens

et al., 2007; Laird et al., 2010). Interestingly, progranulin was shown to rescue this

phenotype in the TARDBPA315T model, but not in the SOD1A4V model (Laird et al.,

2010). These results appear to support the hypothesis, discussed in Chapter 1,

Section 1.3.3, that ALS-linked mutations in these two genes function through di↵erent

pathways. The study therefore, not only demonstrated the suitability of transient ze-

brafish models for preclinical trials, but also provided some insight into disease biology.
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Table 3.1: Transient overexpression zebrafish models of ALS.

Gene Conclusions drawn from study Reference
SOD1 Gain of function mechanism rescued by upregulation of IGF-I Sakowski et al. (2012)

Gain of function mechanism rescued by upregulation growth factor VEGF Lemmens et al. (2007)
TARDBP Gain of function mechanism Kabashi et al. (2010)

Gain of function mechanism rescued by upregulation of Progranulin Laird et al. (2010)
FUS Suggests roles for cytoplasmic mislocalisation of FUS and stress granule formation Bosco et al. (2010)

Suggests a role of the stress responses in disease biology Armstrong and Drapeau (2013)
Loss of function due to rescue e↵ect of WT, but not mutant FUS, Kabashi et al. (2011a)

VAPB Loss of function mechanism Kabashi et al. (2013)
UBQLN2 Gain of function mechanism rescued by inhibition of beta-catenin Edens et al. (2017)

3.2 Chapter-Specific Methods

The methods detailed in Paper 2 are shown in Table 3.2. Additional methods used in

this study are detailed in this section.

Table 3.2: Summary of methods detailed in Paper 2.

Section Technique
Characterisation of zebrafish ccnf Sequence analysis of the zebrafish genome

Alignment of human and zebrafish CCNF
Molecular methods Site directed mutagenesis

Sub-cloning of mCherry CCNF into PCS2+ vector
Generation of CCNF mRNA

Proteomic analysis Transfection of Neuro-2A cells
Trypsin digest
Mass spectrometry analysis
Western blotting

Zebrafish assays RT-PCR of zebrafish cDNA
In situ hybridisation
Collection of protein lysates from whole embryos
Microinjection of mRNA
Birefringence analysis
Acridine orange staining
Whole mount immunostaining with Caspase-3 antibody
Analysis of motor axon morphology
Analysis of the photomotor response
Correlation analysis between motor function and axonal morphology

Statistical analysis One-way ANOVA
Correlation analysis

3.2.1 Microplate reader analysis of acridine orange staining

At 24 hpf, zebrafish embryos were stained with acridine orange (AO) as described in

Paper 2. Following staining, embryos were placed into an individual well of a 96-

well plate and the intensity of the AO fluorescence measured using a PHERAstar FS

microplate reader (BMG labtech) (n=60 embryos per group).
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3.3 Results

3.3.1 Paper 2

Declaration of contributions

The candidate (AH) performed sequence analysis of zebrafish ccnf and cyclin F, the in

situ hybridisation (ISH) and the RT-PCR analysis. Cell transfections and proteomic

profiling was performed by SR and AL. JF assisted with site-directed mutagenesis and

subcloning. The candidate generated the CCNF mRNA, performed all microinjections

and screening, the birefringence analysis, immunohistochemistry staining, analysis of

motor neuron morphology and behavioural analysis. MW, KY, and EH assisted the

candidate with western blot analysis. The candidate and ED performed the acridine

orange staining and analysis. AL and ED assisted the candidate with imaging for

the correlation analysis. The images were analysed by the candidate and IT provided

intellectual input into the statistical analysis. The candidate wrote the manuscript.

All authors provided intellectual input and contributed to editing of the manuscript.

The overall contribution of the candidate is estimated to be ⇠85%.
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compared to both CCNFWT and uninjected groups (p<0.0001). Fluorescence in the

CCNFWT group was also found to be significantly increased when compared to the

uninjected controls (p<0.0001) (Figure 3.2). This data suggests that the AO assay

performed in Paper 2 could be adapted to more e�ciently analyse the ability of

potential therapeutics to mediate the toxic e↵ects of ALS-linked mutant CCNF.

Figure 3.2: Analysis of AO stained embryos using a microplate reader to

assess total fluorescence. Significantly higher fluorescence was detected in 24 hpf ze-

brafish injected with CCNF
S621G

compared to CCNF
WT

(P<0.0001) and uninjected groups

(P<0.0001). Significantly higher fluorescence was also detected in the CCNF
WT

group com-

pared to uninjected controls (P<0.0001). n=60 per group.

3.4 Discussion

This chapter describes the development and characterisation of the first reported

animal model based upon an ALS-linked mutation in CCNF. The phenotypic features

of the model included increased levels of cell death, a significant axonopathy and

impaired motor function. These features suggest that the transient CCNF model

will be useful in studies aimed at investigating the biological basis of CCNF -linked

ALS and has potential for use in preclinical therapeutic trials. The advantages and

limitations of the techniques and strategies used in this study and potential projects
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for which the models may prove suitable are discussed in this section.

3.4.1 Characterisation of zebrafish ccnf

Summary

Examination of the zebrafish genome identified a single ccnf orthologue. This

facilitated the development of the CCNF -based models, as potential complications

associated with compensatory mechanisms of a functional paralogue did not need

to be considered. The significant sequence and structural similarities demonstrated

between zebrafish and human cyclin F suggests that the protein is likely to play a

similar functional role in both species. This supports the hypothesis that zebrafish

are a suitable species in which to investigate mechanisms associated with ALS-linked

mutant CCNF.

This study used a combination of whole mount ISH and RT-PCR to investigate

the expression of zebrafish ccnf. Whole mount ISH is limited by the di�culty

of permeablising post-embryonic larvae (post 6 dpf) su�ciently to allow RNA

probes to penetrate the tissue. This di�culty necessitated the use of RT-PCR to

examine mRNA expression beyond this timepoint. Due to the predominantly CNS

expression of cyclin F indicated by the ISH, and the central role of the CNS in

ALS, the RT-PCR was performed selectively on brain lysates. This study, for the

first time, demonstrated that ccnf mRNA transcripts are consistently expressed

in the CNS throughout development. This finding suggests that models in which

CCNF expression is artificially driven within the CNS will have physiological relevance.

Further Studies

Both the RT-PCR and the ISH assays could be extended in further studies. The

RT-PCR assay could be performed at timepoints at which the fish is considered
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to be middle aged (3-15 mpf) and aged (>15 mpf) (Gilbert et al., 2014), to assess

potential age-associated changes in ccnf mRNA expression. To further characterise

ccnf expression, the ISH assay could be performed on either sections of the whole

fish, or on brain sections taken at various stages of development. Additional studies

of interest would include immunohistochemistry to confirm that cyclin F expression

reflects the observed ccnf mRNA expression and quantitative RT-PCR (qRT-PCR)

analysis to quantify expression levels at di↵erent stages of development. This level of

characterisation were beyond the scope of this study.

The in situ expression of ccnf in older larva/adult could have been done on sec-

tioned material. It looks like ccnf is expressed in the CNS in old larva but that probe

penetration and staining is poor in the whole-mounts.

3.4.2 Transient zebrafish models

Limitations of transient models

Transient zebrafish models of ALS have significant advantages as discussed in Section

3.1.2. However, their limitations must also be recognised. The brief duration of

overexpression of the protein of interest may preclude development of slow or late

onset disease relevant pathology. Detectable expression of human cyclin F in the

zebrafish models was limited to less than 24 hours (Appendix A.3). While this brief

period of expression was su�cient for the development of a motor neuron axonopathy,

impaired embryonic motor function and increased levels of cell death, it is possible that

the brief duration of expression precluded the development of additional pathological

changes. For example, expression of CCNF S621G in Neuro-2a and SH-SY5Y cells has

been shown to induce an accumulation of ubiquitinated proteins, suggesting that

dysfunction in the protein degradation pathways is a feature of CCNF associated

ALS (Williams et al., 2016; Lee et al., 2017b). An accumulation of ubiquitinated

proteins was not detected by western blotting performed on lysates collected at 8 hpf

from the zebrafish mRNA models (Paper 2, Supplementary Figure 12). This failure
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to replicate the in vitro results may have been a consequence of the brief period of

CCNF expression at 8 hpf . Alternatively, di↵erent levels of overexpression in the

transfected cells compared to the transient zebrafish models may have been the reason

for the disparate results. Repeat western blotting on zebrafish lysates collected at a

later timepoint may clarify this.

Transient models have two additional caveats. One, they are overexpression

models that do not express a mutant gene at physiologically accurate levels and two,

they are an embryonic model of an adult onset disease. The expression of a protein

at greater than physiological levels can have toxic e↵ects unrelated to expression of a

disease-causative mutation. To account for this, studies using overexpression models

must have controls in which the wildtype protein is expressed at the same level as the

mutant protein. Additionally, assays to identify non-specific toxic e↵ects of protein

overexpression must be performed. The measures taken in this study to identify

overexpression e↵ects included embryonic staging, measurement of body length at

various timepoints and birefringence analysis of skeletal muscle morphology. Despite

these measures, additional models are required to validate the findings from the

transient CCNF models. For example, a model in which the CCNF S621G mutation is

integrated into the endogenous gene and expressed at endogenous levels would address

the question of whether exogenous protein overexpression induces non-specific toxic

changes. Genome editing-based methods o↵er an opportunity to develop such models.

Additionally, an adult onset model in which expression of CCNF S621G is delayed until

the fish matures, through the use of an inducible promoter, would address the question

of the relevance of the developmental changes identified in the transient model to an

adult onset disease.
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Limitations of Western Blot analysis

As reported in Paper 2, chemiluminescent (ECL) western blot analysis was used in

this study to validate some of the key proteomic findings, to confirm equal expression

levels of cyclin FWT and cyclin FS621G, and to examine ubiquitination levels between

the two models. Western blotting is a highly useful tool, particularly when used in

combination with other methods such as mass spectroscopy. However, ECL analysis

has only limited capacity for quantitative analysis and significant variability can arise

from multiple sources (reviewed in Taylor and Posch (2014)). One potential source

of variability comes from the loading control used to normalise expression levels of

the protein of interest. The loading control used in this study, GAPDH, is one of

the most frequently used controls. However, di↵erential expression of GAPDH has

been demonstrated under various physiological and pathological conditions (Greer

et al., 2010; Ferguson et al., 2005). Therefore, expression levels may vary between

samples. Furthermore, image saturation is a common concern with the protein, indeed

with all loading controls, due to the typically high concentration of these proteins.

The linear range of GAPDH imaging extends up to 5 µg of protein, beyond which

increased protein concentration is not reflected by an detectable increase in band

density (Welinder and Ekblad, 2011).

While the loading control can introduce variability into western blot analysis,

the primary source of variability arises from image analysis. Three key factors a↵ect

image analysis - the algorithm used to remove background from the image, the area of

the membrane selected for analysis and the variable used for analysis (Gassmann et al.,

2009). The algorithm used to remove background varies between di↵erent software

and can significantly a↵ect the intensity of the bands to be analysed (Gassmann et al.,

2009). The size of the area to be analysed is to some extent determined by the software

used. Image J for example, requires the selected area to be taller than it is wide.

This necessitates the inclusion of a large area of the membrane above and below the

band of interest, an area that may have variable background or non-specific, irregular

staining. Finally, di↵erent software uses di↵erent variables to measure the intensity of
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a band of interest, including analysis of peak height (i.e. greatest intensity), average

band intensity or total band volume. Di↵erent variables can provide a di↵erent result

(Gassmann et al., 2009). Gassmann et al. (2009) clearly demonstrated the variability

inherent in measurement of protein expression levels by western blotting by utilising

a range of commonly used analysis protocols on a single image of a western blot.

Image J (NIH), QuantityOne basic 4.6.3 (Bio-Rad Laboratories) and MCID Analysis

7.0 (Imaging Research Inc.) were each used with a variety of settings to quantify the

relative expression of erythropoietin between di↵erent species. Highly variable results

were obtained from this analysis, ranging from highly significant di↵erences between

species (p=0.000013) to no significant di↵erence between species (p=0.76).

A more recently developed method that minimises these sources of variability is

Quantifiable Fluorescence based Western Blot (QFWB). The use of fluorescent

reporters in QFWB provides higher sensitivity, a wider range of linear detection

and automatic elimination of background (Eaton et al., 2014). This technology is

soon to be implemented in our laboratory and will be used in future studies. Of

particular interest in these future studies will be the relative ubiquitination levels in

lysates collected from the CCNFWT and CCNF S621G injected zebrafish. As discussed

in Section 3.4.2, the previously reported increase in ubiquitination associated with

CCNF S621G expression in Neuro-2a and SH-SY5Y cells (Williams et al., 2016; Lee

et al., 2017b) was not reflected in the transient zebrafish models. It is possible this

was due to the brief mRNA expression. Alternatively, the failure to replicate the

results may be due to di↵erences in the analysis, a consequence of the two studies

being performed and analysed by di↵erent researchers. The use of alternative methods

such as QFWB will help clarify this question.
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Caspase-3 and AO staining

The proteomic profiling data shown in Paper 2 indicated that the cell death pathways

were significantly upregulated in Neuro-2a cells transfected with CCNF S621G. Conse-

quently, the level of cell death was assessed in the transient zebrafish models. Two

indicators of cell death were used for this analysis, AO staining and caspase-3 staining.

AO is a live stain with advantages and limitations. Live staining avoids the need for

fixation, which contributes to the high e�ciency of the rapid AO staining protocol.

However, because cell death is a dynamic process, imaging must be performed rapidly

and in small experimental groups to accurately compare the level of cell death at

the same timepoint (Sorrells et al., 2013). In contrast, caspase-3 antibody staining

requires both fixation and a significantly longer protocol. However, the use of fixation

allows imaging to be performed on larger groups without time constraints (Sorrells

et al., 2013).

The AO and caspase-3 assays can reflect di↵erent cell death pathways. As dis-

cussed in Paper 2, multiple forms of cell death have been described, including

apoptosis (a caspase-mediated form of programmed cell death) (Walsh, 2014), necrop-

tosis (Re et al., 2014), paraptosis (Sperandio et al., 2004) and ferroptosis (Dixon et al.,

2012). The predominant pathway involved in ALS-associated motor neuron death is

yet to be clarified (Sathasivam and Shaw, 2005). Due to the di↵erent properties of the

AO and caspase-3 assays, a combination of the two, performed in the same embryo at

the same timepoint, could be used to investigate the relative roles of caspase mediated

and caspase independent cell death associated with CCNF S621G. Such a study is

feasible as the caspase-3 antibody is unlikely to identify cells dying via the caspase

independent pathways (necroptosis, paraptosis or ferroptosis). In contrast, AO will

stain cells dying via both caspase-mediated and caspase-independent pathways. This

is because AO staining relies on a loss of chromatin integrity associated with cell

death, which allows the stain to intercalate with double stranded DNA, causing the

cells to fluoresce (Weber and Koster, 2013).
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Alternatively, to avoid the time constrains associated with the AO live staining,

caspase-3 immunostaining could be used in combination with terminal deoxynu-

cleotide transferase (TdT) dUTP nick-end labelling (TUNEL). TUNEL staining

utilises TdT, an enzyme that binds to fragmented DNA in fixed embryos. There-

fore, like AO staining, TUNEL staining would provide an indication of cell death

regardless of pathway (Kyrylkova et al., 2012), however unlike AO staining, it could

be performed on fixed embryos. This approach would ensure the same timepoint

was analysed in each embryo, which would allow a direct comparison of the levels

of caspase mediated and caspase independent cell death in the transient CCNF models.

Microplate reader analysis of AO staining

The AO analysis presented in Paper 2 demonstrated increased levels of cell death in

the spinal cord of embryos expressing CCNF S621G compared to controls. Cell death in

the spinal cord was initially assessed in this study due to the particular focus on the

e↵ect of CCNF S621G expression on the motor neurons and to reflect findings from an

established transient FUS model of ALS (Armstrong and Drapeau, 2013). However, the

key advantages of zebrafish as disease models are their rapidity of model development

and their high fertility and fecundity. To take full advantage of these features in the

e�cient testing of multiple therapeutics, analysis of cell death in a more e�cient manner

is essential. The utility of microplate reader analysis of acridine orange stained zebrafish

embryos to assess drug e�cacy has previously been demonstrated. Parng et al. (2002)

tested the e↵ect of 18 di↵erent chemicals on a range of variables in zebrafish embryo and

concluded that microplate reader analysis of AO staining intensity provided a suitable

screening system for drugs which aimed to modulate apoptosis (Parng et al., 2002).

The data presented in this study (Section 3.3.3), suggests that the transient CCNF

zebrafish models may prove suitable for similar drug trials. The results presented in

Section 3.3.3 do suggest that two clusters are present within the CCNF S621G group -

one half which demonstrated similar levels of apoptosis to the CCNFWT group, and one

half which demonstrated elevated levels of apoptosis. While analysis was performed in
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triplicate, repeated analysis is required to investigate whether this pattern is repeatable.

Primary motor axon morphology

Analysis of the length and incidence of aberrant branching in primary motor axons

as performed in Paper 2 is a well-established means of assessing pathogenicity of

ALS-linked mutations in zebrafish. Aberrant morphology of the primary motor axons

has been described in zebrafish models of ALS based on mutations in SOD1 (Lemmens

et al., 2007; Ramesh et al., 2010), TARDBP (Kabashi et al., 2010; Laird et al., 2010),

FUS (Kabashi et al., 2011a), C9orf72 (Ciura et al., 2013), ALS2 (Gros-Louis et al.,

2008) and VAPB (Kabashi et al., 2013). While a similar axonopathy was shown to

develop in all of these models and impaired motor function has been demonstrated

in some, a direct relationship between axonal development and motor function

has not previously been demonstrated. The correlation analysis performed in this

study provided the first evidence for a direct relationship between aberrant axonal

outgrowth and motor impairment, a finding that validates the functional relevance of

the axonopathy observed in the established zebrafish models.

Assessment of motor function

The photomotor response (PMR) is a non-visual reflex in which a motor response is

activated by stimulation of photoreceptors in the hindbrain of the zebrafish (Kokel

et al., 2013). The PMR is present between 30 and 42 hpf (Kokel and Peterson, 2011)

and consequently, was highly suited to the early analysis of motor function required for

the transient CCNF model. An alternative measure of motor function commonly used

at a similar stage of development is the touch evoked escape response (TEER). The

PMR was selected for this study in preference to the TEER for the following reasons.

First, the PMR relies only on motor function and hindbrain photoreceptors, whereas

the TEER relies on motor function, mechanosensory neurons, the ascending sensory

tract and the hindbrain (Umeda et al., 2016). Second, the PMR has the advantage

over the TEER with respect to its uniformity of stimulus. The zebrabox used to



3.4 Discussion 99

assess the PMR delivers the same stimuli to all embryos, whereas the TEER relies on

manual application of a stimulus, which has inherent variability with respect to its

intensity, timing and location (Smith et al., 2013). Finally, the PMR is well suited to

high throughout analysis as it can be performed in 96-well plates. The robust and

highly repeatable results from the PMR assay performed in this study, suggest that

this measure of motor function may be of value in future preclinical therapeutic trials.

Of interest would be a study in which assessment of motor function was ex-

tended throughout the development of the fish into adulthood. The assessment of

motor function in adult fish is described in Manuscript 1 (Chapter 5, Section 5.4. This

analysis could be performed monthly on the transient models to assess the impact of

a developmental defect in axonal morphology on swimming behaviour in mature and

aged fish. Such a study was beyond the time frame of this project, but would have

the potential provide some insight into the role of developmental defects in the onset

of ALS.

3.4.3 Future directions

Investigation of disease mechanisms

The transient CCNF zebrafish models presented in this study have the potential to

be used in in vivo studies that aim to understand the pathogenic mechanisms of the

CCNF S621G mutation. To maximise the advantages of the zebrafish as disease models,

many of these investigative studies will be performed using a combination of models

- both transient embryonic CCNF models, which will allow rapid analysis, and adult

models in which CCNF is persistently expressed, which will facilitate longitudinal

studies. The use of these complementary models in potential future studies are

discussed in detail in Chapter 6, Section 6.4.
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One study for which the transient CCNF zebrafish appear well suited is pro-

teomic profiling analysis. Such a study could provide in vivo validation of the findings

from the in vitro analysis performed in Paper 2. As discussed in Chapter 1, Section

1.2, non-cell autonomous mechanisms are strongly implicated in the biology of ALS.

One limitation of in vitro assays is that the cells are maintained in isolation and

therefore, cannot reflect non-cell autonomous mechanisms. Lysates collected from the

transient CCNF zebrafish provide an opportunity to repeat the proteomic profiling

analysis in a model which reflects both cell autonomous and non-cell autonomous

mechanisms. Dysregulated proteins and pathways that are common to both the in

vitro and in vivo models would be of significant interest in further studies.

Also of interest would be targeted analysis of the expression levels of UPS-

associated proteins in both the in vitro and in vivo models (ubiquitinomic analysis).

Ubiquitinated proteins could be isolated through immunoprecipitation and profiling

of this subset of proteins would provide more detailed insight into the e↵ect of

CCNF S621G on UPS function. One key advantage of the transient CCNF zebrafish for

the proposed proteomic studies is the rapid expression of cyclin F following mRNA

injections. Expression of the protein is evident from approximately 4 hpf. This

would allow highly e�cient analysis and would also allow lysates to be collected at

the same timepoints used for the in vitro study presented in Paper 2 (8 hpf and 24 hpf).

Testing of candidate therapeutics

Evidence presented in this chapter suggests that the transient CCNF models will

prove suitable for preliminary testing of potential therapeutics. The early onset

phenotype displayed by the CCNF S621G model will allow highly e�cient analysis in

the early embryonic stage. This analysis may include quantification of cell death (AO

staining) and motor function (the PMR), both of which can be performed in 96-well

plates. The use of 96-well plates will maximise the e�ciency of the screening process

and minimise the amount of drug required, saving both time and money, thereby



3.4 Discussion 101

allowing multiple compounds to be tested at multiple concentrations. More detailed

analysis, such as morphological assessment of the primary motor axons, could be

performed to further assess the e↵ect of the most promising drugs.

Excitingly, the transient CCNF zebrafish model developed here has already

been used in a preclinical study that supports its suitability to investigate potential

therapeutic approaches. This study, lead by Dr Audrey Ragagin and A/Prof Julie

Atkin (Centre for MND Research, Macquarie University), investigated the neuropro-

tective e↵ects of the ER-golgi transport protein, Rab1, in the models. Dysfunction in

the Rab1-dependant ER-golgi protein transport system has been implicated in ALS

(reviewed in Soo et al. (2015a)) and overexpression of Rab1 has been shown to have

a rescue e↵ect in Neuro-2a cells transfected with ALS-linked mutant FUS (FUSP525L

and FUSR522G) (Soo et al., 2015b). To investigate the rescue e↵ect of RAB1 on

CCNF -associated ALS, RAB1 and CCNF mRNA were co-injected into zebrafish

embryos as described in Paper 2. The resulting overexpression of RAB1 was shown to

rescue both the axonopathy and the impaired motor dysfunction (PMR) displayed in

the transient CCNF S621G model. The e↵ect of RAB1 overexpression on cell death was

not assessed (unpublished).

Data from the proteomic profiling, western blot analysis of the in vitro model

and analysis of the zebrafish model suggests that a therapeutic trial of apoptosis

inhibitors, more specifically, caspase-3 inhibitors may be worthwhile. As discussed in

Paper 2, upregulation of caspase-3 has been implicated in multiple neurodegenerative

diseases, including ALS (reviewed in Khan et al. (2015)) and inhibition of caspase-3

has been recognised as a potential therapeutic approach (Khan et al., 2015). However,

therapeutic trials of caspase-3 inhibitors are yet to be reported in animal models

of ALS. The therapeutic e↵ect of pan-caspase inhibition with N-benzyloxycarbonyl-

Val-Ala-Asp fluoromethyl-ketone (Z-VAD-fmk) has been examined in the SOD1G93A

mouse model of ALS (Li et al., 2000). This study demonstrated that administration of

Z-VAD-fmk into the cerebral ventricle of pre-symptomatic mice resulted in a delayed
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disease onset and an extended lifespan (Li et al., 2000). This finding suggests that

caspase inhibition is a potentially viable approach in the treatment of ALS. While

adverse e↵ects were not reported with non-specific caspase inhibition, a more targeted

approach, such as specific caspase-3 inhibition, may prove to be both more e�cacious

and less prone to adverse e↵ects. The transient CCNF zebrafish provide a tool with

which to investigate this question.

3.5 Concluding Remarks

This chapter details the development of the first animal model based on an ALS-linked

mutation in CCNF. The characterisation of zebrafish ccnf performed in this study

supports the suitability of this species to model ALS-linked CCNF mutations and the

ALS-relevant phenotype identified in the model suggests that they will be suitable

for future studies to investigate the pathological mechanisms of ALS. Additionally,

viable assays of the identified phenotypes o↵er potential for the future assessment

of candidate therapeutics. However, as with all models, zebrafish that transiently

overexpress CCNF S621G have limitations as disease models. Consequently, additional

CCNF based zebrafish models are required to complement future studies. The

development of one such model, in which CCNF S621G is overexpressed in adult

zebrafish, is detailed in Chapters 4 and 5.



4
Constitutive overexpression of CCNF

4.1 Introduction

4.1.1 Introduction to the chapter

The goal of the study detailed in this chapter was to establish transgenic zebrafish

in which CCNF was constitutively overexpressed throughout the lifetime of the

fish. The chapter begins with a review of the techniques available for the devel-

opment of constitutive overexpression zebrafish models, with a focus on the Tol2

transposase system used in this study. Data from the study is presented in two sections:

• E↵orts to establish a ubiquitously overexpressing CCNF model are detailed in a

paper that has been accepted to Science Matters (Paper 3).
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• E↵orts to establish a model in which the CCNF transgene was expressed

selectively in the motor neurons are detailed in Section 4.4.

The data presented in this chapter suggests that overexpression of CCNF throughout

the early stages of embryonic development is toxic in the zebrafish and this toxicity

precludes the development of zebrafish models that constitutively overexpress CCNF.

Accordingly, the chapter concludes with a discussion of potential future studies to

investigate this apparent toxicity, followed by a discussion of the alternative transgenic

strategies available to establish CCNF transgenic zebrafish models.

4.1.2 Zebrafish constitutive overexpression models

Constitutive overexpression models are developed through the injection of a transgene

(cDNA) into the zebrafish embryo at the single cell stage of development. The

majority of the injected transgenic DNA is degraded, but some is integrated into

the genome through DNA repair mechanisms (Stuart et al., 1988). This integration

occurs randomly, and commonly at multiple genomic locations (Wilson et al., 1990).

When integration occurs within germline cells, the transgene is transmitted to the

next generation, producing stable transgenic lines that overexpress the transgene

throughout the lifetime of the fish (Lieschke and Currie, 2007).

The first reported transgenic zebrafish was generated through the microinjection

of linearised cDNA (Stuart et al., 1988). While successful, this approach had low

e�ciency, with germline transmission rates of approximately 5% (Stuart et al., 1988).

Multiple strategies have since been developed that utilise various vectors to improve

the e�ciency of genomic integration. Higher e�ciency induces earlier integration,

reducing mosaicism and increasing germline transmission rates. The use of vectors

to facilitate transgenic integration has the additional benefit of reducing concatemer

formation (Lin et al., 1994; Thermes et al., 2002; Kawakami et al., 2000). Concatemers
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are formed by the integration of multiple copies of a transgene into a single genomic

location. While the presence of concatemers does results in high expression levels

of a transgene,they do frequently result in variable expression (Stuart et al., 1990),

silencing of the transgene (Stuart et al., 1988).

The key vectors used in zebrafish to maximise the e�ciency of transgene inte-

gration are shown in Table 4.1. The use of a transposase vector, as used in this

project, is discussed in detail in Section 4.1.3.

Table 4.1: Common strategies used to generate transgenic zebrafish

Strategy E�ciency Advantages Limitations Reference
Injection of linearised DNA 5% Simplicity, low cost High mosaicism, concatemer formation Stuart et al. (1988)
Use of viral vectors 70-100% Highly e�cient, Laborious, strict safety measures, Lin et al. (1994)

Reduced concatemers low cargo size (<2kb)
Use of meganucleases < 45% Ease of construction, Lower e�ciency than retroviruses Thermes et al. (2002)

Reduced concatemers
Use of transposons  50% Ease of construction, Lower e�ciency than retroviruses Kawakami et al. (2000)

Reduced concatemers

4.1.3 Transposon-mediated transgenesis

Principles of transposon-mediated transgenesis

Transposon-mediated transgenesis takes advantage of naturally occurring transposons

– segments of DNA that move from one genomic location to another due to endogenous

transposase enzymes (McClintock, 1950). A large number of transposons are found in

all plant and animal species (Kazazian, 2004) and some have been co-opted to improve

e�ciency of transgenic insertion for the development of animal models. To utilise

this system, transposase mRNA is co-injected with constructs that carry a transgene

flanked by transposase restriction sites (att sites) (Ivics et al., 2009). This system

has been shown to produce highly e�cient germline integration with low concatemer

formation (Kwan et al., 2007).

Two naturally occurring transposons have been identified in zebrafish, Sleeping
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Beauty (SB) (Ivics et al., 1997) and Tol2 (Kawakami et al., 2000), both of which have

been utilised to develop transgenic lines in zebrafish. In comparison to the SB system,

the Tol2 system has a higher e�ciency of transgene integration (up to 50% Balciunas

et al. (2006)), is capable of integrating larger fragments of DNA (up to 160 kb), and is

less vulnerable to overexpression inhibition (Balciunas et al., 2006). The Tol2 system

has therefore become the predominant transposase tool in zebrafish research (Sugano

and Neuhauss, 2013). The development of the Tol2-kit (Kwan et al., 2007) greatly

enhanced the e�ciency of the system, providing a catalogue of interchangeable vectors

that can be readily recombined to develop Tol2 expression constructs. The principles

of the Tol2-kit are detailed in Chapter 2, Section 2.2.1.

Tol2-mediated transgenic zebrafish

Tol2-mediated transgenesis is a well-established strategy in the zebrafish. The system

has successfully been used to establish a transgenic zebrafish model that ubiquitously

overexpressed SOD1G93A under a cytomegalovirus (CMV) promoter (Sakowski et al.,

2012). Sakowski et al. (2012) generated six independent SOD1G93A transgenic lines

using the Tol2 system, all of which developed defects at the neuromuscular junction,

death of motor neurons and motor dysfunction. However, the study was limited by

the lack of a SOD1WT control - the phenotype of the SOD1G93A transgenic lines was

compared to non-transgenic wildtype siblings.

In addition to the Sakowski et al. (2012) SOD1G93A model, the Tol2 trans-

posase system has been utilised to establish numerous transgenic reporter lines in

zebrafish. These include motor neuron reporter lines (-3mnx1 promoter) (Arkhipova

et al., 2012), microglial reporter lines (mpeg promoter) (Ellett et al., 2011), astrocytic

reporter lines (gfap promoter) (Bernardos and Raymond, 2006), Annexin A5 reporter

lines (annexin A5 promoter) (van Ham et al., 2010) and an ER stress reporter line

(ef1 promoter) (Li et al., 2015a). Due to the established e�cacy of the Tol2 system

as evidenced by these models, and the availability of the Tol2-kit Kwan et al. (2007),
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this system was selected to generate the CCNF transgenic zebrafish models in this

project.

4.1.4 Tol2 model Design

Promoters

Cyclin F is a ubiquitously expressed protein, therefore a ubiquitous promoter was

selected to drive expression of the CCNF transgene. The Tol2 kit Kwan et al. (2007)

provides two ubiquitous promoters; human CMV and zebrafish beta actin 2 (actb2,

formerly �-actin). The CMV promoter has been shown to undergo rapid methylation

in zebrafish, which results in a loss of transgene expression across generations (Collas,

1998). In contrast, no methylation issues have been reported with the actb2 promoter,

which has been shown to drive strong, ubiquitous expression from the embryonic

stage throughout the lifetime of the fish (Yoshinari et al., 2012). For this reason, the

actb2 promoter was selected for use in this project. Due to the specific interest in the

e↵ect of mutant CCNF on motor neurons, a second set of constructs was generated in

which CCNF expression was driven by the zebrafish motor neuron promoter, -3mnx1

(previously homeobox gene 9, hb9 ).

Fluorophores

Fluorescent reporters fused to a protein of interest are currently the gold standard

strategy to examine protein expression and localisation in zebrafish. Fluorescent

reporters also allow e�cient selection of zebrafish embryos that have successfully

integrated a transgene into the genome. The Tol2 kit system contains mCherry and

EGFP fluorophores, both of which are reported to have excellent photostability and

brightness with low toxicity (Day and Davidson, 2009). Both fluorophores were used

for this study.
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CCNF

The majority of zebrafish models of ALS constitutively overexpress a human ALS-

linked gene. This includes zebrafish models based on TARDBP (Kabashi et al.,

2010, 2011a), SOD1 (Sakowski et al., 2012), FUS (Kabashi et al., 2011a) and VAPB

(Kabashi et al., 2013). One zebrafish model has been established that overexpressed

the zebrafish orthologue of an ALS-linked gene – a sod1G93R model (Ramesh et al.,

2010). Ramesh et al. (2010) hypothesised that the di↵erent body temperatures

of humans and fish may a↵ect protein physiology and therefore, expression of the

zebrafish gene was preferable to expression of the human orthologue in disease models.

No study has yet described a direct comparison between models that express a human

gene and models that express the zebrafish orthologue, therefore the preferable model

design is yet to be established. To investigate this, the study detailed in this chapter

aimed to develop two sets of models – one that overexpressed human CCNF and a

second that overexpressed the zebrafish orthologue (ccnf ).

The unanticipated findings from this study were that constitutive overexpres-

sion of both CCNF and ccnf appeared to be equally toxic in zebrafish embryos, and

this toxicity precluded the development of either CCNF or ccnf transgenic lines. The

findings from this study are outlined in Paper 3 and Section 5.8.

4.2 Chapter specific methods

The methods detailed in Paper 3, are shown in Table 4.2. The constructs generated for

this study and the restriction digests used to select constructs for validation by Sanger

sequencing are detailed in this section.

4.2.1 Generation of constructs

The LR recombination reactions used to generate the Tol2 constructs for this project

are shown in Table 4.3. These reactions were performed as described in Chapter
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Table 4.2: Methods described in Paper 3.

Section Technique
Molecular methods Tol2 recombination reactions

Generation of transposase mRNA
Zebrafish assays Microinjeciton of Tol2 constructs

Live imaging (light microscopy)
Founder screening
Acridine orange staining

2, Section 2.2.1. The expression constructs generated by these reactions are shown

schematically in Figure 4.1.

Table 4.3: LR reactions performed to generate the Tol2 expression constructs

5' vector Middle Entry Vector 3' vector Destination vector
p5E:actb2 pME:mCherry P3E:CCNFWT Tol2:PA2
p5E:actb2 pME:mCherry P3E:CCNF S621G Tol2:PA2
p5E:actb2 pME:mCherry P3E:ccnf WT Tol2:PA2
p5E:actb2 pME:mCherry P3E:ccnf S623G Tol2:PA2
p5E:actb2 pME:mCherry p3E:pA Tol2:PA2
p5E:actb2 pME:EGFP P3E:CCNFWT Tol2:PA2
p5E:actb2 pME:EGFP P3E:ccnf WT Tol2:PA2
p5E:-3mnx1 pME:mCherry P3E:CCNFWT Tol2:PA2
p5E:-3mnx1 pME:mCherry P3E:CCNF S621G Tol2:PA2
p5E:-3mnx1 pME:mCherry P3E:ccnf WT Tol2:PA2
p5E:-3mnx1 pME:mCherry P3E:ccnf S623G Tol2:PA2
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4.3 Results: Ubiquitous overexpression of CCNF

4.3.1 Paper 3

Declaration of contributions All experiments presented in this paper were per-

formed by AH. All authors contributed intellectual input and were involved in editing

of the manuscript.
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4.5 Discussion

4.5.1 Summary

The results presented in this chapter indicate that constitutive overexpression of

CCNF is not a feasible strategy for the development of transgenic zebrafish. The

data suggests that overexpression of CCNF is toxic, leading to death of cells that

successfully integrate either CCNF or ccnf into their genome. However, explanations

other than toxicity are possible and further studies to investigate these are discussed in

this section, as are alternative approaches that may circumvent the apparent toxicity

demonstrated in this study.

4.5.2 Constitutive overexpression is not a feasible approach

to develop CCNF transgenic zebrafish

Generation of the control actb2 and -3mnx1 mCherry transgenic lines occurred at

expected rates of e�ciency (50% and 37.5% respectively). In contrast, no CCNF

transgenic lines were generated from 108 fish that were injected with a CCNF

construct and raised to maturity. It is possible that continued screening of additional

fish may have identified a founder. However, the random nature of transgene

integration with the Tol2 system can lead to significant positional e↵ects that have the

potential to a↵ect model phenotype (Wilson et al., 1990). In order to account for this,

multiple wildtype and mutant transgenic lines are required to confirm an observed

phenotype is consistently observed. Therefore, the failure to identify any CCNF trans-

genic founders from over 100 screened fish was a strong indication that establishing

the multiple transgenic lines required for this study was not feasible using this strategy.

The successful establishment of mCherry control lines validated the experimen-

tal steps, including the injection technique, the Tol2 control construct design and

cloning, the transposase mRNA activity and the screening process. The only variable
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between the mCherry and CCNF groups was the size of the transgene that was

integrated into the genome. The mCherry transgene was approximately 0.7 kb in size,

while the CCNF transgene was approximately 3 kb. The Tol2 transposase system has

been shown to carry transgenes up to 10 kb without any loss of e�ciency (Clark et al.,

2011). Therefore, this di↵erence in size was unlikely to be a contributory factor in the

failure to establish the CCNF transgenic lines.

The evidence presented in this chapter suggests that toxicity arising from con-

stitutive overexpression of CCNF in the developing embryo was a more likely reason

for the failure to establish these CCNF transgenic lines. While not previously

reported in zebrafish, similar toxicity issues have been found to impede development

of constitutive overexpression models of ALS in other species, including a TARDBP

rat model (Zhou et al., 2010) and a TARDBPM337V mouse model (Tian et al., 2011).

This apparent toxicity is perhaps unsurprising given the roles that both CCNF and

TARDBP play in essential cellular processes. It seems feasible that similar issues

may arise in future studies that aim to establish CCNF transgenic lines in other

species, and potentially in studies that aim to establish transgenic lines based on other

ALS-linked genes. This suggests that a direct progression to inducible transgenic

systems, or alternate transgenic strategies may be warranted in the development of

future models of ALS.

4.5.3 Further Investigations

Correlation of CCNF expression and cell death

Data from the AO staining assay performed in this study suggests a relationship

between CCNF overexpression and cell death in zebrafish embryos (Paper 3). This

provides a basis for the hypothesis that toxicity associated with CCNF overexpression

precluded development of these transgenic lines. While some correlation between AO

staining and mCherry CCNF expression was observed, the relationship between CCNF
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and cell death could be further investigated to strengthen this hypothesis. One such

study could take advantage of the live staining nature of AO, which allows repeated

analysis of the same fish. By examining both mCherry expression (detectable from

approximately 18 hpf) and AO staining at set intervals, the fate of cells expressing

mCherry CCNF could be to followed over the first few days of development. The

feasibility of this approach has previously been demonstrated in a zebrafish model

that overexpressed tau, a protein linked to both Alzheimers Disease and FTD (Paquet

et al., 2009). These authors demonstrated a direct relationship between tau expression

and cell death by repeatedly imaging AO stained embryos over a period of 12 hours.

This analysis revealed that tau positive, AO negative cells undergo morphological

changes characteristic of apoptosis. The cells were then shown to stain positive for

AO before eventually becoming both tau and AO negative (Paquet et al., 2009).

Alternative causes for the failure to establish CCNF transgenic lines

While evidence presented in this study suggests that toxicity associated with CCNF

overexpression in the developing embryo was the reason for the failure to establish

transgenic lines, alternative explanations are feasible. A failure of transgene inte-

gration, death of CCNF positive o↵spring before screening or epigenetic silencing of

the transgene could all explain the observations in this study. PCR amplification

of mCherry from DNA extracted at 24 hpf and a second, later timepoint (such as

2 weeks) could be used to investigate these possibilities. Successful amplification

of mCherry at 24 hpf would confirm integration of the transgene. Amplification of

mCherry at 24 hpf, but not 2 wpf would support the hypothesis that cell death follows

transgene integration. Amplification of mCherry at both 24 hpf and 2 wpf would

suggest that either death of CCNF positive o↵spring prior to screening or silencing

of transgene expression lead to the failure to identify founders in this study. Rapid

epigenetic silencing of a stably integrated transgene has been reported in transgenic

zebrafish (Goll et al., 2009; Akitake et al., 2011). However, silencing of expression at

the rate required to explain the results presented in this study has not previously been
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reported. Therefore, the more likely explanation in this case would be pre-screening

death of CCNF expressing embryos. Such an occurrence would be di�cult to detect

due to the large size of zebrafish clutches (average 200 embryos Westerfield (2000))

and the typically small percentage of transgene positive o↵spring (average of 10-15%,

Clark et al. (2011)).

4.5.4 Concluding remarks

The results presented in this chapter suggest that constitutive overexpression of CCNF

was not a feasible strategy for the development of transgenic zebrafish. Due to time

constraints, further investigation of the potential reasons underlying the failure of this

approach were not performed. The aim of the project was to identify a strategy that

lead to the development of viable transgenic CCNF models. Consequently, the project

moved on to investigate an alternative strategy to establish these models. The strategy

selected was make use of an inducible overexpression system. The rationale behind

the selection of this approach and successful development of the CCNF inducible

zebrafish models of ALS is detailed in Chapter 5.
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5
Inducible overexpression of CCNF

5.1 Introduction

5.1.1 Introduction to the chapter

Two potential strategies to circumvent the apparent toxicity of CCNF overexpression

in the developing embryo were considered for this project - one, the use of an inducible

system to allow overexpression of CCNF to be delayed until the fish matured beyond

the embryonic stage, and two, the use of genome editing tools to introduce the S621G

mutation into the endogenous ccnf gene, thus avoiding potential toxicity associated

with overexpression of the gene. The suitability of overexpression strategies to

generate models that develop an ALS-relevant phenotype is well established (Chapter

1, Section 1.3.3). Specifically, the suitability of a mutant CCNF overexpression
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model to reflect an ALS-relevant phenotype was established by the transient CCNF

models presented in Chapter 3. Additionally, the ability of the inducible transgenic

strategy to overcome toxicity associated with embryonic overexpression of a transgene

(TARDBP) has been established (Zhou et al., 2010). For these reasons, and to best

complement the already established transient model, the decision was made to proceed

with an inducible transgenic strategy for development of the adult CCNF zebrafish

models.

This chapter details the development and characterisation of zebrafish models that

carry a doxycycline-inducible CCNF transgene. The use of the doxycycline-inducible

system overcame the apparent toxicity associated with constitutive overexpression of

CCNF detailed in Chapter 4, thereby enabling the development of CCNF transgenic

lines. This chapter begins with an overview of the inducible systems available for use

in zebrafish, with a focus on the doxycycline-inducible system. This is followed by

an explanation of the rationale behind the design of the doxycycline-inducible CCNF

models. Data from this study is presented in four sections:

• Section 5.3 describes characteristics of the doxycycline-inducible system that

were observed in this study.

• Section 5.4 details the development and characterisation of models in which

ubiquitous expression of CCNF was induced in adult zebrafish. The results from

this study are presented in a manuscript that has been prepared for submission

to Disease Models and Mechanisms (Manuscript 1).

• Section 5.5 details the characterisation of zebrafish in which ubiquitous expres-

sion of CCNF was induced in the embryonic stage.

• Section 5.6 describes e↵orts to establish zebrafish models in which CCNF was

selectively expressed in the motor neurons.

The chapter concludes with a discussion of the success and limitations of the inducible
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CCNF models, further work required to complete characterisation of the models and

potential studies for which the models may prove suitable.

5.1.2 Inducible transgenic systems

Like constitutive overexpression models, these inducible systems express a randomly

integrated transgene at greater than physiological levels under the control of an

exogenous promoter (Elder et al., 2010). For this reason, appropriate transgenic

wildtype counterparts are required to ensure that an observed phenotype is a con-

sequence of the presence of a disease-linked mutation rather than an overexpression

e↵ect. Additionally, due to positional e↵ects associated with the random integration of

a transgene, multiple lines are required to ensure consistency of an observed phenotype.

Despite these limitations, overexpression models do have significant advantages

over genome edited models in which expression of a mutation remains at physiological

levels. Firstly, overexpression of a mutant transgene is more likely to induce a

disease-relevant phenotype in a short-lived species, such as zebrafish (Dawson et al.,

2010). Secondly, this overexpression often produces models that display an accelerated

disease course, allowing the study of adult onset disease in young animals (Dawson

et al., 2010). This is particularly advantageous in diseases such as ALS, where

the average age on onset is 50-60 years (McCombe and Henderson, 2010). Finally,

inducible overexpression strategies permit the use of exogenous promoters, which

permit spatial control over gene expression. This facilitates study of the e↵ects of a

disease-linked mutation in specific cells types, avoids toxicity in vulnerable cell-types

that are not relevant to disease, and provides the potential to unravel cell autonomous

and non-cell autonomous mechanisms involved in disease.

Multiple inducible transgenic systems are available for use in zebrafish. These

systems utilise either DNA recombination or transcriptional transactivation to

induce transgene expression. Both approaches have advantages and limitations. The
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advantage of transcriptional transactivation systems is that the induction of transgene

expression is reversible (Lewandoski, 2001). The key limitation of these systems is

that they are binary - they require two transgenes to be inserted into the genome,

one of which carries the gene of interest and a second that encodes a transcriptional

activator protein (Lewandoski, 2001). This binary nature compounds positional e↵ects

associated with the random integration of the transgenes into the genome (discussed

in Chapter 4, Section 4.5.2). Consequently, highly variable expression levels of the

protein of interest are often observed across di↵erent inducible lines (Lewandoski,

2001). This necessitates the development of multiple lines and determination of the

expression levels in each to identify wildtype and mutant lines with similar expression

levels.

The principles of the most commonly used inducible transgenic systems in ze-

brafish are detailed in this section. These systems include a DNA recombination

system, the Cre-Lox system, (Jaisser, 2000) and two transcriptional transactivation

systems, the modified Gal4-UAS system (Ornitz et al., 1991) and the tetracycline-

regulated system (Gossen and Bujard, 1992).

The Cre-Lox system

The Cre-Lox system utilises Cre, an enzyme that catalyses the recombination of

specific DNA sequences called LoxP sites (Metzger and Feil, 1999). A DNA segment

that lies between two LoxP sites is termed floxed DNA. Floxed DNA is excised upon

Cre-mediated recombination (Jaisser, 2000). To develop inducible zebrafish, transgenes

are generated that carry floxed DNA, for example a fluorophore that carries a STOP

codon. This floxed DNA is inserted upstream of a gene of interest. The floxed DNA

inhibits expression of the gene of interest until its excision through the activation of Cre.

Temporal control of gene expression with the Cre-Lox system is enabled through the

use of a heat shock promoter (hsp70l, Hans et al. (2009)), a modified oestrogen-binding
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domain of the human oestrogen receptor (ERT, Feil et al. (1996)), or a combination

of both (Hans et al., 2011). A key limitation of Cre-lox systems that utilise heat

shock and/or oestrogen inhibition to induce expression of a transgene is that both

induction methods have potential pleiotropic e↵ects. Heat shock has been shown to

induce cell stress and alter neutrophil activity (Lam et al., 2013) as well as disturb

somite formation in the zebrafish embryo, leading to defective axonal outgrowth, a

significant limitation for models of ALS (Roy et al., 1999). Exposure to tamoxifen has

been also been shown to have (mild) e↵ects on development in zebrafish by altering

the expression of multiple endocrine-related proteins (Xia et al., 2016).

Modified Gal4-UAS system

The Gal4-UAS system utilises the transcriptional activator protein, Gal4 which binds

to a specific DNA sequence, termed an upstream activator sequence (UAS). One

transgene in this binary system carries a tissue specific promoter that drives expression

of Gal4, which is typically fused to a portion of the herpes simplex virus protein,

VP16 (Sadowski et al., 1988). The second transgene carries the UAS upstream of the

gene of interest. Tissue specific binding of Gal4 to UAS activates transcription of

the gene of interest (Ornitz et al., 1991). Multiple methods have been developed to

provide temporal control of Gal4 expression, including the use of the ERT promoter

(Akerberg et al., 2014) and the use of a temperature-sensitive Gal4 repressor protein

(GAL80ts) (Fujimoto et al., 2011).

While the Gal4-UAS system is well established in zebrafish (reviewed in Asakawa and

Kawakami (2008)), it does have significant disadvantages. In addition to the binary

nature of the system and the potential pleiotropic e↵ects of heat shock and hormone

induction, the Gal4-UAS system has a high propensity for transgene silencing across

generations (Asakawa and Kawakami, 2008; Halpern et al., 2008). Indeed, the loss

of transgene expression from one generation to the next is so pronounced with the
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Gal4-UAS system, that Gal4-UAS zebrafish models have been proposed as a useful

tool to study the basis of transcriptional gene silencing (Goll et al., 2009; Akitake

et al., 2011).

Tetracycline-regulated system

The first tetracycline-regulated system was developed in 1992 and was based on two

key components – a trans-activator protein (tTA) and a tetracycline response element

(TRE) (Gossen and Bujard, 1992). The tTA is a fusion protein consisting of a modified

tetracycline resistance gene found in E coli and a transcriptional activating domain

of the herpes simplex virus. The TRE consists of a series of repeated tetracycline

operator (TetO) sequences (TCCCTATCAGTGATAGAGAA) located upstream of a

minimal promoter derived from the human CMV promoter. Under normal conditions,

tTA binds to the TetO sequences and this binding initiates transcription from the

minimal promoter. Binding of tetracycline, or derivatives such as doxycycline, to tTA

induces a conformational change in the protein that inhibits its binding to the TetO

sequence, thereby inhibiting transcription. (Gossen and Bujard, 1992). This origi-

nal system is termed the Tet-O↵ system, the principles of which are shown in Figure 5.1.

For greater flexibility, a converse system the Tet-On system was developed in

1995. Gossen et al. (1995) developed this system by randomly mutating the tTA

protein and selecting for a mutant version that functions in a reverse fashion,

termed reverse trans-activator protein (rtTA). The conformational change induced by

tetracycline, or one of its derivatives, to rtTA enables the binding of the protein to

the TetO sequence, thus activating transcription. The principles of this Tet-on system

are shown in Figure 5.1).
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Two tetracycline-regulated mouse models of ALS have also been established, both of

which express TARDBP with a silenced nuclear localisation sequence (TARDBP�NLS)

(Walker et al., 2015; Igaz et al., 2011).

To date, no doxycycline inducible models of ALS, or other neurodegenerative

diseases have been reported in zebrafish. However, multiple studies have demonstrated

the utility of the system in this species. The first of these studies was Huang et al.

(2005) who used the system to produce a model with inducible expression of GFP in

the myocardium. Subsequent zebrafish studies have demonstrated successful transgene

induction in a variety of tissues (Knopf et al., 2010; Campbell et al., 2012; West et al.,

2014; Wehner et al., 2015; Li et al., 2013b). Key amongst these studies was Campbell

et al. (2012), who developed zebrafish models in which expression of a fluorescent

reporter in the photoreceptors was regulated by doxycycline. To develop these models,

the authors compiled a “Tet-On toolkit” consisting of a range of Tol2-compatible

entry vectors for use in the generation of doxycycline-inducible zebrafish models. The

development of this toolkit greatly enhanced the flexibility and e�ciency of generation

of subsequent models.

5.1.3 Design of the inducible CCNF zebrafish models

The tetracycline-regulated system was selected for this study due the ease of construct

generation with the Tet-on toolkit (Campbell et al., 2012), the reversibility of the

system and the ease of induction with tetracyclines. Additionally, unlike the Gal4-

UAS system, loss of transgene expression across generations has not previously been

reported with the tetracycline-regulated system. Within the tetracycline-regulated

system, the Tet-on system was selected for this study and the tetracycline derivative

doxycycline was used to induce expression of CCNF. The rationale behind these

selections is discussed in this section.
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Tetracyclines

Tetracyclines are broad-spectrum antibiotics that bind to the 30S ribosomal subunit

of bacteria, thereby inhibiting protein synthesis. A range of tetracycline derivatives

have shown e�cacy in the tetracycline-regulated system. However, doxycycline is the

most commonly used tetracycline in animal models due to its low cost, its high a�nity

for both tTA and rtTA proteins (Krueger et al., 2004) and its low toxicity (Agwuh

and MacGowan, 2006). Additionally, doxycycline has been shown to have good

tissue distribution, which importantly for this study, includes penetration through the

blood brain barrier (Domercq and Matute, 2004). For these reasons, doxycycline was

selected for use in this study.

The stability of doxycycline in water under di↵erent environmental conditions

has been investigated in multiple studies. Honnorat-Benabbou et al. (2001) demon-

strated that doxycycline remained stable in tap water at 37 �C for one week and

Redelsperger et al. (2016) demonstrated that doxycycline remained stable in reverse

osmosis purified water (RO water) at 23 �C for one week. While mild variations

in temperature did not appear to a↵ect the stability of doxycycline, the pH of the

water did, with higher acidity found to extend its duration of activity (Redelsperger

et al., 2016). Tetracyclines absorb ultraviolet light and are therefore considered to be

photosensitive (Zakeri and Wright, 2008). However, the stability of doxycycline has

been shown to be una↵ected by exposure to light (Redelsperger et al., 2016). As a

result of these studies, the doxycycline used in this study was replenished weekly and

the pH of all tanks was monitored daily. As a precaution, the doxycycline treated

water was also protected from direct exposure to light.

Tet-on system

The aim of this study was to use an inducible system to allow expression of the

CCNF transgene to be delayed until the fish matured beyond the embryonic stage.
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This aim could have been achieved using either the Tet-on system or the Tet-o↵

system. Use of the Tet-o↵ system would have required embryos to be exposed to

doxycycline from fertilisation to prevent embryonic expression of the CCNF transgene.

Evidence indicates that embryonic exposure to doxycycline can induce dose-dependant

developmental delays in zebrafish, including delayed hatching, reduced body length,

increased yolk sac area and impaired inflation of the swim bladder (Zhang et al.,

2015b). Elevated levels of oxidative stress and cell death have also been associated

with embryonic exposure to doxycycline at concentrations as low as 10 µg/l (Zhang

et al., 2015b). To avoid these potential side e↵ects, the Tet-on system was selected for

this study.

Construct design

Two driver lines were developed for the Tet-on models in this study - one in which

rtTA was expressed ubiquitously (actb2 promoter) and one in which expression

was restricted to the motor neurons (-3mnx1 promoter). The rationale for the

use of these promoters was discussed in Chapter 4, Section 4.1.4. Responder

lines were designed to express human CCNF (wildtype or S621G mutant) with a

N-terminal EGFP fluorophore. The EGFP fluorophore was selected in preference to

mCherry due to a reported propensity for the mCherry protein to aggregate (Snaith

et al., 2010). Human CCNF was selected in preference to the zebrafish ccnf ortho-

logue to reflect the transient overexpression models previously established (Chapter 3).

To allow selection of embryos that successfully integrated a transgene into their

genome, the driver and responder line constructs were designed to carry a cardiac

reporter (myl7 promoter) that was expressed independently of doxycycline induction.

One vector was available in the Tol2kit Kwan et al. (2007) that carried a myl7 :EGFP

reporter. This vector was used in the driver line constructs. A second, novel vector

with a myl7 :FusionRed cardiac reporter was developed in this study for use in the

responder line constructs. Design of this novel vector is details in Manuscript 1.
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The zebrafish models generated from these constructs are the first reported in

vivo models that stably express an ALS-linked mutation in CCNF. These models are

also the first inducible zebrafish models of ALS. The data presented in Manuscript

1 suggests that induction of ubiquitously expressed CCNF S621G in adult zebrafish

produces models that will prove useful in further studies investigating the biology of

ALS.

5.2 Chapter-Specific Methods

The methods detailed in Manuscript 1 are shown in Table 5.1. Additional methods

used in this study are detailed in this section.

Table 5.1: Methods described in Manuscript 1.

Section Technique
Molecular methods Generation of driver and responder line constructs

Generation of transposase mRNA
Zebrafish assays Microinjection of Tol2 cosntructs

Generation of double transgenic lines
Induction of gene expression
Assessment of motor functon (adult swimmig behaviour)
Tissue fixation
Cryosectioning of frozen zebrafish sections
Cresyl Violet staining for motor neuron counts
Western blotting

5.2.1 Cloning

Generation of constructs

The Tol2 system was used to generate the doxycycline-inducible models (Chapter 2,

Section 4.3). Three experimental groups were established for this study - one that

expressed a fluorophore (EGFP) to control for the e↵ect of the florescent reporter on

model phenotype, one that expressed EGFP-tagged CCNFWT to control for the e↵ect
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of overexpression of CCNF and one that expressed CCNF S621G. The recombination

reactions used in the study are shown in table 5.2, using the methods described in in

Chapter 2, Section 2.2.1.

Table 5.2: LR reactions performed to generate the doxycycline-inducible expression con-

structs

5' vector Middle Entry Vector 3' vector Destination vector
p5E:actb2 pME:rtTA p3E:pA Tol2:myl7 :CG2
p5E:3mnx1 pME:rtTA p3E:pA Tol2:myl7 :CG2
p5E:TRE pME:EGFPns P3E:CCNFWT Tol2:myl7 :FusionRed
p5E:TRE pME:EGFPns P3E:CCNF S621G Tol2:myl7 :FusionRed
p5E:TRE pME:EGFPns polyA Tol2:myl7 :FusionRed

Restriction site digests

Constructs were selected for Sanger sequencing based on restriction enzyme digests.

Digests were performed as described in Chapter 2, Section 2.2.4 using restriction en-

zymes shown in Table 5.3.

Table 5.3: Restriction digests performed to select constructs for sequence validation.

Construct Restriction enzyme Product size
actb2 :rtTA BamH1 and Not1 7kb and 3 kb
-3mnx1 :rtTA BamH1 and Not1 7kb and 1 kb
TRE:EGFP CCNF Xho1 5.8 kb and 3.6 kb
TRE:EGFP BamH1 and Xhol1 6.7kb, 350bp and 106 bp

5.2.2 Generation of inducible models

Establishing double transgenic lines

Instability of transgene inheritance has been reported in doxycycline-inducible ze-

brafish that carry both the driver and responder transgene (Personal communication

from the Jensen Laboratory, developers of the Tet-on toolkit). To avoid issues

associated with unpredictable inheritance, separate driver and responder lines were

established to the second (F2) generation as detailed in Manuscript 1. A minimum

of three transgenic lines were established for each driver and responder group. The
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F2 generations of the driver and responder lines were then crossed, and their o↵spring

(F3) used for analysis. Only morphologically normal embryos which demonstrated

similar expression levels, as assessed by fluorescent microscopy, were selected.

Induction of transgene expression

Doxycycline (Sigma Aldrich) was diluted to a working concentration of 20 µg/ml as

detailed in Manuscript 1. For embryonic induction, 20 µg/ml doxycycline was added

to petri dishes which were incubated at 28 �C. For adult induction, fish were taken

o↵ the main system and placed in individual 3.5 litre tanks. Direct exposure to light

was prevented with foil covering of tank lids. A 10% water change was performed

twice weekly and fresh doxycycline added weekly. Water parameters, including pH

and conductivity were checked daily.

5.2.3 Zebrafish assays

Examination of cardiac oedema following embryonic induction

Severe cardiac oedema was observed in embryos following induction of transgene expres-

sion at fertilisation. To investigate whether cardiac oedema would develop following

later induction of transgene expression, CCNFWT and CCNF S621G clutches (3 clutches

per group) were pooled, then separated into four groups. The four groups were induced

at 24 hourly intervals, with the first group induced at fertilisation. Five days after the

addition of doxycycline, embryos were screened to establish whether they were single

or double transgenic, then classified as positive (detectable cardiac oedema at 5 X

magnification) or negative (no detectable cardiac oedema at 5 X magnification).

Immunohistochemistry analysis of adult zebrafish sections

Frozen sections of adult zebrafish prepared as described in Manuscript 1 were thawed

at room temperature and washed 3 X 5 minutes PBST. Sections were blocked in
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10% bovine serum albumin (BSA) for 1 hour at room temperature, and incubated in

primary antibody in 10% BSA overnight at 4 �C. Primary antibodies used were rabbit

TDP-43 C-terminus 1:500 (Cosmo Bio) and rabbit Ubiquitin 1:500 (Cell Signalling

Technology). Following incubation, sections were washed in PBST, then incubated in

alexafleur 594 donkey anti rabbit secondary antibody 1:300 (Invitrogen) for 1 hour at

room temperature in the dark. Sections were mounted with Vectrashield fluorescence

mounting medium with DAPI.

5.3 Results: Characterisation of the doxycycline-

inducible system in zebrafish

5.3.1 Introduction

The doxycycline-inducible system has not yet been widely used in zebrafish, therefore

the characteristics of the system in this species are not well established. Two key

issues have been identified in inducible systems that have been more commonly used

in zebrafish - leakage of transgene expression (predominantly seen with the Cre-Lox

system) and transgenerational loss of transgene expression (commonly seen with the

Gal4-UAS system). This study aimed to investigate whether these issues were evident

in the CCNF doxycycline-inducible zebrafish to provide an indication of the relative

advantages and limitations of the system in this species.

5.3.2 Transgene expression without induction

The doxycycline-inducible system is reported to demonstrate lower incidence of

transgene expression without induction than other commonly used transgenic systems

(Knopf et al., 2010). To assess the accuracy of these reports, the incidence of

ubiquitous expression of EGFP in embryos not exposed to doxycycline was quantified.

0.7% of EGFP embryos (1 of 138), 1.1% of CCNFWT embryos (1 of 88) and 1.7% of







5.4 Results: Induction of ubiquitous CCNF expression in adult

zebrafish 141

5.4 Results: Induction of ubiquitous CCNF ex-

pression in adult zebrafish

5.4.1 Introduction

The primary goal of this study was to establish models in which CCNF was per-

sistently expressed in adult zebrafish, to provide tools to complement the transient

models presented in Chapter 3. To achieve this aim, zebrafish that carried both the

driver and responder transgenes were raised to maturity (3 mpf) before induction of

CCNF expression. The data from this study is presented as a Manuscript which has

been prepared for submission to Disease Models and Mechanisms.

5.4.2 Manuscript 1

Declaration of contributions All experiments presented in this manuscript were

performed by AH. SG assisted with microinjection of the expression constructs into

zebrafish embryos. All authors contributed intellectual input and provided input to

the editing of the manuscript.



A doxycycline-inducible adult zebrafish model of ALS  
Alison L. Hogan*1, Emily K. Don1, Angela Laird1, Sharron Chow1, Serene Gwee1, Jennifer A. 

Fifita1, Tom Hall2, Nicholas J. Cole1, Ian P. Blair1 
1Centre for MND Research, Department of Biomedical Sciences, Faculty of Medicine & Health 

Sciences, Macquarie University, North Ryde, NSW, 2109, Australia. 
2 Institute for Molecular Bioscience, University of Queensland, Brisbane, QLD, 4072, Australia 

Summary statement  

This study presents a transgenic zebrafish model that inducibly expresses an ALS-linked mutation 

in CCNF.  This model provides a novel tool with which to investigate the biology of CCNF 

mutations.  

Abstract 

Amyotrophic lateral sclerosis (ALS) is an adult onset neurodegenerative disease characterised by 

rapidly progressive death of motor neurons. The disease is invariably fatal, typically resulting in 

patient death within three to five years of symptom onset. The only established causes of ALS are 

gene mutations. Novel ALS-linked mutations were recently reported in  CCNF. Cyclin F, encoded 

by CCNF, is an E3 ubiquitin ligase protein, involved in regulating protein degradation through the 

ubiquitin proteasome system. Evidence suggests that disruption to protein homeostasis is a key 

feature of ALS biology and ALS-linked mutations in CCNF provide an opportunity to develop 

novel disease models to study  dysfunction in this pathway. This study presents a transgenic animal 

model of ALS-linked mutant CCNF. The model was developed in the zebrafish using the 

doxycycline inducible system, allowing both temporal and spatial control of CCNF expression. 

Ubiquitous expression of mutant CCNF in adult zebrafish led to a progressive loss of motor 

function and a significant reduction in motor neuron number within the spinal cord. These findings 

suggest that the doxycycline inducible zebrafish models will be useful tools for investigating the 

mechanisms of ALS-linked mutant CCNF in an adult model.  

Introduction 

Amyotrophic lateral sclerosis (ALS) is characterised by the rapidly progressive death of motor 

neurons. This neuronal death leads to spasticity and wasting of the skeletal muscles which affects 

movement, speech, swallowing and breathing. Current treatments for ALS have limited clinical 

benefit and patients typically die as a result of respiratory complications within 2-5 years of 



symptom onset (Rowland, L. P. & Shneider 2001). ALS is linked clinically, pathologically and 

genetically to a form of presenile dementia - frontotemporal dementia (FTD) (Ling et al. 2013). 

Clinically, there is significant overlap between the two conditions, with up to 50% of ALS patients 

found to develop some degree of cognitive impairment (Ringholz et al. 2005). Pathologically, the 

two conditions are linked by their hallmark pathology - the formation of ubiquitin positive protein 

aggregates in the cytoplasm of affected neurons (Ling et al. 2013). Furthermore, over 95% of ALS 

patients and 50% of FTD patients, these aggregates contain a common protein – TDP-43 (Neumann 

et al. 2006). Genetically, approximately 10% of ALS cases (Kirby et al. 2016) and 20-40% of  FTD 

cases (Rohlfing & Tu 2017) present familial inheritance of the disease, and mutations common to 

both diseases have been identified in multiple genes (Guerreiro et al. 2015).  Mutations in CCNF 

were recently linked to both diseases, accounting for 0.6 to 3.3% of ALS/FTD cases (Williams et al. 

2016). Cyclin F, encoded by CCNF is a E3 ubiquitin ligase, a substrate recognition component of 

the ubiquitin proteasome system (UPS) and consequently, a regulator of protein degradation 

(reviewed in  Galper et al. 2017).  

 

Multiple converging mechanisms have been proposed to contribute to the onset and progression of 

ALS/FTD, key amongst them being disruption to the tightly regulated protein homeostatic 

pathways (Ling et al. 2013). The role of cyclin F in the UPS suggests that altered protein 

degradation may be a mechanism of ALS/FTD-linked mutations in CCNF. Indeed, ALS/FTD-

linked mutant CCNF (CCNFS621G) has been shown to induce dysfunction in this pathway in vitro. 

Analysis of Neuro-2a and SH-SY5Y cells transfected with CCNFS621G demonstrated altered 

ubiquitination of cyclin F substrates and an overall accumulation of ubiquitinated proteins (Lee et 

al. 2017). This study also demonstrated that expression of CCNFS621G was associated with 

disruption to another protein degradation pathway, autophagy (Lee et al. 2017). These findings 

strongly implicate aberrant protein degradation in the biology of mutant CCNF.  

 

To date, a single animal model has been reported with which to investigate CCNF-associated 

dysfunction in vivo - a transient zebrafish model that overexpressed human mutant CCNF 

(CCNFS621G) (Hogan et al. 2017). These zebrafish developed an ALS-relevant phenotype that 

included a motor neuron axonopathy and impaired motor function, indicating the potential 

suitability of overexpression zebrafish models to study ALS-linked mutations in CCNF. Transient 

models have significant value in investigative studies and the preliminary testing of potential 

therapeutics. However, transgenic models provide highly useful complementary tools to allow 

longitudinal studies that examine the cellular and molecular changes that occur as the disease 



progresses. Additionally, transgenic models provide the opportunity to model adult onset diseases 

such as ALS and FTD in an adult model.  

 

This study presents one such model in the zebrafish. The suitability of zebrafish to model human 

neurodegenerative diseases is well established (Santoriello et al. 2012) . Further, significant 

similarities have been demonstrated between human cyclin F and the zebrafish homologue (Hogan 

et al. 2017), which suggests similar functions of the protein in the two species and consequently, the 

suitability of zebrafish to model disease-linked mutations in CCNF. As disease models, zebrafish 

have the advantage over mammalian species with respect to the speed and ease of model generation 

and the costs associated development and maintenance. The CCNF-based zebrafish model was 

developed using the doxycycline inducible system (Campbell et al. 2012), which provides both 

temporal and spatial control over expression of the CCNF transgene. This system allowed 

expression of CCNF to be delayed until the zebrafish reached maturity, thus circumventing 

potential problems associated with overexpression of a disease-linked gene in the embryonic stage 

of development.  

 

Zebrafish in which expression of ALS/FTD-linked mutant CCNF (CCNFS621G) was induced at 

maturity (three months post fertilisation, mpf) demonstrated progressively impaired motor function 

and a reduced number of motor neurons in their spinal cords. These findings suggest that the 

inducible CCNF zebrafish will be suitable tools with which to investigate the mechanisms of 

mutant CCNF.  

 

Results 

Doxycycline induction of EGFP-tagged CCNF in adult zebrafish  

The constructs used to generate the inducible CCNF zebrafish are shown in (Fig. 1A). The driver 

line construct carried a ubiquitous promoter (actb2) and a transcriptional activator protein (rtTA). 

The responder lines carried a tetracycline response element (TRE) upstream of either EGFP or 

EGFP-tagged CCNF (WT or S621G). Once established to the F2 generation, the driver and 

responder transgenic lines were crossed and double transgenic embryos selected for analysis. This 

generated three experimental groups – EGFP, CCNFWT, and CCNFS621G. Addition of doxycycline to 

the water of adult zebrafish induced ubiquitous expression of the EGFP, CCNFWT and CCNFS621G 

transgenes within 24 hours. Level of transgene expression was comparale between the CCNFWT and 

CCNFS621G experimental groups (Fig. 1B). Importantly for this study, transgenic expression was 

confirmed in both adult fish (Fig. 1C) and in the central nervous system (Fig. 1D).  Following 

withdrawal of the doxycycline, transgene expression was found to persist for a minimum of a week.  





difference was observed between the three experimental groups for the first four weeks following 

induction (n=12). Some variability was observed in the following weeks, however, from twelve 

weeks post induction, to the endpoint of the study, a significant reduction in the distance swum by 

the CCNFS621G group compared to both control groups was consistently observed (P<0.05) (Fig. 2). 

 

  
 

Overexpression of CCNFS621G is associated with reduced motor neuron counts in the spinal 

cord 

Zebrafish were euthanised at 15 weeks post induction to allow examination of the spinal motor 

neurons. Motor neuron counts were performed by a blinded observer on Nissel stained cross 

sections of the spinal cord as previously described (Ramesh et al. 2010). Zebrafish that expressed 

CCNFS621G were found to have significantly fewer mature motor neurons in the spinal cord in 

comparison to CCNFWT (P< 0.001) and EGFP (P<0.0001) expressing fish (n=4 fish, 30-35 sections 

per fish) (Fig. 3).  

 

Fig. 2 
 
Expression of CCNFS621G is associated with impaired motor function. Weekly analysis of motor 
function was performed on zebrafish in which transgene expression was induced at 3 months post 
fertilisation. Initially, no difference was observed in the average distance swum by fish in each of the 
three treatment groups. However, from 12 weeks post induction, the zebrafish expressing EGFP-
tagged CCNFS621G  consistently swam shorter distances that either of the control groups (EGFP-
tagged CCNFWT and EGFP controls) p<0.05,  n=12 per group at the beginning of the analysis, n=7 at 
week 16.  





Following prolonged expression of CCNFS621G, adult zebrafish were found to swim significantly 

shorter distances than zebrafish expressing CCNFWT or EGFP, a finding that has previously been 

correlated with increased fatigue and reduced motor function (Sakowski et al. 2012). Importantly, 

this result was not a single observation – although minor variability was observed, the reduced 

swimming ability of the CCNFS621G zebrafish was persistent from 12 weeks post induction. This 

behavioural phenotype in combination with the significantly reduced number of motor neurons in 

the CCNFS621G models suggests that the ALS-linked mutation has neurotoxic effects in the 

zebrafish, reflecting the key pathology seen in ALS patients. This evidence indicates that the CCNF 

zebrafish may prove suitable for studies aimed at unravelling the mechanisms of CCNF-linked 

ALS.  

 

Zebrafish models that transiently overexpress CCNF have previously been reported (Hogan et al. 

2017). These developmental models demonstrated a motor neuron axonopathy, which importantly 

was shown to correlate with impaired motor function (Hogan et al. 2017). Addition of doxycycline 

to the water of the inducible zebrafish models at fertilisation (resulting in transgene expression by 

24 hours post fertilisation) did not give rise to detectable abnormalities in the motor neuron axons at 

the same timepoint analysed in the transient models (Supplementary Fig. 1). A similar disparity 

between transient mRNA models and transgenic lines has previously been reported in SOD1 models 

of ALS (Ramesh et al. 2010). In both cases, this disparity is likely to be a consequence of lower, 

and perhaps more physiologically relevant, expression levels of the mutant gene in the transgenic 

models and a function of the rapidity of protein expression following injection of mRNA compared 

to cDNA. These findings suggest that the transient and inducible CCNF zebrafish models will 

provide complementary tools for use in future studies.  

 

No single disease model is ideal for all mechanistic and preclinical studies, thus the need for 

multiple models. For example, the inducible models presented in this study are less suited to high-

throughput testing of potential therapeutics due to potential interactions between doxycycline and 

drugs undergoing testing and the slow onset of their motor phenotype. However, the transient 

zebrafish models, with their small size and rapidly developing phenotype appear to be well  suited 

for such studies (Hogan et al. 2017). Conversely, the inducible CCNF models presented in this 

study are better suited to longitudinal studies investigating the progressive effects of CCNFS621G 

expression. Analysis of the cellular and molecular changes that occur early in disease and the 

progression of these changes has great potential to provide significant insight into the basic biology 

of ALS and identify targets that may be suitable for therapeutic modification early in disease.  

 



Of particular interest will be studies that examine the effect of CCNFS621G on the protein 

degradation pathways. In vitro studies have demonstrated that expression of CCNFS621G is 

associated with an accumulation of ubiquitinated proteins (Williams et al. 2016) and impaired 

autophagy (Lee et al. 2017). These findings suggest that CCNF overexpression models, such as the 

model presented in this study, will be suitable for use in studies aimed at investigating disruption to 

this key ALS-linked pathway. Also of interest will be studies investigating the effect of the 

CCNFS621G mutation on the substrates of the cyclin F protein. To date, six substrates of cyclin F 

have been identified. These substrates have roles in two key pathways - regulation of the cell cycle 

(CP110, NuSAP) and DNA replication and repair (RRM2, CDC6, EXO1). Cyclin F mediates the 

ubiquitination of these substrates, thereby regulating their expression (Galper et al. 2017). Altered 

expression of these proteins may have as yet unidentified roles in the biology of CCNF-linked ALS.  

 

The behavioural phenotype and reduced motor neuron number demonstrated in the inducible 

CCNFS621G transgenic zebrafish models support their suitability to model ALS. The models may 

also prove suitable for studies investigating the biology of the closely related disease, FTD. The 

CCNFS621G mutation has been shown to segregate with disease in a subset of FTD patients 

(Williams et al. 2016) and evidence suggests that aberrant proteostasis is also a key pathogenic 

mechanism in FTD (Ling et al. 2013). Zebrafish are well established as useful models of dementia 

and have become increasingly utilised in Alzheimer’s Disease research (reviewed in (Newman et al. 

2014, Caramillo & Echevarria 2017). Mutant CCNF models may provide insight into the 

mechanisms of FTD in addition to their primary role as models of ALS. 

 

The models presented in the study are the first reported doxycycline inducible zebrafish models of 

ALS.  The models provide proof of principle that the doxycycline inducible system is suitable for 

the development of neurodegenerative disease models in the zebrafish and that adult onset 

expression of a disease-linked mutation can induce a disease-relevant phenotype in this species.  

The models are also the first reported transgenic models of ALS-linked mutant CCNF. The ALS-

relevant phenotype that developed as a consequence of CCNFS621G overexpression appears to 

suggest a toxic gain-of-function mechanism, a finding supported by the previously established 

transient CCNFS621G zebrafish model (Hogan et al. 2017) and in vitro models (Williams et al. 2016, 

Lee et al. 2017). However, models aimed at examining a potential loss-of-function mechanism of 

mutant CCNF are yet to be reported.  

 

The evidence presented by this study supports the suitability of the inducible CCNF-based zebrafish 

models to reflect adult-onset motor dysfunction in human patients and indicates that the adult 



CCNF transgenic zebrafish will provide a useful tool for future studies investigating the biology of 

ALS-linked mutant CCNF and the role of aberrant proteostasis in the disease.   

 

Materials and Methods 
Generation of constructs  

The driver and responder constructs used in this study were generated using the Tol2 Multisite 

Gateway kit (Life Technologies) and the Tet-on toolkit (Campbell et al. 2012). The driver lines 

ubiquitously expressing reverse doxycycline-controlled transactivator (rtTa) protein were generated 

by recombining a actb2 5’ entry vector (Life Technologies), rtTA middle entry vector (Campbell et 

al. 2012) and a 3’ polyA vector (Life Technologies) into a Tol2 backbone vector carrying a GFP 

cardiac reporter (myl7 promoter) in a single LR reaction as per manufactures instructions (Life 

Technologies).  

 

To generate the responder lines, human CCNF (WT and S621G) was synthesised by Genscript and 

cloned into a Tol2 3’ entry vector. GenScript also synthesised and cloned a novel Tol2 backbone 

vector that carried a FusionRed cardiac reporter flanked by restriction sites (NdeI-myl7-AvrII-

FusionRed-BglII). These constructs were recombined with the doxycycline response element (TRE) 

5’ entry vector (Campbell et al. 2012), and the EGFP middle entry vector (Life Technologies) in a 

LR reaction as per manufactures instructions (Life Technologies). 

 

All constructs were validated through Sanger sequencing (Macrogen). 

 

Generation of Tol2 transposase mRNA 

Transposase mRNA was transcribed from a NotI-linearised pCS_zT2TP vector using the Sp6 

mMESSAGE mMachine Kit (Ambion). The resulting mRNA was lithium purified as per 

manufacturers instructions (Ambion), resuspended in RNAse-free water and stored in aliquots at -

80 °C until use.  

 

Zebrafish husbandry 



Zebrafish used in this study were Tübingen wild type (TUB). Fish were bred and maintained under 

established conditions (Westerfield 2000) and all husbandry and experimental procedures were 

performed in compliance with the Animal Ethics and Internal Biosafety Committees, Macquarie 

University (ARAs 2012/050 and 2015/034; NLRD 5201401007) (NSW, Australia).  

 

Generation of doxycycline inducible transgenic zebrafish 

Separate driver and responder transgenic lines were established. 200 ng of the driver and responder 

constructs were co-injected with 160 ng of Tol2 transposase mRNA into wildtype eggs at the 1-2 

cell stage of development. Embryos were screened for cardiac expression of GFP (driver lines) or 

FusionRed (responder lines) at 3 dpf and 7 dpf using a M165F stereo dissection microscope (Leica). 

Embryos that expressed the cardiac reporter were raised to maturity and outcrossed to wildtype fish 

in order to identify founders. Positive F1 offspring were raised to maturity and outcrossed to 

wildtype fish to establish F2 generations for both driver and responder lines. F2 driver lines were 

crossed to F2 responder lines to generate double transgenic offspring. Morphologically normal 

offspring from this generation that demonstrated similar expression levels of the transgene as 

assessed by fluorescent microscopy were used for all analysis in this stage of the project.  

 

Induction of expression 

Doxycycline (Sigma Aldrich) was diluted to 10 mg/ml in 100\% methanol and stored at 4°C as 

previously described (Campbell et al. 2012). This solution was further diluted in system water to a 

final concentration of 20 µg/ml. Fish were raised in equal numbers to maturity, then equal numbers 

of each group (n=12) were transferred to a separate system containing doxycycline at 20 µg/ml 

which was replenished weekly. Direct exposure to light was prevented with foil covering of tank 

lids.  

 

Assessment of motor function 

Fish used for this analysis were raised and housed in equal numbers. At the beginning of the 

behaviour trial, 12 fish were analysed per group, with equal numbers of males and females. By the 

end of the trial, there were 7 fish per group with equal male female ratio maintained. The swimming 

behaviour of these fish was assessed weekly using the ZebraTower (View-point) and Zebralab 

software (View-point). The home tanks of the fish were transferred to the behavior room two hours 

prior to testing and testing was performed at the same time each week. Following a period of 

acclimatisation, spontaneous swimming was tracked in individual tanks in low light conditions (3 

minutes). Temperature of the behavior room was found to vary significantly from week to week 

(range 15.5°C – 25.5°C). Temperatures below 20°C significantly reduced overall distance swum by 



all groups (P<0.0001) (Supplementary Fig. 2). Therefore measurements taken in these weeks were 

excluded from analysis. The full dataset from this analysis is presented in Supplementary Fig. 3. 

 

Tissue preparation 

Following euthanasia in 4 g/L tricaine methanesulfonate solution (Sigma Aldrich), adult zebrafish 

were sectioned into thirds. and fixed in 4\% paraformaldehyde in phosphate buffered saline (PBS) 

overnight at 4°C. Samples were placed in 30% sucrose in PBS overnight in preparation for 

cryosectioning, then placed in an embedding mould containing 100% Optimal Cutting Temperature 

Compound (OCT, Fisher HealthCare) and frozen at -80°C. Sections were cut at 30 µm using a 

Leica CM1050 cryostat and mounted on superfrost plus slides (Thermofisher).  

 

Nissel staining of the spinal motor neurons 

Sections for motor neuron counts were taken from the region of the spinal cord along the length of 

the dorsal fin. Spinal motor neuron counts were performed using 0.2 % Cresyl Violet (Sigma-

Aldrich) and 0.003/% glacial acetic acid solution. Frozen sections were thawed at room 

temperature, washed in PBS (2 X 5 minutes), then incubated in the Cresyl Violet solution for 15 

minutes at room temperature. Sections were rinsed in milliQ water and immersed in 70% ethanol 

for 15 seconds, then dehydrated in 95% ethanol (10 minutes X 2) and 100% ethanol  (10 minutes X 

2). Sections were cleared in 100/% Xylene (10 minutes X 2) (Sigma-Aldrich) and a coverslip 

attached using Permount mounting medium (Fisher Scientific).  Images were acquired with a Leica 

DMi8 inverted microscope using Leica Application Suite X software. The number of large motor 

neurons in the ventral horn, averaged across 30-35 sections per fish, was counted by a blinded 

observer as previously described (Ramesh et al. 2010) (n=4 fish per group).  

 

Western blot analysis 

Protein concentration of lysates collected in RIPA buffer from adult zebrafish was determined using 

the Pierce™ BCA Protein Assay Kit. Western blotting performed as previously described (Krishnan 

et al. 2006). Briefly, lysates were electrophoresed into 10% SDS-PAGE gel and transferred to a 

nitrocellulose membrane which was blocked with 3% BSA for 1 hour at room temperature, 

followed by an overnight incubation in primary antibody at 4°C. Primary antibodies used were 

Cyclin F rabbit polyclonal 1:250 (Santa Cruz), Ubiquitin rabbit polyclonal 1:500 (Cell Signalling 

Technology) and GAPDH rabbit polyclonal 1:5000 (Sigma-Aldrich). Secondary antibodies used 

were anti-rabbit (Promega) or anti-mouse (Sigma-Aldrich), both at a dilution of  1:5000. Blots were 

developed with a chemiluminescent substrate (BioRad, Clarity Western ECL Substrate) and imaged 

with ImageQuant LAS4000 (GE Healthcare Life Sciences).	



Statistical analysis 

All statistical analysis was performed in biological triplicates. Statistical analysis was performed 

using an ordinary one-way ANOVA and the Tukey’s HSD post hoc test to determine significant 

differences at a 95% confidence interval.  

All values in the figures are shown as means ± standard error of the mean (SEM) (* p≤0.05; 

**p≤0.01, *** p≤0.001, ****p≤0.0001). 
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5.4.3 Immunohistochemistry staining of adult zebrafish sec-

tions

Staining of spinal cord sections taken from adult zebrafish that had been induced for

16 weeks was performed as described in Section 5.2.3. Sections were examined for the

presence of either ubiquitin or TDP-43 positive neuronal aggregates. No aggregate

formation was detected in any of the three experimental groups.

5.5 Results: Induction of ubiquitous CCNF ex-

pression in zebrafish embryos

5.5.1 Introduction

This study aimed to investigate whether the utility of the ubiquitously expressing

inducible zebrafish could be extended to include embryonic studies. If found suitable

for embryonic studies, these models would provide an alternative to the transient

mRNA models (Chapter 3), eliminating the need for repeated mRNA injections,

thereby further increasing the e�ciency of investigative and therapeutic studies.

To generate the models, F2 driver lines were crossed to F2 responder lines and

doxycycline (20 µg/ml) was added to the water of the eggs immediately following

fertilisation (0 hpf). Twenty-four hours post induction, ubiquitous expression of

EGFP was evident in embryos that carried both the driver and responder transgenes

(double transgenic embryos) (Figure 5.4).
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described in Section 5.5.2). As previously observed, induction at 0 hpf gave rise to a

significantly increased incidence of cardiac oedema in the double transgenic embryos

(84%) compared to their single transgenic clutch mates (1.7%) (p<0.0005). Similarly,

the incidence of cardiac oedema was significantly higher in double transgenic embryos

(78.5%) compared to single transgenic clutch mates (3%) following induction at 24 hpf

(p<0.0005) and 48 hpf (58.2% compared to 6%, p<0.005). No significant di↵erence

in incidence of cardiac oedema six days post induction was observed between single

and double transgenic embryos induced at 72 hpf (<1%, p>0.05) (Figure 5.6). This

finding suggests that the earliest timepoint at which the actb2 -driven models are

suitable for induction of transgenic expression is 3 dpf.

Figure 5.6: Incidence of cardiac oedema in single and double transgenic em-

bryos following induction of transgene expression. The incidence of cardiac oedema

at five days post induction (dpi) was significantly higher in double transgenic embryos com-

pared to their single transgenic clutch mates following induction at 0 hpf (p<0.0005), 24

hpf (p<0.0005) and 48 hpf (p<0.005). No significant di↵erence was observed between single

and double transgenic embryos following induction at 3 dpf (n=3 CCNF
WT

clutches and 3

CCNF
S621G

clutches).
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5.5.3 Assessment of motor function at 6 dpf

Results from this study suggested that 3 dpf was the earliest timepoint suitable for

induction of transgene expression and that expression of the transgene declined signifi-

cantly beyond 7 dpf. To investigate whether this period of expression was su�cient to

induce motor dysfunction in embryos that expressed CCNF S621G, swimming behaviour

was assessed at 6 dpf following induction at 3 dpf. The zebrabox (viewpoint) was used

to quantify the distance swum by each embryo over a 3 minute period under light

and dark conditions (Method described in Chapter 2, Section 2.4.2). No significant

di↵erence was detected between any of the the experimental groups under either light

or dark conditions (Figure 5.7), (n= 15 per group).

A. B. C. 

Figure 5.7: Motor function at 6 dpf in zebrafish induced at 3 dpf. The distance

swum by induced embryos under both light and dark conditions was assessed at 6 dpf. No

significant di↵erence in motor function was evident between the three experimental groups

in either light (A and C) or dark conditions (B).

Collectively, the results from this study suggest that the functionality of the CCNF

inducible zebrafish as an embryonic model is limited.
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(up to 5 days) and increased concentration of doxycycline (up to 40 µg/ml) failed to

induce detectable expression of the CCNF transgene. Due to time constraints, this

lack of detectable CCNF expression in the motor neurons was not further investigated.

5.7 Discussion

5.7.1 Summary

The use of the doxycycline-inducible system successfully permitted the development

of the first transgenic animal models based on an ALS-linked mutation in CCNF. The

adult zebrafish that ubiquitously overexpressed CCNF S621G developed an ALS-relevant

phenotype characterised by progressive motor impairment and a reduction in motor

neuron numbers within the spinal cord. These findings suggest that the adult CCNF

models will be suitable for use in longitudinal studies investigating the biology of

ALS in adult zebrafish. Data from this study also indicates that the inducible

zebrafish will have limited value as an embryonic model of ALS and preliminary data

presented in this chapter suggests that the inducible models in their current form

may not be suitable for investigations into motor neuron specific changes associated

with ALS-linked mutant CCNF. Further studies to investigate the apparent failure

to selectively induce CCNF expression in the motor neurons of these models are

discussed in Section 5.7.4. The potential applications of the inducible CCNF zebrafish

models in investigative studies are discussed in Section 5.7.5 and additional models

that could be developed in future studies to complement those presented in this study

are discussed in Section 5.7.5.

5.7.2 Ubiquitous expression of CCNF in adult zebrafish

Limitations of model design

Requirement for doxycycline



5.7 Discussion 165

Doxycycline was added to the tank water once weekly and the treated fish were

maintained on a separate system to the rest of the zebrafish colony for the duration

of the drug treatment. Both of these factors added costs and labour to maintenance

of the model. The prolonged expression of the transgene without continued exposure

to doxycycline (Section 5.3) did permit the fish to be treated for 24 hour periods once

weekly, rather than requiring continual maintenance on separate systems and the low

dose of doxycycline combined with the relatively the low cost of the drug made weekly

dosing feasible. However, there are caveats associated with the use of doxycycline. One

key caveat is the potential for the drug to a↵ect the physiology of the fish. Doxycycline

has lower potential for pleiotropic e↵ects than the heat shock and steroid-derivative

induction methods used in alternate inducible systems (discussed in Section 5.1.2).

However, the drug does have known physiological e↵ects, the best documented being an

inhibitory e↵ect on microglial activation (Yrjanheikki et al., 1998; Tikka et al., 2001),

suppression of reactive oxygen species and inhibition of apoptosis (Orsucci et al., 2009).

Microglial activity, reactive oxygen species and apoptosis are all of significance

in models of ALS as all of these processes have been implicated in disease pathogenesis

(Chapter 1, Section 1.2). The potential significance of these pleiotropic e↵ects is

hilighted by studies that have demonstrated neuroprotective e↵ects of tetracycline

derivatives in models of neurodegenerative diseases (reviewed in Orsucci et al. (2009)),

including a model of ALS (Zhu et al., 2002). Zhu et al. (2002) demonstrated that

the tetracycline derivative, minocycline, delayed the onset of motor impairment and

extended the lifespan of the SOD1G93A mouse model (Zhu et al., 2002). However,

the significance of this result is unclear as subsequent Phase1/2 (Gordon et al., 2004)

and Phase 3 clinical trials (Gordon et al., 2007) actually demonstrated a mildly

detrimental e↵ect of minocycline in ALS patients (Gordon et al., 2007).

A second caveat of the requirement for doxycycline in the Tet-on models is the

potential interaction of the drug with therapeutic agents in preclinical trials. Doxycy-

cline is known to interact with multiple drugs, for example chemotherapeutic agents
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(Foroodi et al., 2009) and anti-epileptic medication (Patsalos and Perucca, 2003).

Therefore, doxycycline inducible models are not ideal for use in preclinical trials. The

development of alternate models based on the Tet-o↵ system would be required to

circumvent this problem if the adult CCNF zebrafish were to be considered for such

studies.

Expression of the CCNF fusion protein

A second limitation of the design of the models used in this study was the N-terminal

EGFP tag. The fusion of a fluorescent reporter has the potential to influence the

behaviour of a protein of interest (Stadler et al., 2013). Stadler et al. (2013) compared

the cellular localisation of 873 proteins (not including CCNF ) which had been

tagged with either a N-terminal or C-terminal fluorophore. Approximately 26% of

the proteins examined showed di↵erent localisation patterns when they carried an

N-terminal tag compared to a C-terminal tag. The majority of the proteins that did

demonstrate dissimilar localisation patterns were mitochondrial proteins and proteins

that localise to secretory-pathway organelles (Stadler et al., 2013). This suggests that

similar issues are less likely for fluorescently labelled cyclin F. However, alternate

designs could be considered for future models to eliminate potential e↵ects of the

EGFP fusion. Options include the insertion of a ribosome skipping sequence (P2A

sequence) between the fluorophore and CCNF (Daniels et al., 2014) or the use of a

bi-directional tetracycline-response element (BiTRE) in the responder line constructs,

in place of the TRE sequence (Campbell et al., 2012). Both strategies would lead to

the translation of two separate proteins, rather than a single, fused protein (Daniels

et al., 2014). Time constrains precluded the development of these additional models

for this project, but would be of value for future studies.
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Motor dysfunction in CCNF
S621G models

All behavioural experiments are susceptible to variation, hence the importance of

replicating results at multiple timepoints as performed in this study. There are

numerous factors that can introduce variability to the swimming behaviour of adult

zebrafish. These include water temperature, pH, conductivity, density of housing,

time of the day, environmental distractions and sex of the fish. To minimise variability

in this study, water pH and conductivity were monitored daily to ensure consistency

between tanks, fish were raised and maintained in equal numbers and an equal male

to female ratio was used for analysis. Behavioural testing was performed at the same

time each week, in a purpose-specific room to keep environmental distractions to

a minimum. While the fish room was maintained at a constant temperature, the

temperature of the behaviour room could not be controlled at the time of the study.

The variability in room temperature had a significant e↵ect on the behaviour of all

three experimental groups, which necessitated the exclusion of some results from

analysis as detailed in Manuscript 1.

Multiple studies have demonstrated an e↵ect of water temperature during em-

bryonic development on the swimming behaviour of zebrafish (Ackerly and Ward,

2016; Sfakianakis et al., 2011). These studies demonstrated that fish reared in

lower water temperature swim significantly shorter distances than those raised at

temperatures that better reflect their native, tropical environment. The e↵ect of water

temperature on the swimming behaviour of adult zebrafish is yet to be reported.

However, similar studies have been performed in other fish species, including Atlantic

herring (Fuiman and Batty, 1997), salamander (Else and Bennett, 1987), salmon (Lee

et al., 2003), and bass (Hasler and Tuftsa, 2009). All of these studies demonstrated

a significant reduction in distances swum within a set time period at lower water

temperatures. This e↵ect was also reflected in the CCNF inducible zebrafish models,

which demonstrated a significant reduction (24.1%) in average distance swum by

all three experimental groups at room temperatures below 20 �C (Manuscript 1,

supplementary data).
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Temperature control in the behaviour room will provide greater consistency for

future behavioural assays (this has since been enabled in the Macquarie facility). A

measure of motor function with less inherent variability would also provide greater

consistency. One such measure that will be useful in future studies is the “swim test”.

This assay assesses motor function by measuring the ability of zebrafish to swim

against a current of increasing strength (Ramesh et al., 2010).

Reduced motor neuron count in the spinal cord of the CCNF
S621G models

Loss of motor neurons is the primary feature of ALS. The finding of reduced motor

neuron numbers in the spinal cord of adult zebrafish that expressed CCNF S621G indi-

cates the suitability of these zebrafish to model this key aspect of the disease. The

progressive motor dysfunction demonstrated in this study suggests that the reduced

number of motor neurons was due to progressive neuronal loss over the 15 weeks of

CCNF S621G expression. However, to demonstrate progressive loss of motor neurons

and to confirm a direct correlation between motor function and motor neuron num-

bers, this study could be expanded into a longitudinal study in which motor neuron

numbers were counted at multiple timepoints, including pre-induction. Additional

staining could also be performed, including staining with a choline acetyltransferase

(ChAT) antibody to label mature motor neurons. Such a study could be extended

to include a pan-neuronal marker to investigate whether general neuronal cell death

occurs, or a cleaved caspase-3 antibody to detect apoptosis.

Immunohistochemistry analysis

Immunohistochemistry staining did not detect any ubiquitin or TDP-43 positive

protein aggregates within the spinal motor neurons of adult zebrafish at 15 weeks post

induction of transgene expression. It is possible that these aggregates were present but

not detected due to limitations of the protocol or the antibodies tested, as no positive

control was available to confirm e�cacy of the assay. A lack of antibodies with proven
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a�nity for zebrafish proteins has long been a limitation of zebrafish studies. No

current zebrafish model of ALS has been shown to develop either ubiquitin or TDP-43

positive aggregates within their motor neurons, which may be a reflection of this.

Time constraints precluded extensive troubleshooting of the protocol in this project,

however future studies can seek to optimise the immunohistochemical analysis in the

CCNF zebrafish models.

An alternative approach to investigate aggregate formation would be use of the

fluorescent filter trap assay, also known as the cellulose acetate filter retardation assay

(Wanker et al., 1999). In this assay, lysates are passed though a membrane which traps

large aggregates, the composition of which can be investigated by antibody probing.

Like immunohistochemistry analysis, this assay does rely on antibody detection of

zebrafish proteins which may limit its e�cacy. However, the protocol for antibody

staining of membranes is significantly less prone to variability than immunostaining

of frozen sections. Additionally trapped proteins are highly concentrated on the

membrane, which maximises the likelihood of their detection, even with antibodies

with low a�nity for the protein. The utility of this approach has been successfully

demonstrated in multiple zebrafish models, including a model of Huntingtons Disease

(Schi↵er et al., 2007) and a tauopathy model based on a FTD-linked mutation (van

Bebber et al., 2010).

5.7.3 Embryonic induction of ubiquitious CCNF expression

Cardiac oedema following embryonic induction

Severe cardiac oedema developed in a high percentage of double transgenic embryos

in which ubiquitous expression of a transgene was induced in the first three days of

development (Section 5.5.2). This cardiac oedema was not a consequence of toxicity

associated with CCNF expression, as embryos that expressed EGFP developed cardiac

oedema at similar frequencies. The cardiac oedema also appeared to be unrelated to
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exposure to doxycycline, or the methanol in which it was dissolved, as single transgenic

embryos exposed to doxycycline did not demonstrate increased frequency of cardiac

oedema. Only embryos that expressed both cardiac reporters (EGFP and FusionRed)

and actb2 -driven expression of the transgene demonstrated a high incidence of cardiac

oedema.

The actb2 promoter drives strong ubiquitous expression of a transgene, which

includes expression in myocardial cells. It appears highly likely that the cumulative

expression of the two cardiac reporters and the actb2 -driven myocardial expression

of EGFP lead to the observed e↵ect on cardiac development. Indeed, personal

communications within the Australian zebrafish community has confirmed that

toxicity associated with cardiac expression of multiple fluorophores has previously

been observed (personal communication, Dr Tom Hall, University of Queensland and

Dr Dan Hesselson, The Garvan Institute).

Given that actb2 -driven transgene expression was most likely the “tipping point

for development of cardiac toxicity in the zebrafish embryos, the severity and incidence

of the observed cardiac oedema may be reduced in subsequent generations due to

transgenerational reduction in transgenic expression that occurs with Tol2 transgen-

esis. Following injection of a Tol2 construct, a transgene is typically transposed into

the genome at between one and eight independent positions. Approximately half of

these copies are lost with outcrossing each generation. This reduction in the level

of overexpression may be su�cient to overcome the cardiac toxicity observed in this

study, however, new driver and/or responder line constructs that carry an alternate

reporter could be developed to eliminate the possibility. For example, transgenic lines

that utilised a lens reporter (↵-crystallin promoter, Kurita et al. (2003)) in place of

the myl7 cardiac reporter could be established. The development of such lines would

be necessary for the doxycycline-inducible models to be used as embryonic models.

However, cardiac toxicity was not apparent in embryos older than 3 dpf and no gross

abnormalities in the heart were observed in the zebrafish induced as adults, even
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following prolonged doxycycline expression. Therefore, the current lines appear to be

suitable for use in the adult CCNF models and generation of the additional lines was

not performed as part of this study.

Motor function at 6 dpf

The development of cardiac oedema before 3 dpf, and the loss of transgene expression

from 7 dpf, limited the duration of transgene expression in the embryonic zebrafish

models. To examine whether this brief period of expression would induce an ALS-

relevant phenotype, the motor function of the zebrafish was examined at 6 dpf. This

analysis identified no significant di↵erence between any of the experimental groups

(Section 5.5.3). It is possible that more subtle defects, such as defects in motor neuron

morphology or defects at the neuromuscular junction, did develop. Assessment of

motor neuron morphology was not performed in these models as the highly convoluted

nature of the primary motor axons beyond 2 dpf precludes accurate quantification

of either length or branching. Analysis of the neuromuscular junctions could have

been performed in the models using SV2 antibody as a pre-synaptic marker and ↵-

bungarotoxin antibody as a post-synaptic marker (Ramesh et al., 2010). However,

due to the significant limitations of inducible expression of CCNF in the embryonic

zebrafish, this analysis was not performed.

5.7.4 Transgene expression in motor neurons

The apparent failure to induce expression of CCNF under the -3mnx1 promoter in

this study was an interesting finding. Successful induction of EGFP expression in

the motor neurons validated the -3mnx1 driver lines and the ability of doxycycline

to penetrate the blood brain barrier. Additionally, the successful induction of CCNF

under the actb2 promoter validated the responder lines. All possible combinations of

the five established -3mnx1 driver lines and the seven established CCNF responder

lines were trialled. However no expression of expression of CCNF was observed with
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the stereomicroscope used for this project. It is possible that this method of detection

was not sensitive enough to detect low expression of the CCNF transgene, which may

require detection with a higher power compound microscope. Further investigation

to establish whether this was the case would be of interest. Western blot analysis of

whole embryo lysates would be unlikely to detect cyclin F at low levels of expression

restricted to the motor neurons. However, lysates collected from the brain and

spinal cord of induced adult zebrafish may contain su�cient cyclin F for detection.

Alternatively, mRNA extraction and RT-PCR amplification of either EGFP or CCNF

could be performed to investigate whether transcription of the CCNF transgene was

occurring.

The actb2 -driven models are likely to better reflect the cyclin F expression pat-

tern in humans and provide tools more suited to complement the transient mRNA

models already established. Therefore, further investigation of the -3mnx1 -driven

models was not performed as part of this project.

5.7.5 Future directions

Use of the actb2 -driven adult zebrafish models to study the mechanisms of

ALS-linked mutant CCNF

The data presented in this study suggests that the ubiquitously expressing CCNF

transgenic models are well suited to studies performed in the adult animal, but

less suited to embryonic studies. Therefore, the inducible models and the transient

models presented in Chapter 3 appear to provide complementary tools - the transient

models provide a tool for rapid analysis, and the inducible models provide a tool for

longitudinal analysis. Consequently, the two models will be used in combination in

future studies that aim to investigate the biology of ALS. Potential studies for which a

combination of the two models may prove useful are discussed in Chapter 6, Section 6.4.
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Examining the dying back vs dying forward mechanisms of ALS

The ability to perform longitudinal studies in the adult onset CCNF S621G models

presents an opportunity to investigate one of the outstanding questions in ALS

research - whether the death of motor neurons occurs through a dying-forward

mechanism or a dying-back mechanism (reviewed in Cappello and Francolini (2017)).

The dying-forward hypothesis suggests that the primary damage in ALS occurs at the

cell body, while the dying-back hypothesis suggests that an insult to the distal axon at

the neuromuscular junction precedes injury to the cell body. Studies investigating this

question have produced conflicting results. For example, multiple studies in SOD1G93A

mouse models of ALS demonstrated significant defects at the neuromuscular junction

prior to the onset of clinical signs, suggesting a dying-back mechanism of disease

progression (Fischer et al., 2004; Clark et al., 2016). In contrast, clinical studies

have demonstrated that cortical hyperexcitability precedes the development of motor

impairment in ALS patients (Eisen et al., 1993; Ziemann et al., 1997; Mills and Nithi,

1997; Vucic and Kiernan, 2006; Vucic et al., 2008), suggesting a central origin of the

disease. Supporting this hypothesis, motor neurons that do not have a direct connec-

tion with the cortico-motor neurons are typically spared in ALS Kiernan et al. (2011)).

Furthermore, in vitro and in vivo studies have demonstrated a vulnerability of the neu-

ronal cell body to excitotoxins that is not evident in distal axons (Blizzard et al., 2015).

Fischer et al. (2004) examined the question of a dying-back / dying-forward

mechanism in a SOD1G93A mouse model by examining the neuromuscular junctions,

motor axons and motor neuron cell bodies at various stages of disease development.

This study found that significant denervation of the neuromuscular junctions was

evident by 47 days of age, followed by a significant loss of motor axons from the ventral

root (between 47 and 80 days) and subsequent loss of motor neuron cell bodies in

the lumbar spinal cord (from 80 days), suggesting a dying-back mechanism of disease

progression. A similar study could be performed in the CCNF inducible zebrafish

models. Such a study would be aided by the ability to generate a large number of

these models at relatively low cost, thereby allowing reasonable sample sizes to be
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assessed at multiple timepoints.

Development of additional inducible CCNF models

Non-cell autonomous mechanisms have been implicated in disease onset and progres-

sion and it is hypothesised that non-neuronal cells such as astrocytes (Philips and

Robberecht, 2011) and microglia (Vargas and Johnson, 2010) may provide potential

therapeutic targets it the treatment of ALS (Lee et al., 2016). To provide models

with which to investigate non-cell autonomous mechanisms, potential future studies

could develop alternate driver lines to allow inducible expression of CCNF in specific

cell types. However, this approach would require the apparent failure of induction of

CCNF expression in the -3mnx1 models to be overcome in order to provide a complete

set of models in which the e↵ect of ALS-linked mutant CCNF could be examined in

the key cells a↵ected in the disease.

In addition to the development of novel driver lines, alternative responder lines

could be established that substitute human CCNF for the zebrafish orthologue.

As discussed in Chapter 4, Section 4.1.4, the di↵erences in gene sequence, protein

structure and the di↵erent physiology of humans and zebrafish suggests that phe-

notypic di↵erences may develop between these models. Knowledge of the di↵erent

phenotypic e↵ects that arise from expressing a human or zebrafish orthologue would

be information that could be used to inform the design of future models.

5.7.6 Concluding Remarks

The doxycycline-inducible CCNF zebrafish presented in this chapter provide promising

tools for use in studies which aim to further understanding of the biology of ALS in

an adult model. These models have the significant advantage over transient models in

that they enable longitudinal studies of disease onset and progression. Longitudinal
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studies are required to unravel the pathological progression of ALS and thereby

identify molecular changes that occur early in disease. Molecular changes that are

involved in disease onset and early disease progression will provide ideal therapeutic

targets. Future studies in which the doxycycline-inducible CCNF zebrafish may be

used to provide insight into ALS are discussed in detail in Chapter 6.
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6
Discussion

6.1 Introduction to this chapter

This chapter reviews the key findings from the project, highlights their significance

and discusses possible studies in which a combination of the transient and adult

CCNF zebrafish models may be valuable. The chapter concludes with a discussion of

additional models that would complement the CCNF zebrafish in future investigative

studies.

177
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6.2 Summary of results

This project addressed three aims - to investigate the suitability of zebrafish to

model cellular changes associated with ALS-linked mutations in CCNF, to generate

a transient zebrafish CCNF model for rapid analysis of these cellular changes and

to generate an adult zebrafish CCNF model for use in longitudinal studies. The

study presented in Chapter 3 (Paper 2) demonstrated significant similarities between

human and zebrafish CCNF/ccnf and cyclin F, and also demonstrated that cyclin F

is persistently expressed within the central nervous system of the zebrafish throughout

development. The similarity in the structure of cyclin F in humans and zebrafish

suggests that the protein performs similar functions in the two species. Therefore,

functional changes associated with mutant cyclin F in zebrafish are likely to reflect

functional changes that occur in ALS patients who carry a CCNF mutation. This

supported the rationale for developing CCNF models in the zebrafish.

The transient CCNF model was shown to develop an ALS-relevant phenotype

characterised by impaired motor function and a motor neuron axonopathy. Signifi-

cantly, this is the first time a correlation has been reported between motor function

and axonal morphology in zebrafish. This novel correlation validates the functional

relevance of the aberrant axonal morphology that has been previously reported

in zebrafish models of ALS (Lemmens et al., 2007; Laird et al., 2010; Kabashi

et al., 2010, 2011b; Armstrong and Drapeau, 2013). In addition to motor neuron

deficits, the CCNF S621G zebrafish displayed elevated levels of cell death, a finding

supported by proteomic data generated in parallel with this project (Paper 2). The

phenotype displayed by this transient CCNF overexpression model suggests that it

will provide a useful tool in future investigative studies. Additionally, the rapid onset

of the phenotype suggests that the model will prove suitable for screening candidate

therapeutic drugs.
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Multiple strategies were explored to establish a paradigm that lead to the de-

velopment of suitable transgenic CCNF zebrafish. Data presented in Chapter 4

suggested that toxic e↵ects associated with persistent overexpression of CCNF in the

developing embryo impeded development of both the ubiquitous and motor neuron

transgenic lines. While this component of the project did not achieve its primary

aim, data from the study did lead to an important change in protocol within our

laboratory. To aid the early detection of similar toxicity issues during the generation

of future zebrafish models, repeated screening of embryos through the first week

of development is now standard. This revised protocol will confirm that transgene

expression persists throughout early development, which will ensure that only those

fish with a reasonable prospect of transmitting the transgene to the next generation

are raised to maturity. A paper outlining these outcomes has been accepted for

publication in Science Matters, with the aim of making the revised protocol known to

the wider zebrafish community (Paper 3).

The use of the doxycycline-inducible system enabled expression of CCNF to be

delayed until the zebrafish had matured beyond the embryonic stage, and conse-

quently overcome the toxic e↵ects of persistent transgene expression in the embryo.

As detailed in Chapter 5, this permitted the successful development of transgenic

zebrafish lines in which CCNF could be persistently expressed. Expression of

CCNF S621G in adult zebrafish was shown to induce a progressive loss of func-

tion, a finding that was consistently demonstrated over multiple weeks of testing.

Importantly, the adult CCNF S621G models were also found to have significantly

reduced number of motor neurons in their spinal cord, reflecting the motor neuron

loss seen in ALS patients and indicating the potential of the model to reflect key

features of the disease and its potential for preclinical testing of candidate therapeutics.
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6.3 Significance of the project

6.3.1 The CCNF zebrafish provide models with which to

investigate the biological pathways implicated in the

pathogenesis of ALS

Multiple cellular pathways have been implicated in the onset and progression of

ALS. Unravelling the respective roles of these pathways in disease is vital to the

development of targeted drug therapies. The identification of motor neuron pathology

in both the transient and adult CCNF zebrafish models suggests that these fish will

prove to be useful tools with which to investigate the pathogenic mechanisms of ALS.

Importantly, patients with CCNF -linked ALS display TDP-43 pathology (Williams

et al., 2016), pathology found in over 95% of ALS patients (Neumann et al., 2007).

This suggests that models based on ALS-linked mutations in CCNF will provide a

means with which to investigate TDP-43 dysfunction in ALS.

The presence of ubiquitin positive protein aggregates within surviving neurons

is a hallmark pathological feature of all familial and sporadic ALS patients, including

patients who carry a SOD1 mutation. This suggests that aberrant protein degradation

is a feature of the biology of ALS regardless of the genetic, epigenetic or environmental

factors that underlie disease aetiology in individual patients (Ling et al., 2013). This

further suggests that modification of the protein degradation pathways may provide

a therapeutic approach that would be e↵ective for all ALS patients (Webster et al.,

2017). The role of cyclin F in regulating protein degradation through the UPS

and data from in vitro CCNF models (Williams et al., 2016; Lee et al., 2017b,a)

suggests that the CCNF zebrafish may prove useful in studies that aim to investigate

dysfunction of this central pathway.

While it is well established that aberrant protein degradation has a central role in
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the biology of ALS, the interaction of the protein degradation pathways with other

ALS-associated pathways require further investigation. Multiple pathways have been

implicated in ALS pathogenesis (Figure 6.1). However, the interactions of these

pathways in the cascade of cellular changes that are involved in disease progression

remain unclear. Unravelling these interactions would di↵erentiate cellular dysfunction

that occurs early in disease from secondary pathological changes that drive progression.

For example, ER stress may develop either as a consequence of protein aggregation,

or it may play a key role in aggregate formation by interfering with the ability of

the ER to appropriately respond to the presence of misfolded proteins. Longitudinal

studies are essential to unravel the complex pathway interactions involved in ALS

onset and progression and the adult CCNF zebrafish provide one tool with which

these longitudinal studies may be performed. Cellular dysfunction that occurs early

in disease are the critical targets for pharmaceutical intervention as early intervention

is likely to maximise the e�cacy of any therapeutic approach.

A greater understanding of the biology of ALS and identification of cellular

changes that occur early in disease will not only lead to the identification of potential

therapeutic targets, but also to the identification of disease biomarkers. Biomarkers

are required to allow accurate and early diagnosis, monitoring of disease progression

and monitoring of patient response to therapeutics in drug trials. Currently, there

is a pronounced lag between symptom onset and diagnosis for ALS patients, which

ranges from 10.6-17.5 months (Donaghy et al., 2008). This lag is both an emotional

burden on patients and their families and results in a delay in onset of treatment.

While e↵ective therapies are yet to be identified for ALS, early intervention is likely

to maximise the e�cacy of any therapeutic approach.
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6.3.2 Findings from this project may inform the design of

future zebrafish models

As discussed in Chapter 1, ALS is a complex genetic disease with mutations in over

25 di↵erent genes reportedly linked to the disease. Due to both this complexity and

limitations of animal models of human disease, no single model can accurately reflect

all aspects of ALS biology. Consequently, validation of findings in multiple models is

required and models based on di↵erent ALS-linked genes are required to allow focused

analysis of dysfunction in specific pathways.

This project explored multiple strategies to establish CCNF transgenic zebrafish.

Findings from these studies may help inform the development of future zebrafish

disease models. For example, the protocol changes induced by the study which aimed

to establish constitutive overexpression models (Chapter 4) are expected to increase

the e�ciency of development of future transgenic zebrafish models by detecting

problems early in model development. As discussed in Paper 3, it is highly likely that

the issues associated with establishing the CCNF transgenic lines are not specific to

CCNF and may be a factor in the development of other zebrafish models. Therefore,

a direct progression to an inducible strategy may be warranted for future model

development. This study has established universal driver lines in our laboratory and

optimised the protocols used for induction and maintenance of transgene expression,

all of which should prove useful for the e�cient development of future inducible

zebrafish models.
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6.4 Potential studies utilising the CCNF zebrafish

to investigate the biology of ALS

6.4.1 Investigation of UPS dysfunction

Overview

There is strong genetic, pathological and molecular evidence implicating UPS dys-

function in the pathogenesis of both familial and sporadic ALS (reviewed in Chapter

1, Section 1.2.6). Unravelling UPS dysfunction in ALS has great potential to identify

therapeutic targets. Indeed, the therapeutic potential of modifying the UPS to treat

a range of neurodegenerative diseases is well recognised and multiple preclinical

trials have supported the validity of this approach (reviewed in (Opattova et al.,

2015; Webster et al., 2017)). For example, non-specific proteasome upregulation in

a SOD1G93A mouse model of ALS was shown to reduce cytotoxicity and protein

aggregate formation (Chen et al., 2012). However, non-specific up-regulation of the

UPS as a therapeutic approach has significant potential for o↵ target e↵ects. A

more targeted approach that seeks to modify specific dysfunction within the system

would be less likely to induce adverse e↵ects in patients. The identification of spe-

cific UPS dysfunction awaits a greater understanding of the role of this pathway in ALS.

In vitro studies have provided significant insight into the impact of ALS-linked

mutations in CCNF on the UPS (Summarised in Figure 6.2). CCNF mutations

impair overall UPS function, but not a↵ect the activity of the proteasome, suggesting

that the UPS dysfunction occurs upstream of the proteasome (Williams et al.,

2016). Supporting this finding, the CCNF S621G mutation has been shown to alter

the phosphorylation of cyclin F at the Ser621 residue, which appears to a↵ect the E3

ligase activity of the protein, thereby disrupting the Lys48 ubiquitination of cyclin F

substrates (Lee et al., 2017b,a).
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The zebrafish CCNF models are currently the only CCNF -based in vivo mod-

els with which to perform this validation. While additional models will be established

in other species, the CCNF zebrafish will continue to provide a model in which

validation of in vitro findings can be performed in a time- and cost-e↵ective manner.

Furthermore, the CCNF zebrafish will continue to be a useful tool with which to

study disease propagation in vivo, allowing sequential analysis to be formed in the

same animal or animals from the same clutch at multiple timepoints, studies that are

not feasible in large numbers using mammalian models. Some of the studies for which

the CCNF zebrafish may be suited are discussed in the following sections.

Mutant cyclin F phosphorylation

The in vitro analysis performed by Lee et al. (2017a) demonstrated that expression

of CCNF S621G induced a statistically significant reduction in the phosphorylation of

the Ser621 residue of cyclin F. The phosphorylation status of E3 ubiquitin ligases

is known to a↵ect their ligase activity (Nguyen et al., 2013) and in line with this,

Lee et al. (2017a) demonstrated reduced ligase activity of cyclin FS621G in HEK293

cells. As previously discussed, the reduced ligase activity of cyclin FS621G is believed

to induce a dysregulation of substrate ubiquitination and a subsequent accumulation

of ubiquitinated proteins. In vivo validation of the altered phosphorylation of

cyclin FS621G could be readily performed in the either the transient of the adult

CCNF zebrafish through quantifiable fluorescent western blotting (QFWB) using a

phospho-specific cyclin F antibody.

The in vitro study of (Lee et al., 2017a) also demonstrated that casein kinase

II (CK2) is responsible for the phosphorylation of cyclin F at Ser621. This finding

is of potential clinical interest as modulation of CK2 has emerged as a promising

therapeutic approach in the treatment of multiple cancers (reviewed in Chon et al.

(2015)). Indeed, Phase I and II clinical trials are currently in progress to investigate
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the clinical benefits of CK2 inhibition in the treatment of cholangiocarcinoma (Clin-

icalTrials.gov Identifier: NCT02128282). CK2 also been proposed as a therapeutic

target for neurodegenerative disorders (Perez et al., 2011; Cozza and Pinna, 2016).

However, the e�cacy of this approach has not yet been reported in preclinical or

clinical trials. The CCNF zebrafish may provide an opportunity to perform the first

preclinical trials to establish whether CK2 modulators show promise in the treatment

of ALS.

Ubiquitination and expression of cyclin F substrates

The impact of the CCNF S621G mutation on cyclin F substrates may trigger downstream

mechanisms of ALS pathogenesis. The zebrafish models may prove suitable to examine

this possibility in vivo. Analysis could include determination of the expression levels

of cyclin F substrates through QFWB and examination of the ubiquitination of known

cyclin F substrates though a combination of QFWB with linkage-specific antibodies

(Newton et al., 2008) and deubiquitinase-based assays (Hospenthal et al., 2015).

Altered expression or ubiquitination of cyclin F substrates may indicate additional

pathways involved in the biology of CCNF -associated ALS.

As discussed in Paper 1, cyclin F substrates identified to date have key roles in

the regulation of DNA replication and repair (RRM2, CDC6, EXO1) and in regulation

of the cell cycle (CP110, NuSAP), both processes relevant to the development and

progression of ALS. Dysregulation of DNA replication and repair mechanisms have

been implicated in the pathogenesis of ALS genetically through the identification

of ALS-linked mutations in SETX (Chen et al., 2004), NEK1 (Kenna et al., 2016;

Brenner et al., 2016) and C21orf2 (van Rheenen et al., 2016), all of which have roles in

this pathway. Experimental evidence implicating the DNA repair mechanisms in ALS

includes altered expression of key regulators of DNA replication in the spinal cord of

SOD1 transgenic mice (Manabe et al., 2001; Nagano et al., 2002). The role of dysreg-

ulation of the cell cycle in ALS is less clear. Motor neurons are generally considered to
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be terminally di↵erentiated. However reactivation of the neuronal cell cycle has been

reported in multiple neurodegenerative diseases, including ALS (Ranganathan et al.,

2001; Ranganathan and Bowser, 2003; Nguyen et al., 2003), and it is hypothesised

that this reactivation induces neuronal death, a process termed cycle-related neuronal

death (CRND) (Herrup and Yang, 2007). Changes in the expression or ubiquitination

of cyclin F substrates with a role in cell cycle regulation may suggest that CRND

mechanisms are involved in ALS-linked mutant CCNF -associated neuronal death.

Ubiquitin mediated and ubiquitin independent proteasomal activity

UPS activity was shown to be significantly reduced in CCNF S621G transfected Neuro-

2a cells (Williams et al., 2016). Further, ubiquitin independent proteasome activity

was shown to be unchanged, indicating that CCNF S621G mediated disruption of UPS

activity occurs upstream of the proteasome (Williams et al., 2016). To investigate

whether these findings are reflected in vivo, ubiquitin-dependant proteasome activity

could be investigated in the CCNF zebrafish models using an artificial UPS substrate

(a degron) tagged with a green fluorescent protein (GFPu). The e�ciency of GFPu

degradation by the UPS can be assessed by quantification of the intensity of GFPu

expression through a combination of fluorescent microscopy, microplate reader and

QFWB. The transient CCNF models would prove useful for this study as co-injection

of GFPu mRNA and the CCNF mRNA would provide a highly e�cient means

of assessing UPS-dependant proteasome activity. The viability of this assay has

previously been demonstrated in embryonic zebrafish models of Parkinsons disease

(Lichtenberg et al., 2011). The adult CCNF models may also prove useful for this

assay. A GFPu transgenic line that stably expressed the GFPu protein could be

generated and crossed to the CCNF transgenic lines. This would provide a model in

which UPS function could be assessed at various timepoints following induction of

CCNF S621G expression. This could determine whether UPS activity declines over time

in these models.
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UPS independent proteasome activity could be assessed in a similar manner us-

ing fluorescently labelled ornithine decarboxylase (OCD), a degron that does not

require ubiquitination to be degraded by the proteasome (Melvin et al., 2013). The

use of a fluorescently labelled OCD reporter has not yet been reported in zebrafish,

however the feasibility of the approach to evaluate proteasome activity in vivo has

been demonstrated in a mouse model of prostate cancer (Momose et al., 2012). As with

the GFPu assay, proteasome activity may be assessed by quantifying the expression

level of the GFP-OCD reporter through a combination of fluorescent microscopy,

microplate reader and QFWB. Again, the transient zebrafish model appears to be

well suited to this analysis, however a longitudinal study in the adult models may also

provide valuable insight.

6.4.2 Investigation of autophagy

Overview

Autophagy is a protein degradation pathway primarily responsible for the breakdown

of long-lived proteins and cellular organelles, in contrast to the short-lived proteins

that are the primary target of the UPS. Despite their apparently distinct targets, a

compensatory relationship has been demonstrated between these two protein degrada-

tion pathways, with inhibition of the UPS shown to induce upregulation of autophagy

both in vitro and in vivo (Pandey et al., 2007; Iwata et al., 2005; Rideout et al., 2004).

Dysfunction in the autophagic pathway has been strongly implicated in the biology

of ALS. ALS-linked mutations have been identified in multiple genes with a role in

autophagy, including SQSTM (Fecto et al., 2011) and OPTN (Maruyama et al.,

2010). Additionally, analysis of post-mortem tissue has demonstrated upregulation

of autophagy in ALS patient spinal cord (Sasaki, 2011) and autophagic dysfunction

has been demonstrated in multiple in vitro and in vivo models of ALS (reviewed in

Ramesh and Pandey (2017)).
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Modification of autophagy as a therapeutic approach in ALS has shown promis-

ing results. Multiple studies have demonstrated beneficial e↵ects of Trehalose, an

inducer of autophagy, in the SOD1G85R mouse model. These beneficial e↵ects include

delayed disease onset, reduced formation of SOD1 aggregates and extended lifespan (Li

et al., 2015b; Zhang et al., 2014; Castillo et al., 2013). However, as with generalised

upregulation of the UPS, generalised upregulation of autophagy has significant

potential for o↵ target e↵ects. A greater understanding of where dysfunction occurs

in this system is required to aid development of targeted therapies.

In vitro analyses of Neuro-2a and SH-SY5Y cells have demonstrated that ex-

pression of CCNF S621G is associated with autophagic dysfunction, specifically a

failure of lysosome-autophagosome fusion (Lee et al., 2017b). The CCNF zebrafish

models may provide a useful tool to validate this finding in vivo. A schematic of the

autophagy system, highlighting the components of the system that may be assessed in

the zebrafish models is shown in Figure 6.3.

Investigation of autophagic activity

Overall autophagy activity could be examined in lysates collected from the CCNF

zebrafish through QFWB analysis of LC3 and p62 expression levels. To investigate

the apparent inhibition of lysosome-autophagosome fusion induced by the CCNF S621G

mutation, a combination of a GFP tagged LC3 protein (pGFP-LC3 plasmid, He

et al. (2009)) and a lysosomal dye such as Lysotracker (Thermofisher) could be used.

Co-localisation of these makers in the zebrafish models would provide an indication of

autolysosome formation. Both the transient and the adult CCNF zebrafish models

appear suitable for this study. To perform the assay in the transient model, the

pGFP-LC3 mRNA could be co-injected with the CCNF mRNA. The permeability

of the skin of the zebrafish during the first few days of development would allow





192 Discussion

6.4.3 Examination of the interaction between cyclin F and

TDP-43

TDP-43 pathology is found in patients with ALS-linked mutations in over 25 di↵erent

genes that function in a variety of cellular pathways. TDP-43 pathology is also a

feature of sporadic ALS patients who carry no known disease-causative mutation.

Establishing how this common pathology develops in such a wide range of ALS

subtypes, is likely to provide significant insight into the shared mechanisms leading to

motor neuron death in ALS.

To date, six known substrates of cyclin F have been identified - RRM2, CP110,

EXO1, SLBP, CDC6 and NuSAP (reviewed in Paper 1). Despite TDP-43 not being

a known cyclin F substrate, in vitro expression of CCNF S621G has been shown to

increase the expression levels of ubiquitinated TDP-43 in Neuro-2a cells (Williams

et al., 2016). This suggests that there is an interaction between TDP-43 and cyclin

F. Supporting this hypothesis is an unpublished study, lead by Dr Albert Lee and

Miss Stephanie Raynor (Centre for MND Research, Macquarie University), which

used a proximity-dependant biotinylation assay, BioID, to identify proteins that

interact with cyclin F in vitro (Roux et al., 2012). One of the proteins identified

by this study was TDP-43. Interestingly, this study also showed that inhibition

of the proteasome has no e↵ect on TDP-43 expression levels, suggesting that the

interaction between cyclin and TDP-43 does not induce TDP-43 degradation through

the UPS. Further investigation of how dysregulation of cyclin F activity induces an

accumulation of ubiquitinated TDP-43, independent of proteasome activity, is required.

The e↵ect of CCNF S621G expression on TDP-43 expression levels was examined

in the transient CCNF zebrafish through ECL western blotting. No significant

di↵erence in TDP-43 expression was detected (Chapter 3, Paper 2). However,

only overall TDP-43 expression in the soluble fraction of the lysates was examined.

Further analysis including quantification of ubiquitinated TDP-43 expression and
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examination of the insoluble fraction was not performed due to time constraints.

Further investigation using immunoprecipitation to isolate ubiquitinated proteins

and/or insoluble proteins followed by QFWB analysis is therefore required to establish

whether the CCNF zebrafish models do reflect the in vitro findings (Williams et al.,

2016).

Also required is determination of the e↵ect of CCNF S621G on the cellular locali-

sation of TDP-43. Mislocalisation of TDP-43 is a pathological feature of ALS and is

hypothesised to be a key factor in disease onset and progression (reviewed in Chapter

1, Section 1.6). The CCNF zebrafish should prove suitable for studies investigating the

e↵ect of CCNF S621G on TDP-43 localisation. For example, co-injection of mCherry-

labelled CCNF mRNA with GFP-labelled wildtype TDP-43 mRNA would provide a

rapid assessment of TDP-43 localisation in the presence of wildtype and mutant cyclin

F. More in-depth analysis, not only of TDP-43 localisation, but localisation of other

ALS proteins such as FUS, could be also performed using a subcellular fractionation

assay of lysates collected from either the transient or adult models (de Araujo and

Huber, 2007).

6.5 Further characterisation of the CCNF ze-

brafish models

Further characterisation of both the transient and adult CCNF zebrafish could

be performed to investigate which ALS-linked pathways other than the protein

degradation pathways are disrupted by the CCNF S621G mutation. This would

provide a further indication of the capacity of the models to reflect the biology of ALS

and their suitability to investigate interactions between dysfunctional pathways in ALS.
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Investigation of ER stress in the models will be of particular interest. Overex-

pression of the ER-Golgi transport protein, RAB1, has been shown to mediate the

toxic e↵ects of CCNF S621G expression in the transient CCNF zebrafish, rescuing both

the axonopathy and the motor dysfunction (discussed in Chapter 3, Section 3.4.3).

This rescue e↵ect suggests that ER dysfunction is a feature of the CCNF models.

To investigate this, a transgenic ER stress reporter line (ef1 promoter) (Li et al.,

2015a) could be utilised. This reporter line expresses fluorescently labeled XBP1, a

transcription factor that mediates the ER unfolded protein response. Under conditions

of ER stress, XBP1 is upregulated and this upregulation may be quantified through

fluorescent microscopy and QFWB. The use of this transgenic line would provide a

rapid indication of ER stress in the transient CCNF zebrafish and a longitudinal

indication of ER stress levels in the adult CCNF zebrafish. Use of the ER stress

reporter line in combination with the GFPu assay detailed in Section 6.4.1 may provide

some insight into the linear relationship between ER stress and UPS dysfunction.

Additional reporter lines available in our laboratory may also prove useful to

further characterise the CCNF zebrafish. For example, a transgenic line in which flu-

orescently labelled Annexin A5 is expressed (van Ham et al., 2010) would be useful to

investigate oxidative stress and apoptosis in the models, and a microglial reporter line

(mpeg promoter) (Ellett et al., 2011) may be used to assess the inflammatory response.

Transgenic zebrafish lines that reflect mitochondrial damage are yet to be established.

However, a modified fluorescent reporter tagged to a mitochondrial-targeting sequence

has been developed, which may be useful in future zebrafish studies (Hernandez et al.,

2013). This reporter, termed MitoTimer, localises to the mitochondria and under

normal cellular conditions, fluoresces green. Oxidation, as occurs under conditions

of mitochondrial stress, shifts the emission spectrum of the fluorophore to red. The

successful use of this reporter to assess mitochondrial numbers, morphology and stress

has been demonstrated in C.elegans, Drosphilia and mice, validating the utility of the

approach in vivo (Laker et al., 2014).
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6.6 Determination of the suitability of the CCNF

zebrafish to examine the biology of FTD

This project has focused on the suitability of the CCNF zebrafish models to study

the biology of ALS. However, the CCNF S621G mutation, has also been linked to pure

FTD and ALS-FTD (Williams et al., 2016). Zebrafish and humans share significant

similarities with respect to their brain structure and brain physiology, which suggests

the suitability of zebrafish to model neurological disorders (Panula et al., 2010).

Structurally, the same major domains are present in zebrafish and human brains,

including a diencephalon, telencephalon and cerebellum (Santana et al., 2012). At

the cellular level, the same key cell types are present in both species, including motor

neurons, oligodendrycytes, astrocytes and microglia (Santana et al., 2012). Zebrafish

also possess the same neurotransmitters as humans, including glutamate, GABA,

serotonin, histamine and acetylcholine (Kalue↵ et al., 2014) and have been shown

to display a range of complex behaviours involving memory, learning and social

interactions (Lieschke and Currie, 2007; Norton and Bally-Cuif, 2010). Consequently,

zebrafish have become well recognised as a suitable species in which to model complex

human brain disorders, such as dementia and have become increasingly utilised in this

field of research (Kalue↵ et al., 2014). Indeed, the number of new studies examining

cognitive dysfunction in zebrafish now exceeds the number of new studies in rodents

and other species (reviewed in Meshalkina et al. (2017)).

Two zebrafish models of FTD have been established to date, both of which

overexpressed FTD-linked mutant MAPT, which encodes the FTD-associated protein,

tau. Both zebrafish models demonstrated a motor neuron axonopathy, reduced motor

function as assessed by the touch-evoked escape response (TEER) and neuronal tau

aggregates (Paquet et al., 2009; Lopez et al., 2017). Assessment of both models was

performed in the embryonic stage and characterisation of more complex behaviours,

such as learning and memory, or assessment of atrophy within the frontal region of

the brain was not described. Further characterisation of zebrafish models of FTD is
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required to confirm the ability of these models to reflect key aspects of the disease.

More in-depth analysis has been performed in mouse models of FTD. Multiple

models have been described which display a range of FTD-associated behaviours,

including a genome edited MAPT model which displays heightened anxiety and

depressive/apathetic behaviour (Koss et al., 2016), a C9orf72 model which displays

hyperactivity and anxiety-like exploration (Chew et al., 2015) and a MAPT over-

expression model that displays impaired nest-building behaviour, suggesting apathy

or reduced attention (Warmus et al., 2014). While these models display some FTD-

relevant behaviours, no established model of FTD accurately reflects the phenotype and

the pathology of the disease in humans (reviewed in Ahmed et al. (2017)). Therefore,

as with all complex diseases, multiple models are required to unravel the biology of the

disease. The CCNF zebrafish may provide a novel tool suitable for use in these studies.

Further characterisation of the CCNF zebrafish is required to establish their

suitability to investigate the biology of FTD with TDP-43 pathology. This charac-

terisation would include an assessment of the ability of the models to reflect the key

pathology seen in FTD patients - atrophy within the frontal and/or temporal cortices

and the formation of neuronal TDP-43 positive aggregates (Mackenzie and Neumann,

2016). The cognitive abilities of the CCNF zebrafish would also be assessed. Multiple

assays have been designed with which to investigate cognitive dysfunction in the

zebrafish. These assess learning and memory (reviewed in Levin (2011) and the

ability of the zebrafish to adapt to novel temporal, spatial, and visual cues (detailed

in Yu et al. (2006)). An example of a commonly used assay in adult zebrafish is

the three-chamber task, which uses a tank divided into three chambers by moveable

partitions. Adult zebrafish are placed in the central chamber and trained to move into

the left or right chamber in response to a visual cue. Both negative reinforcement

(reduction of the size of the incorrectly selected chamber) and positive reinforcement

(expanding the size of the correctly selected chamber to provide an area in which the

fish can swim freely) are used to induce the correct response. Once the zebrafish has
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learned to consistently select the correct chamber, an indication of learning ability

and memory, the contingencies may be changed so the opposite choice becomes the

correct one. Delayed adaptation to this alteration can be used as a further indicator

of memory (detailed in Levin (2011)).

Adult zebrafish have primarily been used for these behavioural tests as they a

have fully developed range of brain function and behaviour. However, embryonic

models have also been used in cognitive testing for rapid analysis of central nervous

system defects (Santana et al., 2012). One consideration for studies using either

embryonic or adult models is that some cognitive tests do rely on the locomotor

ability of the zebrafish. The appropriate behavioural assays therefore would have

to be selected in studies utilising the CCNF zebrafish. For example, assays that

assess the learning ability and memory of the fish by recording how often the

correct chamber is selected would be appropriate, whereas protocols that measure

how quickly the fish moves from one chamber to the next would not. The reduced

motor function observed in both the embryonic and adult CCNF models in this

study was robust, but not severe enough to interfere with the ability of the fish to

move from one area of the tank to the another. Motor function may be expected

to decline over time in the adult models, therefore the level of impairment would

require continual re-assessment to ensure the models remain suitable for cognitive

testing. For ethical reasons, a decline in motor function to the point where the ability

of the fish to move around the tank was impeded would mark the end point of the study.
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6.7 Potential development of additional CCNF

models

6.7.1 CCNF models in other species

The advantages of zebrafish to model human diseases are discussed in Chapter 1,

Section 1.4. This study has demonstrated the suitability of the species to specifically

model ALS-linked mutations in CCNF through characterisation of the zebrafish ccnf

orthologue and the ALS-relevant phenotypes identified in the CCNF zebrafish models.

However, no disease model accurately reflects all aspects of ALS or is suitable to

all applications. Therefore, the development of CCNF -based models in additional

species, both invertebrate and mammalian species, would provide valuable additional

tools to future studies. The advantages of these alternate models species are also

outlined in Chapter 1, Section 1.4.

6.7.2 CCNF knockout / knockdown models

The zebrafish models presented in this study and the CCNF in vitro studies published

to-date (Williams et al., 2016; Lee et al., 2017b,a) suggest that the CCNF S621G

mutation induces a toxic gain-of-function. However, additional models are required

to investigate a potential concomitant loss-of-function mechanism of the mutation.

To-date, a single model has been developed in which expression of CCNF was

suppressed - a CCNF knockout mouse (Tetzla↵ et al., 2004). Homozygous CCNF

knockout mice displayed severe developmental abnormalities and died in early

embryonic development. In contrast, no abnormalities were identified in heterozygous

CCNF knockout mice at one year of age (Tetzla↵ et al., 2004). While this suggests

that a loss-of-function mechanism is not involved in the biology of ALS-linked mutant

CCNF, this was a developmental study, aimed at establishing the role of cyclin F

in early development. Consequently, the CCNF knockout mice were only examined

for survival to maturity and their breeding ability. No behavioural testing, nor
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histological examination of motor neurons or other tissues was performed. Therefore,

abnormalities may be present in these mice that become evident with aging. Further

characterisation of these models may provide insight into the potential role of a

loss-of-function mechanism of the CCNF S621G mutation.

To provide additional tools to complement the overexpression models presented

in this study, zebrafish models could be developed in which expression of CCNF was

partially or completely silenced. Previous e↵orts to develop transient CCNF knock-

down zebrafish models using antisense oligonucleotides (morpholinos, AMOs) were

unsuccessful (Nic LeGrand, Honours Thesis, University of Sydney, 2012). Suppression

of CCNF expression in zebrafish embryos was found to induce severe developmental

defects, reflecting the findings from the CCNF knockout mouse study (Tetzla↵ et al.,

2004). The use of genome editing tools to generate heterozygous knockdown zebrafish

may enable the development of models suitable for studies investigating a potential

loss-of-function mechanism of ALS-linked mutant CCNF.

6.7.3 Genome edited CCNF
S621G models

In addition to the development of models in which CCNF expression is suppressed,

genome editing tools could be used to establish models in which the CCNF S621G

mutation was introduced into the zebrafish genome. This approach would generate

models in which CCNF S621G was expressed at physiologically relevant levels. It is

hypothesised that due to this physiological expression of a mutation, genome edited

models may provide a more accurate reflection of the cellular changes that occur

in ALS patients than overexpression models. Multiple zebrafish models have been

developed in which an ALS-linked point mutation has been introduced into the

genome,including FUS (R521G and P525L) (Armstrong et al., 2016; Panda et al.,

2013) and TARDBP (A382T) models (Armstrong et al., 2016). These models provide

proof of principle for use of genome editing in zebrafish, no ALS-relevant phenotypes

have yet been described in these models. The question therefore remains as to whether
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physiological expression of an ALS-linked mutant gene is su�cient to produce a

phenotype in a short-lived animal species such as the zebrafish.

The development of a CCNF S621G model in future studies may prove to be a

valuable complementary tool to the overexpression models presented in this study.

Furthermore, a comparison of the phenotype displayed by a CCNF S621G genome edited

model and CCNF S621G overexpression models would provide valuable information that

may inform the design of future models of ALS.

6.7.4 Induced pluripotent stem cell models

The development of induced pluripotent stem cell (iPSC)-derived models from CCNF

patient tissue would provide additional tools with which to study the biology of

ALS-linked CCNF mutations. The capacity of iPSC-derived models to reflect key

aspects of ALS pathology, including the formation of TDP-43 positive neuronal

aggregates has been established (Burkhardt et al., 2013). Unlike animal models,

iPSC-derived cells would accurately reflect the genetic background of CCNF patients,

expressing not only the ALS-linked mutation within CCNF, but also unidentified

genetic modifiers.

6.8 Final remarks

Significant progress has been made unravelling the biology of ALS over the past two

decades and this progress inspires optimism for the development of e↵ective thera-

peutics in the near future (Taylor et al., 2016). Gene discovery has been the driving

force behind the recent advances in ALS research, providing insight into the cellular

pathways that are involved in disease pathogenesis, including the protein degradation

pathways, and permitting the development of disease models. While there is no ideal

model of ALS that reflects all aspects of this complex disease, multiple disease models
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in multiple species, based on multiple gene mutations have provided essential tools for

investigative studies. The CCNF based zebrafish models presented in this thesis are a

novel addition to this toolkit. These models display a motor neuron toxicity, reflecting

the primary feature of ALS and therefore will provide an avenue through which the

pathogenic mechanisms associated with ALS-linked CCNF mutations may be unrav-

elled. The presence of TDP-43 pathology in CCNF patients suggests that findings

from these studies will be applicable to wider ALS and therefore will contribute to our

overall understanding of disease biology and the development of e↵ective therapeutics

for this devastating disease.
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A.2 Recipes and bu↵ers

E3 embryo medium (pH 7.8)

5mM NaCl

0.17mMKC l

10mM HEPES

0.33 mM MgSO4

0.33 mM CaCl2

0.5% methylene blue (Sigma-Aldrich)

in situ hybridisation bu↵er

50% Deionised formamide

5 X SSC

0.1% Tween 20

1mM EDTA

0.1% CHAPS

20g/L Blocking agent (Roche)

50ug/L Yeast tRNA

100ng/L Heparin

in situ hybridisation blocking solution

2% FBS

2 mg/ml BSA

1 in Tris bu↵er (pH 7.5)

in situ hybridisation prehybridisation Bu↵er (HYB-)

50% formamide

5 x SSC

0.1

H2O to final volume Luria Bertani broth (LB)
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1.0 0.5 1.0% Sodium Chloride (NaCl)

PBS(T)

0.8% NaCl

0.02% KCl

0.02 M PO4

pH 7.3

(0.1% Tween 20)

Proteinase K solution

2 µg/µl in

10 mM Tris-HCl (pH 7.5)

20 mM CaCl2

50% glycerol

RIPA bu↵er / Calcium free solution 10 mM Tris-Cl (pH 8.0)

1 mM EDTA

1% Triton X-100

0.1% sodium deoxycholate

0.1% SDS

140 mM NaCl

1 mM PMSF

S.O.C. medium 2% tryptone

0.5 10 mM NaCl

2.5 mM KCl

10 mM MgCl2

10 mM MgSO4

20 mM glucose
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20xSSC stock solution

150 mM NaCl

15 mM Na3-citrate

pH to 7.0

TE bu↵er

10mM Tris-HCl

1mM EDTA

adjusted to a pH of 8.0

Tricaine pH 7

400 mg tricaine powder (Simga-Aldrich)

97.9 mL deionised water

2.1 mL 1M Tris

Tris bu↵ered saline (TBS) 10 X

For 1 L:

24 g Tris base (formula weight: 121.1 g)

88 g NaCl (formula weight: 58.4 g)

Dissolve in 900 mL distilled water

pH to 7.6 with 12 N HCl

Add distilled water to a final volume of 1 L

(0.1% Tween 20)

Western Blotting Running Bu↵er

5 X Tris Glycine (200ml)

SDS (10ml)

H2O (800ml)

Western Blotting Transfer Bu↵er
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