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Abstract  

Dominantly inherited loss of function mutations in human TANK binding kinase (TBK1) 

predispose to neurodegenerative diseases of the central nervous system including amyotrophic 

lateral sclerosis (ALS) and frontotemporal dementia (FTD). TBK1 regulates several pathways, 

including autophagy, nuclear factor κb (NFκB) and interferon regulatory factor 3 (IRF3) 

signaling.  Zebrafish have been used effectively as an in vivo model to analyse the molecular 

and functional aspects of many neuroinflammatory and neurodegenerative diseases. In order 

to investigate the role of TBK1 in ALS/FTD we have generated zebrafish tbk1 models carrying 

loss of function mutations. The aims of this study are to characterise the ALS/FTD phenotype of 

the tbk1 zebrafish models by utilising swimming and shoaling behaviour studies, and to 

establish assays for analysing NFκB, IRF3 and autophagy in control and tbk1 mutant siblings. In 

order to determine disease mechanisms, we will then attempt to restore activity of specific 

pathways and determine whether or not this rescues the ALS/FTD phenotype of the zebrafish. 

 

We successfully generated zebrafish models carrying a frameshift mutation in the tbk1 gene 

that are similar to those reported in ALS and FTD patients. Our tbk1 homozygous mutant 

zebrafish models show some promising evidence of phenotypic effects that are similar to those 

reported in other ALS models.  Our tbk1SH570/SH570 mutant zebrafish survive to adulthood and 

show reduced swimming behaviour similar to ALS patients. Also, they show a loss of 

thigmotaxis and a defect in shoaling, which may represent altered social behaviour observed in 

FTD patients. The tbk1SH570/SH570 show increased NFκB signaling and increased expression of 

genes that are known to be downstream targets of NFκB (il1β, il6, il8 and tnfα). Since we 

observe increased NFκB signaling we used a crispant approach to target map3k14a in the 

tbk1SH570 zebrafish to attempt to reduce NFκB signaling and investigate the effect on swimming 

behaviour. This approach was unsuccessful, and in future studies we suggest that this result 

should be investigated again using a stable map3k14a mutant.  
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STING: Stimulator of interferon genes 

TANK: TRAF (TNF (tumour necrosis factor) receptor-associated factor)  
TBK1: TANK binding kinase 1 
TIR domain: Toll- Interleukin -1 receptor domain   
TLR: Toll-like receptor  
TNF: tumour necrosis factor alpha 
TARDBP: TAR DNA binding protein 
UBQLN2: Ubiquilin 2 
ULD: Ubiquitin-like domain 
VAPB: vesicle-associated membrane protein B 
VCP: valosin containing protein   
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1. Introduction  

 

1.1      Amyotrophic lateral sclerosis (ALS) 

 

Amyotrophic lateral sclerosis (ALS) also known as Lou Gehrig's disease is a progressive motor 

neuron disease, which is characterised by the premature degeneration and loss of structure 

and function of both upper and lower neurons leading to the death of the neurons (Hardiman 

et al., 2017). 

 

Annually around 1.5-2.5 per 100,000 people among Caucasian populations are diagnosed with 

ALS, which makes it a relatively rare disease (Logroscino et al., 2008). Twin study implies that 

environmental factors contribute to 40% risk of developing ALS (Al-Chalabi et al., 2010) while 

60% are heritability; however, genome-wide association indicates that heritability accounts for 

only 21% (Keller et al., 2014). The only confirmed risk factors for ALS are family history of the 

disease, age, and male gender. Approximately 10% of ALS cases are familial and 90% are 

sporadic with no clear genetic linkage (Ahmeti et al., 2013).  However, several environmental 

factors have been proposed to play a role in ALS, including head injury, toxins such as 

insecticides and pesticides, infections, autoimmune reactions (Beard and Kamel, 2015) and 

strenuous exercise(Julian et al., 2021). Other possible risk factors remain unconfirmed, 

including electromagnetic field exposure, electric shock, profession, and physical trauma 

(Pasinelli and Brown, 2006, Gardner and Yaffe, 2015). 

 

ALS symptoms vary between patients depending on the disease presentation and progression 

but, usually, disability starts to present in one part of the body, followed by progression that 

leads to involvement of other parts (Hobson and McDermott, 2016). Some ALS patients have 

spinal-onset disease symptoms are characterised by muscle weakness of the limbs, such as 

cramps and spasticity. Other patients can present with bulbar-dysfunction, which causes 

dysarthria (speech problems) and dysphagia (difficulty swallowing) (Hardiman et al., 2017).  
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Other common symptoms includes pain, fatigue, emotional lability, depression, anxiety, dry 

mouth, excessive respiratory secretions, excessive oral secretions and respiratory failure 

(Hobson and McDermott, 2016). 

The rate of progression of symptoms determines the average survival duration in ALS patients. 

Typically survival is in the range of 2–5 years, but for some patients the disease progression is 

much slower and the survival time could last longer (Beghi et al., 2006). 

 

Diagnosis of ALS is challenging and usually based on a physical examination for upper and lower 

motor neurons. Electromyographic used to diagnose lower motor neuron MRI of the brain and 

the spinal cord used to diagnose upper motor neuron (Menke et al., 2014, Sekiguchi et al., 

2014).    

The neuropathological hallmark of ALS includes motor neuron degeneration in the motor cortex 

and spinal cord also the presence of inclusion bodies (TDP-43, FUS, SOD1) in the cytoplasm of 

the motor neuron.  Other pathological features of ALS include vacuolization, spongiosis, loss 

and atrophy of nerve fibers, loss of myelinated axons in the spinal cord, decreases in size of 

anterior horn of the spinal cord, and a reduction of neurons in the anterior horn, lower cranial 

motor nuclei of the brainstem, and Betz cells in the motor cortex(Saberi et al., 2015, Hardiman 

et al., 2017). 

TDP-43 is a heterogeneous nuclear ribonucleoprotein that is normally expressed in the nucleus 

of the neuron and glial cells. It has many functions, including mRNA stability, processing, 

transport, and translocation. TDP-43 has been observed in both sporadic and familial ALS. It is 

the main component of ubiquitinated inclusions in ALS, and it manifests by a loss of nuclear 

TDP-43 and the formation of pathological aggregates in the cytoplasm(Saberi et al., 

2015).(Buratti, 2001) 
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1.1.1 Lessons from ALS genetics 
 

The causes of ALS are still not fully known, however the continuing discovery of genetic 

mutations in familial ALS patients is providing strong support for a number of shared molecular 

pathogenic mechanisms (S.H. Appel, 2011). ALS is a genetically heterogeneous disease with 

causal mutations identified in more than 40 genes (Hardiman et al., 2017, Renton et al., 2014) 

(See Figure (1.1). The pathogenesis of ALS disease is caused by several genetic defects that 

interplay in various molecular mechanisms and pathways (see Figure (1.1) (Sheng Chen1, 2013). 

A list of confirmed ALS genes are given in table (1.1).  
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Figure 1.1 ALS/MND is likely to be caused by the interaction of several molecular pathways. Figure shows the 
genes (blue boxes) and pathways involved in motor neuron degeneration (violet boxes). 
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Table 1. 1  Genes that have been associated with ALS 

Gene Symbol Gene Name  Reference  

ALS2 alsin Rho guanine nucleotide exchange factor (Shinji Hadano1 et al., 2001) 

ALS3 Amyotrophic Lateral Sclerosis 3 (Collette K. Hand et al., 2002) 

ANG 

 

Angiogenin (Greenway et al., 2006) 

ANXA11 annexin A11 (Smith et al., 2017) 

ARPP21 CAMP Regulated Phosphoprotein 21 (Chun Hao Wong, 2018) 

ATXN2 ATXN2 (Elden et al., 2010) 

C9ORF72 chromosome 9 open reading frame 72 (DeJesus-Hernandez et al., 2011) 

C19ORF12 Chromosome 19 Open Reading Frame 12 (Deschauer et al., 2012) 

CHCHD10 Coiled-Coil-Helix-Coiled-Coil-Helix Domain 

Containing 10 

(Bannwarth et al., 2014) 

CHMP2B Charged Multivesicular Body Protein 2B (N. Parkinson et al., 2006) 

CHRNA4 Cholinergic Receptor Nicotinic Alpha 4 

Subunit 

(Sabatelli et al., 2009) 

CHRNB4 Cholinergic Receptor Nicotinic Beta 4 Subunit (Sabatelli et al., 2009) 

DCTN1 Dynactin Subunit 1 (C. Münch and J. Prudlo, 2004) 

DAO D-Amino Acid Oxidase (Mitchell et al., 2010) 

ELP3 Elongator Acetyltransferase Complex Subunit 

3 

(Simpson et al., 2009) 

ERBB4 Erb-B2 Receptor Tyrosine Kinase 4 (Takahashi et al., 2013) 

EWSR1 EWS RNA Binding Protein 1 (Couthouis et al., 2012) 

FUS FUS RNA Binding Protein 

 

(T. J. Kwiatkowski Jr. et al., 2009) 

FIG4 FIG4 Phosphoinositide 5-Phosphatase (Chow et al., 2009) 

GLE1 GLE1 RNA Export Mediator (Aditi et al., 2016) 

GLT8D1 Glycosyltransferase 8 Domain Containing 1 (Cooper-Knock et al., 2019) 

HNRNPA2B1 Heterogeneous Nuclear Ribonucleoprotein 

A2/B1 

(Kim et al., 2013a) 

HNRNPa1 Heterogeneous Nuclear Ribonucleoprotein A1 Kim et al., 2013) 

KIF5A Kinesin Family Member 5A (Nicolas et al., 2018) 

MATR3 Matrin 3 (Johnson et al., 2014) 

NEFH Neurofilament, Heavy Polypeptide (A Al-Chalabi 1, 1999) 

NEK1 NIMA (Never In Mitosis Gene A)-Related 

Kinase 1 

(Kenna et al., 2016) 

OPTN optineurin (Maruyama et al., 2010b) 

PFN1 Profilin 1 (Wu et al., 2012) 

PNPLA6 Patatin Like Phospholipase Domain 

Containing 6 

(Rainier et al., 2008) 

PRPH Peripherin (C. Münch and J. Prudlo, 2004, Gros-Louis et 

al., 2004) SETX Senataxin (Butterfield et al., 2009) 

SIGMAR1 Sigma Non-Opioid Intracellular Receptor 1 (Luty et al., 2010) 

SOD1 Superoxide Dismutase 1 (Daniel R. Rosen* et al., 1993) 

SPAST Spastin (T. Meyer and A. Hopt, 2005) 

SPG11 SPG11 Vesicle Trafficking Associated, 

Spatacsin 

(Orlacchio et al., 2010) 

SQSTM1 Sequestosome 1 (Faisal Fecto et al., 2011) 

   

SS18L1 Subunit Of BAF Chromatin Remodeling 

Complex 

(Teyssou et al., 2014) 

TAF15 TATA-Box Binding Protein Associated Factor 

15 

(Ticozzi et al., 2011) 

TARDBP TAR DNA Binding Protein (Rutherford et al., 2008) 

TBK1 TANK Binding Kinase 1 (Cirulli et al., 2015a) 
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TUBA4A Tubulin Alpha 4a (Smith et al., 2014) 

UBQLN2 Ubiquilin 2 (Deng et al., 2011) 

VAPB VAMP Associated Protein B And C (Nishimura et al., 2004) 

VCP Valosin Containing Protein (Johnson et al., 2010) 
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1.1.2 Evolving themes in ALS genetics 
 

Numerous genome-wide association studies (GWAS) published in both familial and sporadic ALS 

have made significant contributions to our understanding of ALS, these studies indicate that 

unlike schizophrenia and other diseases that are associated with common variants the genetic 

architecture of ALS is based mainly on rare variants with large effects (Hardiman et al., 2017). 

The rare genetic variants that present risk in ALS could be specific to individuals, families and 

ancestral populations, which makes GWAS in ALS more complicated. For example in Finland 

GWAS of ALS identified association signals on chromosome 9 (analogous to C9ORF72) and on 

chromosome 21 (analogous SOD1) these two loci account for almost all familial ALS cases in 

Finland (Laaksovirta et al., 2010). While in a Sardinian GWAS study they identified association 

signals at the TARDBP gene locus, which accounts for approximately 28% of both sporadic and 

familial ALS cases (Chio et al., 2011). 

In 2015 a whole exome sequencing (WES) study of 2,874 ALS cases and 6,405 controls identified 

genetic variants associated with ALS (Cirulli et al., 2015a).  Based on WES analysis of the 

presence or absence of variants predicted to be deleterious in each gene, 51 genes were 

predicted to be associated with ALS (Renton et al., 2014). TANK-Binding Kinase 1 (TBK1) 

mutations were found to be associated with ALS (p = 1.13x10-5, a replication p = 5.78x10-7, and 

a combined p = 3.63x10-11) with loss-of-function variants occurring in 0.382% of cases and 

0.034% of controls (Cirulli et al., 2015a). In addition, rare damaging loss-of-function variants in 

0.620% of ALS cases and 0.228% of controls were observed in Optineurin (OPTN), a known 

substrate of TBK1 (Cirulli et al., 2015a, Richter et al., 2016b). TBK1 and Optn proteins are both 

important regulators of inflammation and autophagy, which suggests that these important 

processes may be damaged in ALS and FTD patients with TBK1 or OPTN mutations (Cirulli et al., 

2015a). Furthermore, another WES study identified a frontotemporal lobar degeneration (FTLD) 

case that carried both a loss of function (LOF) p.Arg117x mutation in the TBK1 gene and a 

deletion p.Gly538Glux27 in the OPTN gene (Pottier et al., 2015a). This indicates that these LOF 

mutations may act synergistically in FTLD. 
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1.2   Frontotemporal dementia   

 

Frontotemporal dementia (FTD), also referred to as FTLD or Pick’s Disease, is a 

neurodegenerative disease characterised by progressive neuronal atrophy of the frontal and 

temporal lobes of the brain (Hodges and Miller, 2001). Most cases of FTD are diagnosed in 

people aged 45-65, but it has also been diagnosed in people younger than 45 or older than 65. 

The prevalence of FTD in adults aged <65 years varies between 3 to 15 per 100,000 (Bang et al., 

2015, Rabinovici and Miller, 2010). FTD is a complex heterogeneous disorder where the disease 

mechanisms are embroiled in significant genetic variability, a wide range of clinical symptoms 

and differential pathological indications (Ferrari et al., 2014). Common signs and symptoms of 

FTD are personality changes, with socially inappropriate behaviour, language defects, executive 

dysfunction, and problems with mental abilities, but with a relative preservation of memory 

and cognitive functions (Rabinovici and Miller, 2010).  

The main clinical syndromes of FTD can be classified into three clinical subtypes, namely 

behavioural variant FTD (bvFTD), semantic dementia (SD), and progressive nonfluent aphasia 

(PNA) (Miller1, 2001). bvFTD is the most common form of FTD, the main signs are personality 

changes where patients have an inappropriate social behaviour, lack of empathy, defects in 

executive function and lack of good judgment (Pressman and Miller, 2014). SD symptoms 

include difficulty of reading, spelling, or finding the right word or understanding the meaning of 

a word (Diehl et al., 2005). Patients with PNA have problems with grammar, sentence 

comprehension and motor speech agrammatism (M.L. Gorno-Tempini et al., 2011).  In addition, 

FTD also overlaps clinically with motor neurone disease /amyotrophic lateral sclerosis (FTD-

MND/ALS) and also with the atypical Parkinsonian disorders and progressive supranuclear palsy 

(Rohrer and Warren, 2011). However motor neuron disease arises frequently in patients with 

bvFTD dementia and less often in patients with semantic-variant primary progressive aphasia 

(PPA) or non- fluent variant PPA (Bang et al., 2015). This clinical overlap is reflected in a shared 

genetic basis for the disorders (see Section 2.1). 
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Treatments for FTD are limited, although AD and FTD share certain symptoms, the 

pharmacological agents designed for AD are unlikely to benefit patients with FTD, because the 

cholinergic systems are not affected in FTD (Snowden et al. 2002).  

 

1.2.1 Molecular Genetics of FTD 
 
FTD is a genetically and pathologically heterogeneous disorder. The majority of cases are 

familial with autosomal dominant inheritance but heritability varies between the different 

syndromes such as behavioural variant FTD and PPA (J.D. Rohrer et al., 2009). Genetic linkage 

and sequencing studies have provided efficient approaches for detecting common and rare 

genetic variations associated with FTD (Rainero, 2017). Mutations in the microtubule- 

associated protein tau (MAPT), granulin (GRN) and C9orf72 genes are most commonly 

associated with FTD. Additional rare mutations have been identified in the following genes:  

valosin-containing protein (VCP), TARDBP, chromatin- modifying protein 2B (CHMP2B), 

ubiquilin 2 (UBQLN2), fused-in-sarcoma (FUS), Triggering receptor expressed on myeloid cells 2 

(TREM2), coiled-coil-helix-coiled-coil-helix domain containing 10 (CHCHD10), OPTN, TBK1 and 

sequestosome 1 (SQSTM1) (Rademakers et al., 2004, Finch et al., 2009, Sharon J. Sha et al., 

2012, Watts et al., 2007, Borroni et al., 2009, Borroni et al., 2014, A.M. Isaacs1, 2011, Synofzik 

et al., 2012, Vance et al., 2009, Woo et al., 2017, Le Ber et al., 2013). 

Interestingly mutations in C9orf72, VCP, TARCBP, UBQLN2, FUS, OPTN and TBK1 been reported 

previously in ALS cases (Ilse Gijselinck et al., 2015, Manuela Neumann et al., 2006, Renton et al., 

2011, Johnson et al., 2010, Maruyama et al., 2010b, Vance et al., 2009, Deng et al., 2011). These 

data support the evidence that ALS and FTD are part of a disease spectrum and re-emphasises 

an important role for the overlapping genetic basis of the OPTN/TBK1 pathway in ALS and FTD 

(Pottier et al., 2015a, Freischmidt et al., 2015b). A number of studies have reported the 

identification of several different mutations in ALS and FTD genes in individual patients. It is not 

clear yet whether all these mutations are pathogenic, however it seems to indicate that there 

may be an oligogenic basis for ALS and FTD (Keogh et al., 2018). Specifically relevant to this 

project, there are reports of TBK1 and OPTN mutations in individual patients (Pottier et al., 

2015a). 
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1.3     TANK binding kinase 1  

 

The TANK binding kinase 1 (TBK1) gene also known as NFκB -activating kinase (NAK) encodes an 

84 kDa serine/threonine kinase. The TBK1 protein is a member of the Inhibitor of nuclear factor 

kappa kinase (IKK) family. TBK1 is located on chromosome 12q14.2, comprises 21 exons 

encoding a 729 amino acid protein (NM_013254) (NP_037386). Human TBK1 is highly 

conserved evolutionarily and does not tolerate polymorphisms. According to the Exome 

Aggregation Consortium (ExAC) out of 66,706 WES samples only one common missense variant 

has been reported in TBK1.  

 

1.3.1 Functional domains of TBK1 
 

The TBK1 protein has 4 characterised functional domains, including a serine/ threonine kinase 

domain (KD) (amino acids 1-308), ubiquitin-like domain (amino acids 309-383), a helical scaffold 

dimerization domain at the N-terminus and two putative coiled-coil domains (CCDs); CCD1 

(amino acids 407-658), and CCD2 (amino acids 659-729) at the C-terminus (see Figure (1.2) 

(Larabi et al., 2013, Ahmad et al., 2016). 

 

 

http://www.ncbi.nlm.nih.gov/nuccore/NM_013254
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Figure 1.2 Structure of TBK1. Figure shows the locations of the kinase domain, ubiquitin like domain (ULD) and the 
two coiled coil domains (CCDs) 1 & 2. The OPTN binding domain in the C-terminal region of TBK1 is indicated.  
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TBK1 functions as a dimer, but within the configuration of the dimer the TBK1 kinase active 

sites are in opposite orientations. This obstructs the dynamic kinase-kinase interaction within 

the dimer, thus in the absence of upstream signaling, TBK1 activation and auto-phosphorylation 

will be restricted (Helgason et al., 2013). Auto-phosphorylation of the TBK1 KD is controlled by 

several mechanisms to ensure that TBK1 is inactive in the absence of pathway stimulation 

(Helgason et al., 2013). Localisation plays a key role in the activation of TBK1 protein, where 

adaptor proteins are recruited to signaling complexes that auto-phosphorylate ether by high 

local concentrations or by other kinases that are localised to the same molecular platform (Hou 

et al., 2011, Clark et al., 2011). It was shown in one study that the subcellular localisation of 

TBK1 has different functions in several pathways as different adaptors such as TRAF family 

member associated NF-kappa-B activator (TANK), similar to NAP1 TBK1 adaptor (SINTBAD) and 

nuclease assembly protein (NAP1) compete to interact with TBK1 (Goncalves et al., 2011). 

Activation of TBK1 involves an adaptor binding motif and upstream signaling. However, 

localisation-based regulation of TBK1 can be activated in the lack of an adaptor binding motif or 

pathway catalyst when it is overexpressed (Hou et al., 2011, Clark et al., 2011).  

Mutations in TBK1 and OPTN are associated with ALS and FTD, and TBK1 also regulates OPTN by 

phosphorylating it to trigger autophagy, as OPTN is an autophagy receptor (Li et al., 2016). TBK1 

has the ability to interact with full length OPTN where the N-terminal region of OPTN binds to 

the C-terminal region of TBK1. However, mutation in either the C-terminal (amino acids 601-

729) of TBK1 or the N-terminus of OPTN (amino acids 1-119) could prevent formation of this 

complex (Li et al., 2016, Morton et al., 2008). 
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1.3.2 TBK1 mutations in human disease 
 

Mutations in human TBK1 predispose to neuroinflammatory/neurodegenerative diseases of 

the central nervous system including ALS, FTD, normal tension glaucoma (NTG) and childhood 

herpes simplex encephalitis (HSE) (see Table 1.1). These diseases suggest genetic heterogeneity 

of TBK1 where mutations in a single gene can cause various phenotypes (Ahmad et al., 2016).  

TBK1 mutations play a part in defining the disease phenotype and can vary from loss of 

function, gain of function, haploinsufficiency and dominant negative mutants. In NTG gain of 

function results from TBK1 duplication, while ALS and FTD are associated with heterozygous 

loss of function mutations that result in haploinsufficiency (Ahmad et al., 2016). To date none 

of the mutations characteristic of NTG and HSE have been discovered in ALS or FTD patients. 

HSE mutations arise singularly in the KD causing a loss of interferon-beta (IFNb) induction, 

whereas in ALS and FTD nonsense, missense, deletion, splice site and frameshift mutations 

have been found in all TBK1 domains and have been proposed to result in impaired optineurin 

binding (Freischmidt et al., 2015b) and loss of kinase activity(De Majo et al., 2018).  

Proteomic studies have demonstrated that TBK1 has different subcellular localisations and 

through interactions with adaptor protein such as TANK, SINTBAD and NAP1, TBK1 forms 

independent complexes (Li et al., 2011, Goncalves et al., 2011). It remains to be established if 

all missense mutations found in TBK1 alter specific interactions and/or alter subcellular 

localisation of the protein, but both truncating (S357X) and missense (pG217R) mutations have 

been shown to prevent TBK1 from binding to OPTN (De Majo et al., 2018). Consequently, the 

different diseases that are associated with mutations in TBK1 may be characterised by a 

combination of domain specific mutations, alterations in protein-protein interactions, 

subcellular localisation and tissue specificity (Freischmidt et al., 2015b). 
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Table 1. 2 TBK1 mutations reported in human diseases 

Mutation type Nucleotide Variation Residue 

change 

Phenotype References Domains 

Missense c.10A>G p.T4A ALS -FTD (Le Ber et al., 2015)  
Missense c.77G>A p.G26E ALS -FTD (Le Ber et al., 2015) 

Deletion c.86delA p.K29Rfsx15 FTD (van der Zee et al., 2017) 

Missense c.92A>G p.T31A ALS (De Majo et al., 2018) 

Missense c.140G>A p.R47H ALS (Freischmidt et al., 2015b) 

Missense c.149A>C p.D50A HSE (Herman et al., 2012) 

Duplication c.176dupT p.C58fs ALS (Pozzi et al., 2017) 

Deletion c.236_238delCAA p.T79del FTD-ALS (van der Zee et al., 2017) 

Missense c.281T>C p.L94S ALS (van der Zee et al., 2017) 

Deletion c.288delT p.V97Ffsx2 ALS (van der Zee et al., 2017) 

Nonsense c.349C>T p.R117X ALS (Cirulli et al., 2015a) 

Missense c.352G>A p.D118N ALS (Pozzi et al., 2017) 

Splicing 

substitution 

c.358+2T>C _ ALS (Freischmidt et al., 2015b) 

Splicing 

substitution 

c.358+5G>A _ ALS (Pozzi et al., 2017) 

Missense c.362G>A p.G121D ALS (van der Zee et al., 2017) 

Nonsense c.379C>T p.R127X ALS (van der Zee et al., 2017) 

Missense c.427C>T p.R143C ALS -FTD (Le Ber et al., 2015) 

Deletion c.467_468delCA p.T156RfsX6 FTD-ALS (Le Ber et al., 2015) 

Missense c.476G>C p.G159A HSE (Herman et al., 2012) 

Deletion c.501_503delTGA p.D167del ALS (Verheijen et al., 2018) 

Nonsense c.555T>A p.Y185X ALS (Freischmidt et al., 2015b) 

Missense c.619A>G p.I207V HSE (Itan et al., 2015) 

Missense c.687G>T p.R229S ALS (van der Zee et al., 2017) 

Missense c.731G>T p.G244V ALS -FTD (van der Zee et al., 2017) 

Missense c.737T>C p.I246T ALS (van der Zee et al., 2017) 

Missense c.916C>A p.L306I ALS -FTD (Pottier et al., 2015a) 

Missense c.923G>A p.R308Q ALS (Freischmidt et al., 2015b) 

Missense c.959C>T p.T320I ALS -FTD (Le Ber et al., 2015)  
Splicing 

substitution 

substitution 

c.991+1G>T - FTD (Verheijen et al., 2018) 

Missense c.1073G>A p.R358H ALS (De Majo et al., 2018) 

Missense c.1150C>T p.R384W ALS (Borghero et al., 2016)  
Missense c.1190T>C p.I397T ALS (Pozzi et al., 2017) 

Deletion c.1192delT p.S398PfsX11 ALS (Verheijen et al., 2018) 

Missense c.1252A>G p.I418V FTD (van der Zee et al., 2017)  
Missense c.1270T>G p.Y424D ALS (Pottier et al., 2015a) 

Missense c.1331G>A p.R444Q ALS (Borghero et al., 2016) 

Nonsense c.1335G>A p.W445X ALS (van der Zee et al., 2017) 

Deletion c.1349_1352delTTAA p.I450KfsX15 ALS-FTD (Freischmidt et al., 2015b) 

Deletion c.1358_1388delCAGA p.T462Kfs∗ 3 FTD-ALS (van der Zee et al., 2017) 

Deletion c.1414delA p.I472Sfs*8 ALS (Kim et al., 2017) 

U
LD

 
K

D
  

C
C

D
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Deletion c.1432delA p.Q475fs MND (Black et al., 2017) 

Deletion c.1436_1437delTG p.V479EfsX4 ALS-FTD (Freischmidt et al., 2015b) 

Deletion c.1436_1437delTG p.V479EfsX4 ALS-FTD (Freischmidt et al., 2015b) 

Nonsense c.1446T>G p.Y482X ALS -FTD (Le Ber et al., 2015) 

Deletion c.1470delG p.D490fs ALS (Borghero et al., 2016) 

Insertion c.1551_1552insTT p.E517fs ALS (Verheijen et al., 2018)  
Deletion c.1644-5_1644- 

2delAATA 

_ ALS (Pozzi et al., 2017) 

Duplication c.1653dupA p.E551fs ALS Cirulli et al., 2015) 

Missense c.1676T>G p.M559R ALS (Freischmidt et al., 2015b) 

Missense c.1717C>G p.R573G PLS (Gomez-Tortosa et al., 

2017) Missense c.1792A>G p.M598V ALS (Freischmidt et al., 2015b) 

Deletion c.1869_1875del p.M623fs ALS (De Majo et al., 2018) 

Deletion c.1887_1890del p.Q629fs ALS (De Majo et al., 2018) 

Deletion c.1928_1930delAAG p.E643del ALS-FTD (Freischmidt et al., 2015b) 

Splicing 

substitution 

c.1960-2A>G _ FTD (Le Ber et al., 2015) 

Nonsense c.1963C>T p.Q655X ALS -FTD (Le Ber et al., 2015) 

Missense c.1985T>C p.M662T ALS -FTD (Le Ber et al., 2015)  
Nonsense c.2107G>T p.E703X ALS -FTD (Lamb et al., 2019) 

Deletion c.2115_2127del13 p.E704 MND Black et al., 2017) 

KD: Kinase Domain, ULD: Ubiquitin like domain, CCD1: Coiled coil domain 1 and CCD2: Coiled coil domain 2 
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1.3.3 TBK1 Function 
 

 

TBK1 is a kinase with a large number of characterised substrates, and regulates many signaling 

pathways including I-kappaB Kinase/ NF-kappaB signaling, immune response, Interferon 

Regulatory Factor, autophagy, inflammation, insulin signaling and cell proliferation and growth 

(Helgason et al., 2013). TBK1 is a non-canonical IkB kinase that participates in a variety of 

inflammation signaling pathways such as those regulating the Interferon Regulatory Factor 3 

(IRF3), Interferon Regulatory Factor 7 (IRF7), Signal Transducer and Activator of Transcription 6 

(STAT6) and transcription factor p65 (P65). TBK1 colocalises with kinase substrates such as 

leucine rich repeat kinase 2 (LRRK2), Inhibitor Of Nuclear Factor Kappa B Kinase Subunit Beta 

(IKKβ), Inhibitor Of Nuclear Factor Kappa-B Kinase Subunit Alpha (IKKα), Inhibitor Of Nuclear 

Factor Kappa B Kinase Subunit Epsilon (IKKε) and Nuclear Factor κB-inducing Kinase (NIK) which 

may be critical for driving kinase specificity (Helgason et al., 2013).  

TBK1 recruits the adaptor proteins TANK, stimulator of interferon genes (STING), NF-kappa-B 

essential modulator (NEMO), OPTN and SQSTM1 (p62) to form mutually exclusive complexes 

that directly modify the functions of several downstream substrates (Helgason et al., 2013, 

Goncalves et al., 2011). In mitophagy TBK1 phosphorylates the autophagy receptors optineurin 

and p62 leading to the formation of autophagosome (Zhang et al., 2014) (see Figure(1.3). 

TBK1 is an IκB kinase (IKK)-related kinase that can directly phosphorylate and activate IKK 

(Yuichiro Tojima  et al., 2000b, Yuichiro Tojima  et al., 2000a) . The kinase domain of TBK1 has 

high similarity with IKKα/β, but it functions as an IKK kinase rather than an IkB kinase (Karin, 

1999). 

 As a response to growth factors that trigger protein kinase C-ε (PKCε) activity, according to 

(Clement et al., 2008) TBK1 mediates IKK and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFKB) activation as TBK1 phosphorylates the inhibitor of NFKB  (IκB) leading to 

its ubiquitination, and releases P50/P65 which translocate to the nucleus (Yuichiro Tojima  et 

al., 2000b) The translocation of P50/P65 triggers the transcription of NFκB target genes leading 

to the production of proinflammatory cytokines(Ben-Neriah, 2000).  
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However recent data suggest that TBK1 and IKKε work together in a complex to inhibit NFKB 

signal transduction  (Moser et al., 2015). NFKB inducing kinase (NIK) activates non-canonical 

NFκB signaling by phosphorylating IKKα which is then ubiquitinated. This releases P100 and 

RelB which translocate to the nucleus. TBK1 negatively regulates non-canonical NFKB signaling 

via phosphorylation of NIK leading to its ubiquitination and degradation into the proteasome  

(Jin et al., 2012) (see Figure (1.3).    

Tumour necrosis factor Receptor Associated Factor 3 (TRAF3) activates the TBK1-interacting 

proteins SINTBAD, TANK and NAP1 which subsequently activate the TBK1/IKKε complex that 

directly phosphorylates IRF3 and translocates it to the nucleus. Within the nucleus IRF3 initiates 

the transcription of IFN and interferon stimulated genes (ISGs) (Unterholzner et al., 2011) (see 

Figure (1.3).    

Studies show that TBK1 also acts as a mitotic kinase and has functions in microtubule dynamics 

and mitosis (Pillai et al., 2015). TBK1 regulates mitosis by regulating microtubule motion and 

mitotic progress via phosphorylating the Forkhead, centrosome- and spindle microtubule -

associated domain protein centrosomal protein 170 (CEP170) and the nuclear mitotic 

apparatus protein (NuMA) (Radulescu and Cleveland, 2010, Giulia Guarguaglini, 2004). During 

mitosis active phospho-TBK1 is confined to centrosomes, mitotic spindles and the midbody 

(Pillai et al., 2015). TBK1 phosphorylates the microtubule-binding protein CEP170 that is 

required for interaction with the kinesin 13 family member Kif2b and with centrosomes (Pillai 

et al., 2015). Disabling the TBK1–CEP170 complex or reducing the interaction of CEP170 with 

centrosomes inhibits mitosis and increases microtubule stability (Giulia Guarguaglini, 2005).   



31 

 

 

 

Figure 1.3 TBK1 functional pathways. In Autophagy, TBK1 phosphorylates the autophagy receptors OPTN and p62 
which triggers mitophagy. In IRF3, TBK1 directly phosphorylates IRF3 that translocates to the nucleus and produces 
IFNs.In Canonical NFKB, TBK1 phosphorylates IKB leading to the translocation of P65 and P50 to the nucleus and 
initiates the transcription of canonical NFκB signaling and the production of proinflammatory cytokines. In 
Noncanonical NFKB, TBK1 phosphorylates NIK leading to its proteasomal degradation. NIK is needed to activate 
noncanonical NFKB signaling as NIK phosphorylates IKKα that phosphorylate p100 and RelB. This leads to their 
translocation to the nucleus where they initiate the transcription of non-canonical NFKB target genes and the 
production proinflammatory cytokines. 
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1.3.3.1      Role of TBK1 in innate immune Responses 

 

One of the major causes of chronic disease is inflammation, and there are more than 100 types 

of inflammatory disease (Yu et al., 2012). It is recognised that inflammation is an essential 

mechanism of the innate immune response triggered when immune cells detect infection or 

tissue injury. Pattern recognition receptors (PRRs) are host sensors that recognise cell damage 

or pathogen invasion with intracellular or surface-expressed pathogens in the innate immune 

system (Kumar et al., 2011). PRRs are expressed in macrophages, fibroblasts, dendritic cells, 

mast cells, neutrophils and monocytes (Newton and Dixit, 2012). PRRs identify, both directly 

and indirectly, pathogen-associated molecular patterns such as damage-associated molecules 

released from injured cells, microbial nucleic acids, carbohydrates, and lipoproteins (Newton 

and Dixit, 2012). PRRs promote activation of transcription factors Activator Protein 1 (AP1),  

NFκB, enhancer-binding protein beta (c/EBP), cyclic adenosine monophosphate (cAMP) 

response element binding protein (CREB), and IRFs that generate signaling cascades that trigger 

the release of factors that stimulate enrolment of leukocytes (Xiao, 2017). In response to 

ligand- specific recognition of double-stranded RNA (dsRNA) of viruses, or bacterial 

lipopolysaccharide, TBK1 contributes to the regulation of the IRF-3 and IRF-7 activation 

pathways via the Toll like receptors (TLRs), TLR3 and TLR4. TLR activation and internalisation 

induces TIR-domain-containing adapter-inducing interferon-β (TRIF), which in turn induces 

activation of the transcriptional regulator type I interferon 3 (IFN 3), and the expression of IFN-β 

and of interferon (IFN) inducible genes through the activation of TBK1 and inhibition of kappaB 

kinase ε (IKKε) (Fitzgerald et al., 2003b, Toshchakov et al., 2002). 

Several studies suggest that TBK1 regulates inflammatory mediators like IL6, TNFα, or IFN-β, 

and indicate that TBK1-deficient cells express strong defects in IFN induction (Xie et al., 2012, 

Hemmi et al., 2004). TLRs also have a role in NFκB and IRF-3 activation however TBK1 is an 

important regulator in the interferon response to viral infection and is involved in both NFκB 

and IRF-3 pathways (Sharma et al., 2003, Shen and Hahn, 2011, Fitzgerald et al., 2003b, Mikko 

Hallman, 2001).   
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Subsequent to the activation of TLRs, TBK1 connects with TRAF3 and TANK at multiple serine 

and threonine residues to phosphorylate IRF-3, IRF-5, and IRF-7 (Cheng et al., 2006, Lin, 1998). 

These outcomes show that TBK1 and IKKε are necessary for interferon signaling (Shen and 

Hahn, 2011). IRFs heterodimerise and translocate to the nucleus which induces expression of 

antiviral and proinflammatory genes such as IFN-α/β  and ISGs (Mitsuharu Sato et al., 2000). 

 

1.3.3.2      Regulation of signaling by TBK1 kinase activity 

 

Phosphorylation of IkB is a critical regulatory step in the activation of NFKB signaling (Gilmore, 

2006). Phosphorylation of the IKK complex by TBK1 induces IkB degradation and activates the 

transcription factor NFκB.  This occurs through TBK1 phosphorylating one of the two regulatory 

serines that are needed for induction of IkB degradation.  The activation of NFκB occurs 

through IKKb, when TBK1 phosphorylates the subunit adjacent to IKK through intramolecular 

trans-autophosphorylation (Karin, 1999). 

NFκB is regulated by cytoplasmic proteins such as IkB that prevent nuclear translocation of P65 

(Christian et al., 2016, Oeckinghaus and Ghosh, 2009, Liu et al., 2017). Nuclease assembly 

protein (NAP1) interacts with TBK1 and stimulates its kinase activity, facilitates its 

oligomerisation, and promotes TBK1-induced activation of canonical NFκB (Fujita et al., 2003) 

In basal conditions, the TRAF2-TRAF3-cIAP complex continually mediates the proteasomal 

degradation of NIK to regulate the activity of noncanonical NFκB signaling. However, upon 

stimulation the TRAF2-TRAF3-cIAP complex is recruited to activate lymphotoxin-β receptor 

(LTβR) which enables NIK to interact with IKKα and release NFκB2/RelB  to activate 

transcription (Thu and Richmond, 2010). This pathway, termed noncanonical NFκB signaling, is 

negatively regulated by TBK1, as TBK1 induces the destruction of NIK. During cell stimulation 

TBK1 is activated downstream of TACI and triggers the proteasome-dependent destruction of 

NIK by phosphorylating it at Ser862 (Bram, 2012).   
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NFκB induces expression of target genes proinflammatory cytokines such as tumour necrosis 

factor alpha (TNFα), interleukin 1 beta (IL1β), interleukin 6 (IL6), interleukin 8 (IL8) and 

cyclooxygenase-2, in response to stress and inflammation (Liu et al., 2017, Oeckinghaus and 

Ghosh, 2009).  TNFα stimulates the TBK1-NAP1 complex to phosphorylate serine 536 of the 

p65/RelA subunit of NFκB to enhance NFκB transcriptional activity (Fujita et al., 2003). 

Overexpression of NAP1 enhanced cytokine induction of an NFκB -dependent reporter whereas 

reduction of NAP1 reduced NFκB dependent reporter gene expression and sensitised cells to 

TNFα-induced apoptosis (Fujita et al., 2003).  

 

1.3.3.3        Role of TBK1 in Autophagy Regulation 

 

Autophagy is an important evolutionarily conserved homeostatic mechanism responsible for 

protein degradation by the lysosome. Autophagy is necessary for cells to tolerate 

environmental, developmental and disease-associated changes (Klionsky, 2007). Cellular stress, 

infections, metabolic and inflammatory disease trigger autophagy. Recent research has 

identified cross talk between autophagy and inflammation, as autophagy contributes to, 

controls and balances inflammation (Yuk and Jo, 2013).     

Several studies have highlighted the important role of TBK1 in autophagy (Stolz et al., 2014). In 

particular TBK1 directly phosphorylates several proteins involved in autophagy to regulate their 

activity (Ahmad et al., 2016). For example, TBK1 phosphorylates the autophagy receptor 

optineurin to promote autophagy of mitochondria, a process termed mitophagy (Richter et al., 

2016b). TBK1 is involved in pathogen clearance and contributes to cell-autonomous immunity 

through autophagic destruction of intracellular invading pathogens. Autophagic killing of 

mycobacteria in macrophages is mediated by TBK1-dependent production of a key 

proinflammatory cytokine, IL-1b (Pilli et al., 2012). Furthermore, the maturation of the 

autophagosome into the hydrolytic autophagolysosome involves TBK1.  
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TBK1 phosphorylates the autophagic adaptor p62/SQSTM1 and coordinates the autophagic 

machinery leading to its degradation and its associated cargo (Pilli et al., 2012).  Damaged 

mitochondria undergo a form of autophagy referred to as mitophagy (Lockshin, 1977). The key 

role of mitophagy is keeping the cell healthy, promoting turnover of mitochondria and 

preventing accumulation of dysfunctional mitochondria which may lead to cell death (Pickrell 

and Youle, 2015).  Assembly of ubiquitin chains on damaged mitochondria activates the 

autophagy adaptor kinase TBK1, which phosphorylates autophagy adaptors optineurin, nuclear 

dot 52kDa protein (NDP52), and SQSTM1 to facilitate efficient mitophagy (Heo et al., 2015). 

Mitochondria recruit mitophagy receptors via ubiquitin binding and mediate autophagic 

engulfment by their involvement with microtubule-associated protein light chain 3 (LC3) 

(Moore and Holzbaur, 2016a). Effective autophagosome formation can be obstructed by 

inhibition or reduction of TBK1 or OPTN, which indicates that TBK1 and OPTN are required in 

mitochondrial response to stress as they have a role in functional redundancy among 

mitophagy receptors and efficient sequestration of damaged mitochondria. Therefore ALS/FTD-

linked mutations in TBK1 and OPTN could delineate a major pathophysiological mechanism 

leading to neurodegenerative disease via dysfunctional autophagy (Moore and Holzbaur, 

2016a). 
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1.4       Optineurin 

 The OPTN gene is located on chromosome 10p13 and contains 3 noncoding exons and 13 

coding exons. It encodes a 577 amino acid coiled coil adaptor protein optineurin, which 

interacts with many other proteins. The protein has 2 coiled coil domains in the N-terminal 

region, and a third coiled coil domain, ubiquitin binding domain (UbBD) and zinc finger domain 

in the C-terminal region (Figure(1.2).  These functional domains interact with many partner 

proteins such as TBK1 (through amino acids 1-127), RAB8 (58-209), LC3 (through amino acids 

150-168) and MYO6 (through amino acids 412-520) (Weil et al., 2018, Wild et al., 2011, Shen et 

al., 2015) (see Figure(1.4).  

 

OPTN also interact with itself forming a homo-hexamer (Ying et al., 2010). The stable autophagy 

OPTN-TBK1 hetero-tetramer complex forms by the interaction of OPTN N-terminal domain with 

TBK1 C-terminal domain (Li et al., 2018). Both UbBD and CCD3 in OPTN are essential for binding 

to polyubiquitinated inclusion bodies (Shen et al., 2015).   
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Figure 1.4 Structure of OPTN. Figure shows the locations of coiled coil domain1 (CCD1), coiled coil domain 2 
(CCD2), ubiquitin binding domain (UbBD), coiled coil domain 3 (CCD3) and zinc finger domain (ZF). The TBK1-
binding domain in the N-terminal region of OPTN is indicated.  
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1.4.1 OPTN mutations in disease 
 

Mutations in the OPTN gene cause many clinical phenotypes including Adult-Onset Primary 

Open-Angle Glaucoma (POAG) (Rezaie, 2002), normal tension glaucoma (NTG) (Toda et al., 

2003), ALS (Maruyama et al., 2010a) and ALS with FTD (Feng et al., 2019, Deng, 2011). Also, as 

mentioned earlier OPTN been associated with TBK1 to cause ALS with or without FTD (Pottier et 

al., 2015b). Additionally, a GWAS study identified some OPTN variants that were associated 

with Paget's disease of bone (Omar M E Albagha1, 2011). Although mutations in OPTN are 

associated with degenerative disease, the mechanism of pathogeneses is not fully understood.  

Mutations in OPTN include missense, nonsense and deletions in its functional domains. NTG 

can also be caused by duplication of TBK1 (Kawase et al., 2012). Mutations associated with 

ALS/FTD can be dominantly or recessively inherited (Ying and Yue, 2012, Gotkine et al., 2021). 

Even though the majority of ALS mutations are located in C-terminal region of OPTN which is 

not responsible for TBK1 binding, they still may impair autophagy (Zhu et al., 2007, Maruyama 

et al., 2010a, Li et al., 2016).   

 

1.4.2 OPTN function 
 

OPTN has many binding partners that are involved in a range of cellular processes and 

pathways including autophagy, inflammation, antiviral signaling, and protein aggregation. OPTN 

plays role in selective autophagy (mitophagy and xenophagy) as a ubiquitin-binding autophagy 

receptor due to its polyubiquitin binding ability (Weil et al., 2018). The process of mitophagy 

involves the activation of PINK1-parkin that mediates the phosphorylation of OPTN via TBK1 on 

the damaged mitochondria leading to autophagosome formation (He et al., 2017).  Additionally 

upon infection TBK1 phosphorylates OPTN and enhances an interaction with microtubule-

associated proteins 1A/1B light chain 3B (LC3) that stimulates autophagic clearance of the 

pathogens (Wild et al., 2011). It was suggested that non-phosphorylated OPTN binds protein 

aggregates via its ubiquitin binding domain before being phosphorylated by TBK1 leading to the 

recruitment of LC3 and activation of autophagy.   
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Depletion of OPTN in an in vitro study results in an increase of SOD1 aggregation suggesting the 

role of OPTN in autophagic degradation of protein aggregates(Korac et al., 2013).  

OPTN is also involved in inflammatory signaling by NFκB and IRF3. During bacterial infection 

xenophagy triggers the recruitment of both OPTN and NEMO that induce IKK activation and 

NFKB signaling (Noad et al., 2017). OPTN and NEMO share sequence homology in their UbBDs, 

however OPTN is not sufficient to fulfil the role of NEMO in activating NFκB signaling (Zhu et al., 

2007). OPTN competes with NEMO to bind polyubiquitinated receptor-interacting protein (RIP), 

a process which is thought to dampen NFKB activation in response to TNFα.  Bone-marrow-

derived macrophages from optn-/- mice showed a decrease in neutrophil recruitment and 

reduced TNFα and IL6 expression level when infected with Citrobacter colitis and E. coli 

peritonitis. Similar findings were also observed in optn knockdown zebrafish infected with 

pathogens (Chew et al., 2015). The tumour suppressor deubiquitinase CYLD (CYLD Lysine 63 

Deubiquitinase) is an optineurin-interacting protein that regulates TNFα induced NFκB 

activation (Nagabhushana et al., 2011). OPTN mediates the interaction of CYLD with 

ubiquitinated receptor interacting protein (RIP) leading to the deubiquitination of RIP and 

inhibits TNFα induced NFκB activation. Interestingly a mutation in CYLD (M719V) that increased 

deubiquitinase activity caused a rare inherited form of ALS/FTD and was associated with 

inhibition of NFkB signalling and impairment of autophagy when overexpressed in cell 

culture(Dobson-Stone et al., 2020).  OPTN is also essential for IRF3 activation in the immune 

response. An OPTN knock-in mouse model that carries a C-terminal deletion shows a reduction 

in toll like receptor 4 (TLR4)-induced IFN-β (Munitic et al., 2013). Another study of bone marrow 

derived macrophages from the OPTN mouse model suggest that in response to 

lipopolysaccharide and poly(I:C) stimulation OPTN binds to polyubiquitylated species which 

activate TBK1 leading to the phosphorylation of IRF3 and IFNβ production (Gleason et al., 

2011). However, contrary to what has been suggested in vivo studies, in vitro studies suggest 

that OPTN negatively regulates IFNβ production in response to viral infection (Mankouri et al., 

2010). Additionally, an in vitro study suggested upregulation of TBK1 activation of NFkB 

signaling during mitosis, when CYLD and OPTN, both negative regulators of TBK1, translocate to 

the nucleus (Génin et al., 2015).  
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Clearly these regulatory pathways are complex and interconnected, and there are discrepancies 

found between in vivo and in vitro studies. However, the involvement of at least three genes 

that cause ALS/FTD in this pathway make it an important, but somewhat understudied area in 

ALS/FTD research. 

 

 

1.5      MAP3K14/NIK 

Mitogen-activated protein kinase kinase kinase  14 is also known as NFκB-inducing kinase NIK. 

MAP3K14 is a serine/threonine protein-kinase that is located on chromosome 17q21 in man 

and encodes a protein that shares sequence similarity with other MAPKK kinases. It has four 

major domains- a TRAF3 binding domain (amino acids 30-120) and a negative regulatory 

domain NRD (amino acids 121–318) in the N-terminal region, and a serine/threonine kinase 

domain (amino acids 390–660) and a non-catalytic region (NCR, amino acids 661-947) in the C-

terminal  region (Xiao and Sun, 2000) and (see Figure(1.5).   
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Figure 1.5 Structure of MAP3K14. Figure shows the locations of the TRAF3 binding domain, negative regulatory 
domain NRD, kinase domain and non-catalytic region NCR.  
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1.5.1 MAP3K14/NIK mutations in human disease 
 

Biallelic loss of function mutations (Pro565Arg and Val345Met) in MAP3K14 causes patients to 

present with recurrent infections that progress to the development of various malignancies.  

(Willmann et al., 2014) (Schlechter et al., 2017). These mutations reduce the kinase function of 

MAP3K14 causing a significant reduction in phosphorylation of IkappaB kinase-alpha (IKKα).   

 

1.5.2 MAP3K14 function 
 

Initial studies indicated the role of MAP3K14 in activating NFκB however disruption of 

MAP3K14 had no effect on the activation of the IKK complex p65 and p50, thus it did not impair  

canonical NFκB signaling (Yin, 2001). It was later demonstrated that MAP3K14 has an essential 

role in upstream regulation of the noncanonical NFκB pathway (Pflug and Sitcheran, 2020). 

Stimulation of the noncanonical NFκB pathway activates MAP3K14 leading to phosphorylation 

of IKKα, which subsequently phosphorylated p100 to stimulate p52/RelB nuclear signaling (Sun, 

2012). In resting cells MAP3K14a levels are tightly regulated to limit noncanonical signaling. 

One mechanism involves TBK1 phosphorylation of MAP3K14 leading to its proteasomal 

degradation (Jin et al., 2012). In addition, canonical NFκB signaling plays a role in suppressing 

non-canonical NFκB signaling as NEMO deficient cells show an accumulation of MAP3K14 (Gray 

et al., 2014). 

MAP3K14 is a key player of the immune system as it has a crucial role in immune cell 

development and function. Alymphoplasia (aly) is a spontaneous autosomal recessive mutant 

mouse, which carries a point mutation in the C-terminal region of Map3k14 (Shinkura et al., 

1999). These mice show a reduction in viral control, adaptive immunity and antiviral CD8+T cells 

immunity when infected with virus suggesting a crucial role for Map3k14 in regulating the 

adaptive immune response to viral Infection, although failure of lymphoid organogenesis 

contributes to this phenotype (Hamdan et al., 2020). 
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1.6     Zebrafish disease models 

 

The zebrafish (Danio rerio) is a small teleost fish that was initially used for developmental 

biology, but has become increasing popular in all fields of biological science (Fishman, 2001). 

Zebrafish is the first vertebrate that can be used for in vivo genome-wide screening which was 

previously only possible in invertebrates such as fruit flies and nematodes. Due to the 

similarities between zebrafish and mammalian biology it has been described as 'the canonical 

vertebrate’ (Fishman, 2001, Rubinstein, 2003). 

While the zebrafish genome size is almost half that of human genome most gene families 

present in mammals are represented by one or more orthologues in the zebrafish (J. Wittbrodt, 

1998, Rubinstein, 2003). Due to ancient genome duplication events multiple copies of 

mammalian genes exist in zebrafish (J. Wittbrodt, 1998, Allan Force, 1998). The zebrafish 

provides multiple significant advantages over mammalian models, as it is less expensive, small, 

and contains organs and cell types similar to that of mammals with some notable exception. 

Furthermore, zebrafish produce hundreds of offspring which develop externally, and these 

embryos are transparent allowing easy visualisation of tissues and organs. These advantages 

have together endorsed phenotype-based genetic screening using zebrafish (Ahmed et al., 

2016, Rubinstein, 2003). 

On the other hand, using zebrafish to model human disease has some limitations; as mentioned 

earlier, some zebrafish genes have two copies of human disease genes instead of one(Kalueff et 

al., 2014). Unlike mammals, gender in zebrafish is not genetically determined, and zebrafish 

embryos lack the placenta(Lardelli, 2017). Some zebrafish skeletal and brain structures are not 

similar to the human, such as the head skeleton and the cortex, making it challenging to map 

their counterparts (Kalueff et al., 2014, Bruneel and Witten, 2015). As zebrafish used to study 

many neurodevelopmental diseases it is challenging to validate complex behaviours such as 

social behaviour since some of the symptoms cannot be fully recapitulated in zebrafish (Sakai et 

al., 2018). Additionally, when it comes to drug delivery, administrating water-insoluble drugs to 

zebrafish is an obstacle; also, the blood-brain barrier is similar to humans yet there are some 

differences in permeability of certain drugs (Kalueff et al., 2014). 
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 Different methods are available to disrupt zebrafish genes such as chemicals, irradiation or 

viral insertion and genome editing tools (Bandmann and Burton, 2010). Genome editing, 

or genome engineering, has contributed to creating animal models that resemble human 

diseases. Genome editing tools include clustered regularly interspaced short palindromic 

repeats (CRISPR), zinc finger nucleases (ZFNs) and transcription activator like effector-based 

nucleases (TALENs) (Richard, 2015). 

Numerous knock-out zebrafish models of neurodegenerative disease genes have shown 

phenotypes that resemble the severity and progression of the human disease (Bandmann and 

Burton, 2010). 

 Although human behaviours are different from those of zebrafish, the evolutionarily conserved 

nature of the central nervous system implies that human and zebrafish may share many 

phenotypes arising from conserved genetic and physiological factors (Kalueff et al., 2014).  

 

Several zebrafish models have been generated to study motor neuron disease genes such as 

sod1, tardbp and ccnf. Although most autosomal dominant forms of neurodegenerative 

diseases can arise via gain of function mutations, such as SOD1 and CCNF some dominant forms 

are thought to cause loss of function, such as mutations in TARDBP(Ramesh et al., 2010, Hogan 

et al., 2017, Hewamadduma et al., 2013).  

These zebrafish models have motor neuron phenotypes that mimic those observed in human 

ALS patients.  A zebrafish transgenic model overexpressing mutant sod1 shows several motor 

neuron phenotypes which includes a defect at the neuromuscular junction, loss of spinal cord 

motor neurons, muscle atrophy, reduced swimming endurance, incomplete paralysis and 

eventually premature death (Ramesh et al., 2010). Knockdown of tardpb1 in zebrafish causes a 

motor phenotype, which includes shortening of the motor axons, a movement defect and 

premature death (Hewamadduma et al., 2013). Axonopathy is a common phenotype in ALS 

zebrafish models and has been recently characterised in a mutant ccnf overexpression model. 

The gain of function mutation in ccnf zebrafish disturbed the cell death pathway and damaged 

axonal outgrowth, resulting in reduced motor function in zebrafish (Hogan et al., 2017). 
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1.6.1 TBK1 Disease Models 
 

 
TBK1 is highly conserved across species. The human TBK1 protein shares 94.10% homology with 

the mouse (Mus musculus) orthologue and 71.39% with the zebrafish (Danio rerio) orthologue 

(NM_001044748.2_ NP_001038213.2) (see Figure (1.6). Understanding TBK1 function in 

pathways such as autophagy, NFκB and inflammation has come from in vitro manipulation of 

TBK1 in cell culture. However in vivo phenotypes associated with human TBK1 mutations have 

not been forthcoming (Ahmad et al., 2016) although Tbk1 deficient mouse models have 

contributed greatly to our understanding of TBK1 function, the characterisation of TBK1 

function in vivo remains a major task, as homozygous Tbk1 knockout mice are embryonic lethal 

due to severe hepatic tissue apoptosis at embryonic day 14.5 (Hemmi et al., 2004).  

Finding an alternative animal model that could survive homozygous TBK1 deficiency is 

beneficial, and although mammalian models share more similarity with humans and have many 

advantages, they are costly, more difficult to manipulate embryonically, and cost-limiting for 

large-scale genetic studies (Chau et al., 2008). Therefore, alternative vertebrate studies should 

be prioritised in a different model organism. 

 

1.6.1.1      tbk1 in zebrafish 

 

 Zebrafish tbk1 has a single orthologue located on chromosome 4, and contains a 3025 base 

pair transcript encoding a 727 amino acid protein (NM_001044748; NP_001038213). According 

to a Clustal Omega alignment, zebrafish tbk1 protein has a high degree of identity with human 

and mouse proteins (71.39% with human and 71.11% with mouse), (see Figure (1.6).  tbk1 in 

zebrafish has a conserved kinase domain, and a conserved ubiquitin like domain (Chi et al., 

2011). High sequence identity and conserved domains suggest a conserved or similar function 

despite a large evolutionary distance (Pearson, 2013). There is some evidence to support a 

conserved role for zebrafish tbk1 in regulating IFN signaling (Li 2017), but to date a zebrafish 

tbk1 knockout has not been reported. 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001044748.2?report=GenBank
http://www.ncbi.nlm.nih.gov/protein/NP_001038213.2?report=GenPept
http://www.ncbi.nlm.nih.gov/nuccore/NM_001044748
http://www.ncbi.nlm.nih.gov/nuccore/NP_001038213
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Figure 1.6 Protein sequence alignment of zebrafish, human and mouse TBK1. Alignment of zebrafish (top 
sequence) human (middle sequence) and mouse (bottom sequence) TBK1 proteins using ClustalW2 software 
showed 71% homology between the two orthologues. Conserved regions are shown as follows: The black line is 
the kinase domain, the purple line is the ubiquitin like domain, the blue line is the coiled coil domain 1, the navy 
line is coiled coil domain 2 and the red line is OPTN binding domain. The position of the CRISPR induced mutation is 
highlighted in yellow. 
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1.6.1.2      Generating a loss of function tbk1 zebrafish 

 

CRISPR-Cas9 is a natural immune mechanism found in bacteria as a response to viral infection 

where Cas9 cleaves the viral DNA at specific sites (Ran et al., 2013). The repair of the double 

strand breaks that are generated is error prone, which leads to introduction of an 

insertion/deletion (Ran et al., 2013). In the CRISPR-Cas9 genome editing method a short guide 

RNA (gRNA) directs Cas9 endonuclease to cut the genome at a specific location in the presence 

of a protospacer adjacent motif (PAM) that mediates the cleavage of double stranded DNA 

(Riordan et al., 2015). A custom gRNA is needed to target each genomic region in CRISPR-Cas9 

genome editing.  In the lead up to this project, work in our laboratory used a gRNA targeting 

exon 10 of zebrafish tbk1 to introduce a loss of function mutation as a frameshift mutation (for 

example c.1349_1352delTTAA p.Ile450LysfsX15 (Freischmidt et al., 2015), present in the CCD1 

of an ALS patient. A 5 bp deletion (c.1227_1231delCCTGG, p.D409Efsx10 )was introduced in 

exon 10 of the tbk1 gene that causes a frameshift mutation resulting in a premature stop codon 

(see Figure (1.7).  A stable line (tbk1SH570) of zebrafish carrying this loss of function mutation has 

been raised in our aquarium.  
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Figure 1.7 Introduced mutation in zebrafish tbk1 gene. Top line represents the tbk1 wild type cDNA and amino 
acid sequence the yellow highlighted sequence is the 5 bp deletion. Bottom line represents mutant tbk1 cDNA and 
amino acid sequence that leads to the premature stop codon c.1227_1231delCCTGG, p.D409Efsx10. 
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1.6.2 OPTN disease models 
 

The human OPTN gene shares 78.63% similarity with the mouse OPTN and 41.19% with 

zebrafish see (Figure(1.8).  Current understanding of OPTN function comes from in vivo and in 

vitro studies. OPTN in vivo disease models have been used to study many diseases such 

Parkinson’s disease, normal tension glaucoma, ALS and FTD. An Optn knockout mouse model 

was significantly more prone to pathogen infection which was attributed to a reduction in 

proinflammatory cytokine expression (Chew et al., 2015). Overexpression of the OPTN E50K 

mutation that is found in patients with NTG in a mouse model led to retinal degeneration 

similar to the glaucoma phenotype (Chi et al., 2010). A homozygous Optn deficient mouse 

model showed loss of hypoglossal motor neurons that led to degeneration of the respiratory 

motor unit and demonstrated respiratory deficiency under hypercapnic and hypoxic stress 

(McCall et al., 2020).  
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Figure 1.8 Protein sequence alignment of zebrafish, human and mouse OPTN. Alignment of zebrafish (top 
sequence) human (middle sequence) and mouse (bottom sequence) OPTN proteins using Clustal software showed 
78.63% identity between human and mouse and 41.19% identity between human and zebrafish. The green line is 
coiled coil domain 1, the black line is the TBK1 binding domain, the purple line is coiled coil domain 2, the light blue 
line is coiled coil domain 3, the red line is ubiquitin binding domain, and the blue line is zinc finger domain. 
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1.6.2.1 optn in zebrafish 

 

In zebrafish optn has singel orthologue located on chromosome 4 with one non-coding and 13 

coding exons that encode a 517 amino acid peptide ENSDART00000014036.11. A zebrafish optn 

morpholino model shows motor axonopathy similar to what has been observed in other ALS 

zebrafish models. Furthermore, optn reduction in a sod1 G93A zebrafish model specifically 

enhances the axonopathy phenotype (Korac et al., 2013). A loss of function optn zebrafish 

model optnSA0143 that carries a null mutation (p.L278X) has been generated as part of the 

Zebrafish Mutation Project at the Sanger Institute (Paulus and Link, 2014). This model didn’t 

demonstrate a strong ALS-like phenotype but altered axonal trafficking and an increase in cell 

death were reported. Interestingly the authors say they were unable to demonstrate 

upregulation of NFK 

B target genes (casp8, tp53, rela, tnfα and ikbaa) using qRT-PCR, however this data was not 

shown in the published paper. 

 

1.6.3  MAP3K14 disease models 
 

The human MAP3k14 protein shares 84% similarity with mouse map3k14 and 37% with 

zebrafish map3k14a see (Figure (1.9).  As mentioned previously, loss of MAP3K14 function in 

humans leads to immunodeficiency that presents with repeated infections, and patients 

develop tumours. There are mouse models that mimic this effect, such as the spontaneous 

mutant carrying a p.G855R mutation (Shinkura et al., 1999, Reiko Shinkura1* and Katsumi 

Kogishi2, 1999) 

https://www.ensembl.org/Danio_rerio/Transcript/Sequence_Protein?db=core;g=ENSDARG00000002663;r=4:8016457-8027318;t=ENSDART00000014036


53 

 

 



54 

 

Figure 1.9 Protein sequence alignment of zebrafish, human and mouse map3k14. Alignment of zebrafish (top 
sequence) human (middle sequence) and mouse (bottom sequence) map3k14 proteins using Clustal software 
showed 84% between human and mouse and 37% similarity between human and zebrafish. black line is the TARF3 
binding domain, green line is negative regulatory domain, purple line is kinase domain, and light blue line is non 
catalytic domain 
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1.6.3.1 MAP3K14a in zebrafish 

 

The zebrafish information network (ZFIN) has two protein-coding genes MAP3K14A and 

MAP3K14b. However, MAP3K14b poorly characterised, so we focused on map3k14a. Zebrafish 

map3k14a is located on chromosome 3 with one non-coding and 15 coding exons that encode 

an 825 amino acid peptide  ENSDART00000151236.3. A recent study on map3k14a in zebrafish 

(Chen et al., 2020) demonstrates, using the zebrafish ZF4 cell line, that map3k14a mediates 

IRF3 and NFκB activation in response to viral infection. They show by immunoblot analysis that 

transfected map3k14a phosphorylates IRF3 but not IRF7, and then used qRT-PCR to 

demonstrate significantly increased of ifn1 and isg15 mRNA expression level after 

transfection. On the other hand, when map3k14a was silenced, it led to decreased ifn1 and 

isg15 mRNA expression levels. Additionally, using a luciferase reporter assay they demonstrated 

that transfected map3k14a activates a NFκB reporter gene. Furthermore, knocking down 

map3k14a using morpholinos inhibited the antiviral response in zebrafish embryos when 

infected with spring viremia of carp virus, and was associated reduced mRNA levels of ifn1 and 

isg15. As the authors point out zebrafish map3k14a has poor conservation with at the amino 

acid level, however the kinase domain seems well conserved, which is consistent with the effect 

on phosphorylation and gene expression. The N-terminus is particularly poorly conserved, but 

importantly the critical TRAF3-binding motif ISIIAQA is well conserved in zebrafish, suggesting 

the orthologue may fully recapitulate the functions of the mammalian protein. 

 

 

 

 

 

 

 

 

 

https://www.ensembl.org/Danio_rerio/Transcript/Summary?db=core;g=ENSDARG00000074060;r=3:37707432-37742595;t=ENSDART00000151236
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1.7    Research questions 

 

 

1) Does tbk1 mutation cause an ALS/FTD like phenotype in zebrafish?  

If the tbk1 frameshift mutant zebrafish is a model of ALS/FTD we predict to see symptoms in 

both tbk1 heterozygous and homozygous mutants, reminiscent of the human disease.  For 

example, defects in motor neuron function causing altered swimming behaviour are common in 

ALS zebrafish models and altered social and swimming behaviour may indicate changes 

reminiscent of FTD. 

 

 

  

2) Which mechanisms are associated with the phenotype? 

Loss of function mutations in the tbk1 gene lead to neuroinflammatory/neurodegenerative 

disorders of the central nervous system such as ALS and FTD. As described previously the 

disease phenotypes arising from mutations in tbk1 might be mediated through several different 

mechanisms, namely dysfunctional autophagy, NFκB or IRF-3 signaling. To investigate these 

mechanisms, we aim to characterise autophagy, NFκB and IRF-3 pathways in the tbk1 zebrafish 

model and determine their involvement in driving the phenotypes observed in the model. This 

will provide crucial information about which pathway(s) should be targeted for effective 

therapeutic intervention in ALS/FTD patients with tbk1 mutations. 
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1.8    Aims and hypothesis 

 

We hypothesise that loss of function of tbk1 leads to ALS/FTD through defects in autophagy, 

NFκB or IRF-3 pathways.  

To test this hypothesis, we will: 

1) Characterise the ALS/FTD phenotype of the tbk1 zebrafish model 

2) Establish assays to quantify autophagy, NFκB and IRF-3 function and quantify these in 

control and tbk1 mutant siblings 

3) For any pathways where we find a defect, we will attempt a rescue experiment of the 

pathway and determine whether this rescues the ALS/FTD phenotype. 

 

In this way we hope to identify the critical pathways that are related to tbk1 mutation in vivo 

and lay the foundation for developing therapies for tbk1 mutation carriers in the clinic. 
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Chapter 2 
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2. Materials and Methods 

2.1  Materials 

The following materials have been used during the study. 

2.1.1  Behavioural Analysis 

 

12 well cell culture plates (Greiner Ltd, UK) Catalogue number #665180 

24 well cell culture plates (Greiner Ltd, UK) Catalogue number #662160 

96 well cell culture plates (Bio-One Ltd, UK) Catalogue number #655180 

 

2.1.2 Molecular Biology 

 

TAE buffer: (40 mM Tris-acetate, 1 mM EDTA) 

96 well PCR plate: (4titude, UK) Catalogue number #4ti-0741 

Agarose, Molecular Grade 500g (BIOLINE) Catalogue number #BIO-41025 

Chloroform: (Sigma 650498-1L, UK) 

DNA Markers: Hyper Ladder V (25bp), Hyper Ladder IV (100bp) (Bioline Ltd, UK). 

Ethidium Bromide: (10mg/ml) from Sigma 

Exonuclease I: (New England Biolabs, UK) 

PCR plate seal: eXTReme Seal from EXCEL Scientific, Catalogue number #XTR100 

PCR plate caps: 4titude Strips of 8 flat optical clear caps Catalogue number #4ti-0751 

PCR Reaction Mix: 5x FIREPol Master mix ready to load (Solis BioDyne, Estonia) Catalogue 

number #04-12-00s15 

Primers: From IDT 

Guide RNA: Sigma 

Cas9 enzyme: New England Biolabs, UK  

Quick Extract: (Lucigen, UK) Catalogue number # QE09050 

Restriction enzymes: New England Biolabs, UK  

Reverse transcriptase reaction Mix: 5x qScript mix (Quanta-bio) Catalogue number #95048-100 
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q-RT PCR mix: 5x FIREPol EvaGreen qPCR supermix (Solis BioDyne, Estonia) Catalogue number 

#08-36-00008 

HRM mix: 5x Hot FIREPol EvaGreen HRM mix (No ROX) (Solis BioDyne, Estonia) Catalogue 

number #08-31-00001 

Shrimp Alkaline Phosphatase: (New England Biolabs, UK) 

Trizol: ambion by life technologies Catalogue number #15596026 

 

2.1.3 Primer oligonucleotides  

 

IDT is the supplier for all the primers, we used primer3 https://primer3.ut.ee/ to design all the 

primers except for optn (Paulus and Link, 2014), il-6 and il-8 (Kasica-Jarosz et al., 2018), ifnφ1, 

isg15 and mxa (Hamilton et al., 2020), β acti n(Podlasz et al., 2012) and eef1a1b (Bai et al., 

2016). The specificity of primers was confirmed using UCSC in silico PCR tools 

https://genome.ucsc.edu. 

 
Table 2. 1 of zebrafish Genomic DNA primer sequences 

Primer name Direction Sequence 5' →3' product 
length (bp) 

tbk1-Exon10-1  Forward TGTAAAACGACGGCCAGT CGCCGCTACTGTTGAAGAGA 256 

Reverse TTGATTCAGTTTGATTCAGTGTTGA 

tbk1-Exon10-2  Forward TGTAAAACGACGGCCAGT TCATGCTCCTGTGCAGAGAC 358 

Reverse TTCAATTCAGCTCATAAGAGAATCA 

tbk1 Exon 4-1  Forward TGTAAAACGACGGCCAGT AGTGGACGTCAAGCAGAACT 233 

Reverse TGAACTTGTATTAATCCTGTGTTATTAC 

tbk1 Exon 4-2  Forward TGTAAAACGACGGCCAGT GCTAATGATGCGGTGTTGTG 214 

Reverse TGTGTGTGTGTGGTGAACTTG 

optn Exon9  Forward CCCATCTCCTGCTTTGTCTTCAGATCCAAAGATT 140 

Reverse ATCGCCGCTTGGAGGCTTTCC 

map3k14a-
Exon4  

 Forward TGTAAAACGACGGCCAGT TGCGGTTTACATGTTTTGTGA 256 

Reverse TGTTTTTACAATTTTCATCAGTTGTT 

map3k14a-
Exon5  

 Forward TGTAAAACGACGGCCAGT CCAGTGTTCTTCAGCAGCAA 158 

Reverse TTCAGCTCCTCGCTCTCTTC 

map3k14a-
Exon11  

 Forward TGTAAAACGACGGCCAGT CATCTCTGCGTAGGCGTAAA 174 

Reverse AAGGAGAGCTCTTTGGCAGA 

map3k14a-
Exon12  

 Forward TGTAAAACGACGGCCAGT AAAACCATACATGTACAAATTACTGC 233 

Reverse CGTCAGCCTTGTTCCTCTTC 

 

https://primer3.ut.ee/
https://genome.ucsc.edu/
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Table 2. 2 of zebrafish c.DNA primer sequences 

Primer 
name 

Direction Sequence 5' →3' product 
length 

(bp) 

Primer 
concentration  

tbk1  Forward ACATCACTCCGTCCCATCAG 94 5 nm 

Reverse CTGGAGGTCTTGGGAAAGGT 

map3k14a  Forward AGCATCAAAGACAAAGGCACA 199 5 nm 

Reverse AAGAGTTCCACCACCTGAGG 

tnfα  Forward TGAGAGATCGCATTTCACAAGG 277 10 nm 

Reverse CTGAAGAAAAGGCCTGGTCC 

il1β  Forward GCTGGAGATCCAAACGGATA 114 10 nm 

Reverse ATACGCGGTGCTGATAAACC 

il6  Forward TCAACTTCTCCAGCGTGATG 73 2.5 nm 

Reverse TCTTTCCCTCTTTTCCTCCTG 

il8  Forward GTCGCTGCATTGAAACAGAA 253 1.25 nm 

Reverse AGGGGTCCAGACAGATCTCC 

ifnφ1     Forward ACGGCAGCCTGAAATACGTT 241 10 nm 

Reverse GTCCTCCACCTTTGACTTGT 

isg15  Forward AACTCGGTGACGATGCAGC 124 10 nm 

Reverse TGGGCACGTTGAAGTACTGA 

mxa  Forward GACCGTCTCTGATGTGGTTA 207 10 nm 

Reverse GCATGCTTTAGACTCTGGCT 

eef1a1b  Forward GGATTGCCACACGGCTCACATT  177 5 nm 

Reverse GGTGGATAGTCTGAGAAGCTCTC 

β actin   Forward CTCTTCCAGCCTTCCTTCCT 247 10 nm 

Reverse CACCGATCCAGACGGAGTAT 

 

 

2.1.4 Zebrafish 

 

Zebrafish strains are listed in Table2.3. 

E3 medium: 5mM NaCl; 0.17mM KCl; 0.33mM CaCl2; 0.33mM Mg2SO4; 0.1mg/l Methylene 

Blue in dH2O 

Tricaine methane sulfonate (MS222) (Sigma, UK):100-200mg/l 

L-Rotifers (Brachionus plicatilis) cultured in salt water and fed an algal mix consisting of 

Nannochloropsis which contains nutrients perfect for fry growth / health. 

Table 2. 3 Zebrafish strains 
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Strain Reference  

Wild type AB Zebrafish International Resource Center (ZIRC) 

Wild type Nacre (Lister et al., 1999) 

NFKB; GFP (Kanther et al., 2011b) 

MXA;Mcherry  (Levraud et al., 2007) 

optnSA0143 (Paulus and Link, 2014) 

 
 

2.1.5 Equipment 

 

Cold microcentrifuge: SciQuip 1-15PK from Sigma  

Centrifuge: ALC PK 120CWS from ANNITA 

Cordless handheld homogeniser Kimble 749540  

Data Viewer Zebrabox Viewpoint behaviour technology ZEBRALAB Digital tracking-1 Zebrabox- 

HIBW-newWizard 

Microscope: S6 E from Leica 

Scales: AND HM-120 Digital Analytical Balance 

Sigma Nano drop Spectrophotometer: ND-1000 & NanoDrop 1000 

Thermo-cycler: From G-STORM 

The Apex Minigrab microscopes camera  

UV illumination on a Syngene G: box 
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2.2 Methods  

 

2.2.1 Zebrafish Husbandry 

 

The University of Sheffield aquarium has a semi-closed system to maintain optimum conditions 

for zebrafish. Several filtration devices are utilised to obtain water quality for zebrafish, 

including a carbon filter, an ultraviolet steriliser, a pressurised sand filter, a fluidised sand filter 

and a biological filter. In addition, zebrafish are maintained in water with parameters similar to 

what is found in the wild i.e. 28°C temperature, pH 7.5, and a 14 hour light/10 hour dark cycle. 

Zebrafish are fed twice daily with live artemia, and zebrafeed 400-600 by sparos.  

Zebrafish fry between (5-10 dpf) are fed L-Rotifers if the fry has a particular phenotype and/or 

poor swim ability it would be fed longer. The rotifers themselves offer little nourishment but 

once enriched with the algal formula provide an excellent early life cycle diet for fry. 

 

2.2.2 Zebrafish breeding 

 

For both in crosses and out-crosses, a pair of zebrafish (male and female) were removed from 

holding tanks and placed in a breeding tank that contained a divider to separate them. The 

divider was removed the following morning to allow breeding. Several hours later zebrafish 

embryos were collected using a small strainer, rinsed in aquarium water, and then transferred 

to petri dishes containing E3. Any dead or unfertilised embryos were removed then embryos 

were sorted into batches of 60 per Petri dish containing approximately 50ml of E3. Zebrafish 

embryos were kept in a 28°C incubator up to 5.2 days post fertilisation (dpf).  

The tbk1 lines were crossed with the NFKB reporter line to facilitate identification of 

homozygous mutants on the basis of increased fluorescence (see chapter 3). Generated tbk1 

zebrafish lines are listed in table 2.4. 
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Table 2. 4 Generated tbk1 zebrafish lines 
ZEBRAFISH LINE  MUTATION  

TBK1SH570 D409Efsx10 
TBK1SH643 Glu109fsX20 
TBK1SH570 OPTNSA0143 D409Efsx10; L278X 

TBK1SH570 NFKB;GFP+/- D409Efsx10; NFKB;GFP+/- 

TBK1SH570 MXA;MCHERRY+/-  D409Efsx10; MXA;Mcherry+/- 

TBK1SH643 NFKB;GFP+/- Glu109fsX20; NFKB;GFP+/- 

TBK1SH570 TBK1SH643 D409Efsx10; Glu109fsX20 

TBK1SH570 MAP3K14A D409Efsx10;NA 

 

 

 

2.2.3 Zebrafish Euthanasia 

 

Zebrafish larvae older than 5.2 dpf were euthanised in 20μl of ice cold Tricaine and then frozen. 

Adult zebrafish were culled using Tricaine (4.2ml/100ml system water) for 20 min followed by a 

schedule 1 method (decapitation or freezing). 

 

2.2.4 Fin clipping 

 

Zebrafish were transferred into a tank containing Tricaine (4.2ml/100ml system water) and left 

for 1 minute until anaesthetised. Using a small spoon, a zebrafish was removed, and a small 

amount of tail fin tissue was obtained using a scalpel. Clipped tissue was placed in a 96 well 

plate-containing 20μl of QuickExtract per well. After clipping zebrafish were transferred to 

individual tanks labelled with the corresponding plate location. 
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2.2.5 CRISPR/Cas9 injection in Zebrafish embryos 

 

CRISPR Cas9 mix for scrambled and TBK1-Exon4 gRNA were prepared by adding: 

H2O    1μl 

Phenol red   1μl 

RNA tracer   1μl of 100μM 

gRNA    1μl of 100μM 

Cas9    1μl of 20μM 

 

TBK1-EX4 gRNA were designed using online resources from the Zhang Laboratory 

https://zlab.bio/guide-design-resources. 

Scrambled gRNA and MAP3K14a gRNA sequences were obtained from (Wu et al., 2018). 

tbk1-EX4 gRNA: TGAGGAACTCGTCCTCCGGC  

Scrambled gRNA: GCAGGCAAAGAATCCCTGCCG 

map3k14 gRNA Target_1: GCTGTCCTGTTCTGGCACTC  

map3k14 gRNA Target_2: AGTATCCATCCAGGAAACCG  

map3k14 gRNA Target_3: GGGATTTCTCTCAGTGGCGG  

map3k14 gRNA Target_4: GGACTACGCAGCCAAGTGAG  

 

CRISPR Cas9 mix for MAP3k14a were prepared by adding:  

H2O    1μl 

Phenol red   1μl 

RNA tracer   1μl of 100μM 

gRNA target_1  0.25μl of 100μM 

gRNA target_2  0.25μl of 100μM 

gRNA target_3  0.25μl of 100μM 

gRNA target_4  0.25μl of 100μM 

Cas9   1μl of 20μM 

https://zlab.bio/guide-design-resources
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2.2.5.1 Generating frameshift mutations in zebrafish 

 

After confirming the efficiency of the CRISPR Cas9 mutagenesis (see below), F0 zebrafish were 

raised to adulthood. F0 zebrafish were outcrossed with AB zebrafish then their progeny were 

screened for founders that transmit a frameshift mutation, then F1 offspring were raised to 

adulthood. Adult F1 were fin clipped to identify confirmed founders that carry a frameshift 

mutation. F1 founders were outcrossed with AB to generate F2 tbk1 heterozygous zebrafish.  

F2 tbk1 heterozygous zebrafish were in-crossed to produce F3 (wild type, heterozygous and 

homozygous) zebrafish. 

 

   

2.2.6 Zebrafish DNA Extraction 

 

Zebrafish samples, either fin clips or individual embryos <5.2dpf, were arrayed in 96 well-PCR 

plates. All E3 or system water was carefully removed with a pipette and discarded. 20μl of 

QuickExtract was added to each well and the plate was sealed with a film lid or caps. After a 

brief spin to bring the contents to the bottom of the wells, the plate was transferred to a 

thermo-cycler (G-Storm) and incubated at 65°C for 2 hours followed by 99°C for 2 minutes.  

DNA extracts were then diluted 1: 6 by adding 100ul deionised H2O (dH2O) to each well. For 

older larvae 30μl of QuickExtract was used and the DNA was diluted 1:400 in dH2O. 
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2.2.7 Zebrafish genotyping PCR 

 

A standard 10μl PCR reaction mix contains: 

dH2O    6.8μl 

5x FIREPol   2μl 

Forward primer (100μM) 0.1μl 

Reverse Primer (100μM) 0.1μl 

DNA Template  1μl 

 

An appropriate amount of master mix was made up on ice in a designated pre-PCR area and 

pipetted into a 96 well plate. Diluted template DNAs were added using a multichannel pipette 

and the plate sealed. 

 

Samples were amplified using a standard touchdown PCR programme: 

  

Denaturation   94°C for 3 minutes  

Touchdown (15 cycles)  94°C for 30 seconds 

65°C - 50°C for 45 seconds*  

72°C for 1 minute 30 seconds  

*decrease temperature by 1°C per cycle  

Conventional Cycles (30 cycles) 94°C for 30 seconds 

 

58°C for 45 seconds 

72°C for 1 minute 30 seconds  

Elongation    72°C for 10 minutes 

Store     10°C  
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2.2.7.1 Restriction digests of PCR products 

 

Genotyping of tbk1 and optn DNA samples takes advantage of restriction enzyme sites that are 

disrupted by the mutations. A standard digest mix is as follows: 

 

H2O             7.6μl 

10x appropriate buffer             2μl 

Enzyme (10 units/μ l)                        0.4μl 

PCR product              10μl 

 

Digests were incubated for 12 hours at the recommended temperature. 

BslI restriction enzyme was used for tbk1 genotyping.  

tbk1 Exon 10-1 the expected digested product sizes for wild type are 157 and 117 bp, 

heterozygous 274, 157 and 117 bp, and homozygous 274 bp. For tbk1 Exon 10-2 expected 

digested product sizes for wild type are 203 and 155 bp, heterozygous 358, 203 and 155 bp, and 

homozygous 358 bp.  

tbk1 Exon 4-1 the expected digested product sizes for wild type are 160 and 73 bp, 

heterozygous 233, 160 and 73 bp, and homozygous 233 bp. For tbk1 Exon 4-2 expected 

digested product sizes for wild type are 128 and 86 bp, heterozygous 214, 128 and 86 bp, and 

homozygous 214 bp. 

 

For optn genotyping a BstXI restriction enzyme digest was used. Expected digested product 

sizes for wild type are 110 and 30bp, heterozygous 140, 110 and 30bp, and homozygous 140bp. 
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2.2.8 Agarose gel electrophoresis 

 

PCR products and restriction digests were evaluated on 2-3% agarose gels as appropriate for 

the expected fragment sizes. A 2% gel was prepared by adding 3g of agarose to 150ml 1x Tris-

Acetate EDTA (TAE) buffer then the solution was heated in a microwave for 3 minutes. The 

agarose was cooled down to approximately 50C then 1.5μl of Ethidium bromide (0.2-0.5 

μg/ml) was added and mixed well. The agarose was poured into a 15cm electrophoresis tray, 

and 17 well combs were inserted before leaving the gel to solidify for 30 minutes. 

The gel was positioned into an electrophoresis tank containing 1x TAE buffer. 1.5µl of 100bp 

ladder (Hyperladder IV, Bioline) was loaded in each row next to the samples. The gel was run 

until DNA fragments were resolved, then images were captured under UV illumination on a 

Syngene G:box. 

 

2.2.9 Sequencing PCR products 

 

The forward PCR primers contain M13F extensions to facilitate sequencing using the University 

of Sheffield Core Genomics Service. Prior to sequencing the PCR is checked on an agarose gel, 

then 5µl of PCR product is prepared using exonuclease I and shrimp alkaline phosphatase 

treatment: 

PCR product        5µl 

H2O         3.95µl 

Exonuclease I (New England Biolabs, UK)    1µl 

Shrimp Alkaline Phosphatase (New England Biolabs, UK)               0.05 µl  

Samples are incubated at 65°C for 45 minutes then 80°C for 15 minutes. At this point samples 

were handed to the Core Genomics Facility, who returned the data as ab1 files. Raw sequence 

data was analysed using the https://benchling.com website, and sequences were aligned 

against Ensembl reference sequences tbk1: ENSDART00000163280.2 and map3k14a: 

ENSDART00000151236 

 

about:blank
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2.2.10 High resolution melt (HRM) analysis  

 

HRMA was used to test CRISPR Cas9 efficiency to introduce mutations in exon 4 of tbk1, and 

exons 4, 5, 11 and 12 of map3k14a. 

HRM 10μl PCR reaction mix contains: 

H2O                 6μl 

5x Hot FIREPol HRM Mix  2μl 

Forward primer   0.5μl 

Reverse primer   0.5μl 

DNA template    1μl 

 

 

 

HRM cycling parameters as following: 

Initial denaturation   95°C for 15 minutes 

Conventional Cycle (40 cycles)  95°C for 15 seconds 

60°C for 30 seconds 

72°C for 30 seconds 

      PCR plate read 

Denaturation    95°C for 30 seconds 

Heteroduplex formation   60°C for 1 minute Ramp 0.1°C/cycle 

Duplex Melting (150 cycles)  65°C to 95°C for 10 seconds*  

*Increase temperature by 0.2°C/minute 

PCR Plate read     

Hold      10°C 
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2.2.11 Assessment of larval swimming behaviour 

 

Swimming behaviour of zebrafish larvae at different ages was conducting using a Zebrabox 

system (Viewpoint, France). For 5 day old zebrafish 96 well plates (Bio-One Ltd, UK, Catalogue 

number #655180) were used. For 8, 14 and 19 day old larvae 24 well plates (Greiner Ltd, UK, 

Catalogue number #662160) were used. For 12 day old zebrafish 12 well plates (Greiner Ltd, 

UK, Catalogue number #662160) were used. Zebrafish were arrayed into plates in the period 

immediately prior to experiments.  A repeat of three independent experiments were conducted 

for each time point and zebrafish line expect for tbk1SH640 for which only one experiment was 

conducted.  

2.2.11.1 Zebrafish viewpoint protocol for swimming behaviour 

 

All behavioural tests were conducted between 9.00AM and 6.00PM.  

After initiation the Zebrabox was allowed to equilibrate for 30 minutes before commencing 

experiments. Zebrafish arrayed in plates were individually acclimatised to the Zebrabox for 30 

minutes in light (10% intensity). The detection threshold was set according to the age of 

zebrafish in order to eliminate a reflection of the fish on the side of the wells. A threshold for 

fast movement was set at 6.4 mm/second and slow movement at 3 mm/second. To induce 

swimming and analyse behaviour we used the photomotor response method based on the 

Burton group protocol (Zhou et al., 2014) whereby zebrafish are induced to swim by switching 

from light to darkness. Our standard protocol consisted of: 

Acclimatisation: 30 minutes light 

5 minutes dark 

5 minutes light 

5 minutes dark 

5 minutes light 

5 minutes dark 

5 minutes light 

End 
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Throughout this period an infrared camera captured images at video frame rate (25Hz). 

Viewpoint software then integrated various movement parameters for each 5-minute period 

such as (distance, slow movement, fast movement and active duration). 

 

2.2.11.2 Statistical analysis of swimming behavior 

 

The following parameters were analysed: 

Active duration - the total time spent moving during a 5 minute period 

Slow movement - distance moved at a speed between 3 and 6.4 mm/second during a 5 minute 

period 

Fast movement - distance moved at a speed >6.4 mm/second during a 5 minute period 

Total distance- total distance moved in a 5-minute period  

For each embryo we calculated the average of each parameter across the 3 dark periods and 

the 3 light periods.  

After genotyping the embryos, we calculated the mean light and dark swimming parameters for 

each genotype. Experiments were repeated on several days to ensure reproducibility. 

One-way ANOVA was performed to determine significant differences at a 95% confidence 

interval, and Tukey’s multiple comparisons test was performed to determine significant 

differences between each genotype. All values in the graphs are shown as means +/- standard 

deviation.  

 

2.2.12 Viewpoint protocol for thigmotactic behaviour 

 

A repeat of three independent experiments were conducted for thigmotactic behaviour. 12 day 

old zebrafish were arrayed in a 12 well plate and acclimatised to the Zebrabox for 30 minutes in 

light (10% intensity) prior to the experiment. Detection threshold background was set to 36, in 

order to eliminate a reflection of the fish movement on the wells, while the threshold for fast 

movement was set at 6.4mm/sec and the slow movement at 3mm/sec.  
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Two areas were created to calculate swimming parameters, one covers the whole well (25mm) 

and the second covers just the centre of the well(1.5mm) 

To induce swimming and analyse behaviour we used the photomotor response method as 

described above.  

 

2.2.12.1 Statistical analysis of thigmotactic behavior 

 

For each embryo we calculated the proportion of total time they spend swimming in the centre 

across the 3 dark periods and the 3 light periods. After genotyping the embryos, we calculated 

the mean light and dark swimming parameters for each genotype. Experiments were repeated 

on several days to ensure reproducibility. 

 

2.2.13 RNA extraction 

 

RNA was extracted from 5 and 12 day old zebrafish embryos after genotyping.  We performed 

tail biopsies on anaesthetised embryos under a dissecting microscope. Tails were arrayed in a 

96 well plate and processed for DNA extraction, PCR and restriction digest as described in 

sections 2.2.2-2.2.4. The rest of the larvae were placed in individual tubes containing 20µl of 

TRIZOL and stored at -80°C until needed. When the genotyping was complete a sample of 10 

zebrafish in Trizol were pooled in tubes according to the genotype. The samples were 

homogenised using a handheld homogeniser. RNA was extracted using phenol-chloroform (0.2x 

of Trizol volume) and centrifugation at 4°C for 15 minutes at 12000g to separate RNA into the 

aqueous phase, which was transferred into RNAse free tubes. 100% isopropanol (0.2x of Trizol 

volume) was added to precipitate RNA under centrifugation at 4°C for 15 minutes at 12,000g. 

The supernatant was removed, and the pellet was washed with 75% ethanol then centrifuged 

at 4°C for 5 minutes at 7,500g. After removing the supernatant, the pellet was dried at room 

temperature for 10 min. RNA was resuspended in 10µl RNAse free water, and the 

concentration and purity (OD260/280) was determined using a Sigma Nanodrop 

Spectrophotometer ND-1000. 
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2.2.14 cDNA synthesis 

 

Reverse Transcriptase was used to synthesise cDNA from RNA as follows: 

8μl of RNA (1μg) 

1μl of 10x buffer (NEB) 

1μl of Dnase1(NEB) 

Incubate at 37°C for 10 minutes 

Add 1μl of EDTA (2.5mM) and heat inactivate at 75°C for 10 minutes. 

Add the following to each sample: 

5μl of RNase free dH2O 

4μl of 5x qScript mix (Quanta-bio) (containing oligo dT and random hexamers) 

Vortex and spin-down 

Incubate at: 

22°C for 5 minutes 

42°C for 30 minutes 

85°C for 5 minutes 

Store at 4°C 

 

2.2.15 Quantitative Real time PCR (qRT-PCR) 

 

All primers were optimized for qPCR to establish optimal concentrations without primer-dimers 

or non-specific amplification products. Primers were initially diluted to a 100μM concentration 

were subsequently tested at the following dilutions: 10μM, 5μM, 2.5μM and 1.25μM. cDNA 

was subsequently diluted to between 1/5 to 1/78125 to optimise and determine the optimum 

template input, by analysing the standard curve that has a CT value lower than 35, an efficiency 

close to the range of 90-110% and a ratio of sample to dye around 0.95 or more.  

Three groups of independently collected samples and a reference gene were included in each 

experiment to calculate the relative mRNA level. eef1a1b was used as a reference gene for tbk1 

and map3k14a while β actin used as a reference for tnfα, il1β, il6, il8, ifnφ1, isg15 and mxa. 
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A standard 10μl qPCR reaction mix contains: 

H2O       6μl 

EVA green      2μl 

Forward primer (varying concentrations)  0.5μl 

Reverse Primer (varying concentrations)  0.5μl 

cDNA Template     1μl 

 

An appropriate amount of master mix was made up on ice in a designated pre-PCR area and 

pipetted into a 96 well plate. Diluted template c.DNAs were added using a multichannel pipette 

and the plate sealed. 

 

Samples were amplified using a standard RT-qPCR programme: 

  

Denaturation                         95°C for 10 minutes 

Conventional Cycles (39 cycles)          94°C for 30 seconds  

        60°C for 1 minute 

        72°C for 1 minute 

Plate read (60 cycles) 

Denaturation              95°C for 1 minute 

Annealing               65°C for 30 seconds 

Melt curve               65°C for 5 seconds (+0.5°C/cycle) 

Store                            10°C 

 

 

 

Bio-Rad CFX Manager software produced (Ct) values for each reaction and relative mRNA 

expression was calculated using this (Schmittgen and Livak, 2008) formula: 

Fold change = 2−(∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒−∆𝐶𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 
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2.2.16 Whole body weight and length of zebrafish 

 

Length was obtained from several age groups 14 dpf, 21 dpf, 6 months and 1 year old zebrafish 

using a millimetre scale ruler and weight was obtained using an analytical scale. 

  

2.2.17 Assessment of adult swimming behaviour 

 

Adult zebrafish were sorted in separate tanks according to their genotype, in each group we 

obtained the same number of males and females. It is very important not to feed the fish on 

the day of the experiment but feed them at the end of it. A swim tunnel that has a flow meter 

has been used to assess zebrafish swimming endurance and calculate critical swimming speed 

(Ramesh et al., 2010, Chapman et al., 2013).  Zebrafish were transferred to the swim tunnel and 

started to swim against water flow with initial speed of 6.57cm/s, water flow was increased by 

6.57cm/s every 5 minutes until the fish got exhausted and couldn't swim anymore. At this point 

the swimming time was recorded. At the end of the experiment, zebrafish were anesthetized, 

and body length and weight were obtained. The critical swimming speed calculated by using the 

following formula: 

Ucrit/body length = (Ui + (Uii(Ti))/Tii)/B 

Ui = the highest velocity maintained for a full 5 min period (cm/s) Uii = the velocity increment 

(6.57 cm/s) 

Ti = the time to exhaustion (s) 

Tii = the time interval (5 min) 

B = body length (cm) 

 A repeat of three independent experiments were conducted for the six month old tbk1SH570 

zebrafish but only two independent experiments were conducted for the one year old tbk1SH570 

zebrafish. 
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2.2.18 Shoaling swimming behaviour 

 

Three independent experiments were conducted for shoaling behaviour, and each time two 

groups were used.  21dpf zebrafish had been raised in separate tanks according to their 

genotype (tbk1+/+&+/SH5770 in one tank and tbk1SH570/SH570 in another) and shoaling behaviour was 

conducted using a Viewpoint Zebrabox system. A group of six zebrafish from the same 

genotype were placed in a concave watch glass plate (46mm diameter) with 3ml E3 water and 

acclimatised for 30 min before starting the shoaling analysis. 

  

Viewpoint Zebrabox Shoaling software was used to quantify 4 shoaling parameters (speed, 

polarisation, inter individual distance and nearest neighbour distance) every minute (Miller and 

Gerlai, 2007) through an infrared camera at video frame rate (25Hz).  The mean and a standard 

deviation were calculated for the total of 10 minutes. 
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3. Characterisation of tbk1 zebrafish  

 

3.1 Introduction  

 

Haploinsufficiency loss of function mutations in the human TBK1 gene cause ALS/FTD. We 

predict that point mutation or a frameshift mutation would resemble haploinsufficiency in the 

heterozygous model and a gene knockout in the homozygous one (De Majo et al., 2018). The 

TBK1 knockout mouse is embryonic lethal (Bonnard, 2000) which makes the development of 

alternative animal models an important area for research. We chose to investigate effects of 

tbk1 LOF mutations in a zebrafish model.  Our first aim was to characterise a newly generated 

zebrafish tbk1 mutant and investigate if it causes loss of function. Furthermore, we wished to 

see if mutant zebrafish show symptoms and phenotypes observed in ALS/FTD patients. In order 

to assess loss of function we looked at mRNA levels using quantitative PCR, as cells usually 

degrade mRNA that contain a premature stop codon by a mechanism called nonsense-

mediated mRNA degradation. Another major question was about the viability of the model and 

whether it would reach adulthood. In order to confirm our findings, we also generated a new 

tbk1 model targeting the kinase domain. 

Our second aim was to address whether tbk1 mutant zebrafish model showed a motor 

phenotype like ALS, or a behavioural phenotype like FTD. To address this, we performed a 

series of swimming studies to characterise motor function.  

Evaluating an FTD-like phenotype in zebrafish is challenging as there are no published FTD 

zebrafish models, and the structure of the human cortex is not particularly comparable with the 

zebrafish forebrain. However, we chose to look for abnormal behaviour which is a feature of 

some forms of human FTD. In particular we measured the effects of mutant tbk1 on larval 

zebrafish shoaling behaviour and thigmotaxis, which may mimic the behavioural FTD 

phenotypes seen in patients.  
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3.2     Genetic characterisation of tbk1SH570/SH570 zebrafish  

 

In order to investigate the effect of the tbk1 mutation in zebrafish we first sequenced 

tbk1SH570/+ in cross progeny to make sure they carried the expected mutation. 

 

3.2.1 Sequencing of tbk1SH570/+ in cross progeny 

 

Sequence analysis of tbk1 heterozygous in cross zebrafish progeny confirmed a 5bp frameshift 

deletion in exon10, c.1227_1231delCCTGG, resulting in a premature stop codon p.D409Efsx10 

(Figure (3.1). This was confirmed by restriction enzyme digestion with BslI. The mutation 

abolishes the BslI restriction site (see Figure (3.2). The frameshift introduces 10 novel amino 

acids and a stop codon downstream of amino acid 409. This is expected to cause either a loss of 

function mutation through nonsense-mediated degradation of the mutant transcript, or the 

generation of a truncated protein.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

 

 

 

 

Figure 3. 1 Sequence analysis of TBK1 mutant zebrafish. The top sequence is the ensembl reference sequence 
(ENSDART00000163280.2), the bottom sequence shows a homozygous deletion of CCTGG at position 1227 of the 
mRNA.  
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3.2.2 Genotyping tbk1SH570/+ in-cross progeny 

 

Genotyping analysis of tbk1 heterozygous in cross zebrafish progeny was performed to 

distinguish the wild type, heterozygous and homozygous offspring. The expected size of the 

PCR product using exon 10 primers Fw1 and Rv1 is 274 bp. BslI will digest the wild type allele at 

position 157 bp, giving rise to products of 157 & 117 bp. In mutants the BslI site is lost, so the 

PCR product will remain 274 bp. Therefore, BslI digest of heterozygotes will yield 3 bands of 

274, 157 and 117 bp (see Figure(3.2). 

 

In the course of these experiments, we observed a problem with PCR contamination, leading to 

amplification in the no template control. To overcome this issue new primers were designed 

that generate a 358 bp PCR product, which is digested to give bands of 155 & 203bp in wild 

type, but not digested in homozygotes. Heterozygotes give bands of 155, 203 and 358 bp (see 

Figure(3.3). 
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Figure 3. 2 Genotyping of tbk1 exon 10. a) Diagram depicting location of forward (FW1) and reverse (RV1) primer 
binding sites within the tbk1 gene, 5bp deletion (red letters) and BslI restriction site (highlighted in yellow, 
underlined A where the enzyme cuts). b) Gel image of tbk1 exon 10 genotyping, wild type gives bands of 157 & 117 
bp, heterozygous gives bands of 274, 157 & 117bp and homozygous gives a band at 274 bp. Positive controls (wild 
type, heterozygous, homozygous) and negative controls (no DNA template) were included. 
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Figure 3. 3 Genotyping of tbk1 exon 10. a) Diagram depicting location of forward (FW2) and reverse (RV2) primers 
binding sites within TBK1 gene, 5bp deletions (red letters) and BslI restriction site (highlighted in yellow, underline 
A is where the enzyme cut). b) Gel image of TBK1 exon 10 genotyping, wild type genotyping show one band at size 
203 & 155 bp, heterozygous bands 358, 203 & 155 bp and homozygous band at 358 bp. Positive controls (wild 
type, heterozygous, homozygous) and negative controls (no DNA template) were included. 
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3.2.3 Survival rate of tbk1SH570/SH570 zebrafish 

 

tbk1 homozygous knockout mice (see section 1.4) are embryonic lethal due to liver apoptosis 

(Marchlik et al., 2010). In order to determine whether the zebrafish tbk1 mutation is also 

embryonic lethal we determined viability of offspring obtained from a series of experimental 

tbk1SH570/+ in crosses obtained by marbling the same tank of tbk1SH570/+ fish over a number of 

weeks. Embryos were collected and randomly assigned to groups in batches of 60. These 

groups were then maintained for 7-35 days using standard husbandry, before being killed using 

tricaine, and genotyped. 

 
 
Table 3. 1 Frequencies of each genotype obtained from tbk1SH570/+ in crosses 

Age (days) n tbk1 +/+ tbk1SH570/+   tbk1SH570/SH570  

7 49 24.5% 51% 24.5% 

14 47 23% 45% 32% 

21 42 26.2% 57.1% 16.7% 

28 57 33% 51% 16% 

35 51 31% 55% 14% 

 

This experiment showed that 24.5% of progeny were homozygotes at 7 days, which is almost 

exactly the expected Mendelian frequency (25%). At 14 days homozygotes accounted for 32% 

of the fish, which is slightly higher than the Mendelian ratio, but not indicative of decreased 

survival. However, fish collected at 21, 28 and 35 days old all had less than 17% homozygotes. 

Therefore, we find evidence that during these experiments a proportion of the homozygous 

mutants are dying after 14 days of age. 
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3.2.4 tbk1 mutant zebrafish are smaller 

 

 

The mean weight and length of 14 day old tbk1 zebrafish was calculated for 5 wild types, 9 

heterozygotes and 9 homozygotes. One-way ANOVA for the weight shows a significant 

difference between groups (p<0.0001) and Tukey's multiple comparisons test shows significant 

difference between wild type and homozygous mutants (p=0.0120). Likewise One-way ANOVA 

for the length showed a significant difference between groups (p=0.0001) and Tukey's multiple 

comparisons test shows a significant difference between wild type and homozygous mutants 

(p<0.0001) (see Figure (3.4). In addition to the small size of 14 day old tbk1 homozygous 

zebrafish the 12 and 14 day old tbk1 homozygous lack the anterior swim bladder and they 

shows an empty gut compared to wild type and heterozygous siblings (see Figure (3.5). This 

suggests that tbk1 deficiency may cause broad developmental defects. 
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Figure 3. 4 Weight and length of tbk1 zebrafish larvae. a) Weight was significantly different between wild type 
and homozygous larvae (p=0.012) b) Length was significantly different between wild type and homozygous larvae 
(p<0.0001). 
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Figure 3. 5 Morphology of tbk1 larvae at different ages. Morphology of tbk1 larvae at different ages. a) 8 days 
old. b) 12 days old, homozygous lack anterior swim bladder and the gut is empty. c) 14 days old, homozygous are 
smaller in size, lack anterior swim bladder and the gut is empty. At all ages arrows are used to indicate the 
structures mentioned in the text. 
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3.2.5 Expression level of tbk1 mRNA during development  

 

We wished to establish the expression level of tbk1 during larval development, in order to 

understand more about the potential effect of loss of tbk1. Gene expression is often quantified 

at the mRNA level, particularly when there is no antibody available to measure protein levels. In 

order to evaluate tbk1 expression we collected embryos at the following developmental stages: 

16 cells, 50% epiboly, gastrulation, 1 dpf, 2 dpf, 3 dpf, 4 dpf, 5 dpf, 6 dpf, 7 dpf and 12 dpf. Total 

RNA was extracted from a pool of 10 whole body embryos per stage. cDNA was synthesised 

using a kit containing a mixture of oligo dT and random hexamers and we performed 

quantitative RT-PCR (qRT-PCR). A housekeeping gene, eukaryotic elongation factor 1 alpha 1b 

(eef1a1b) was used as a reference. qPCR of the target transcript tbk1 and the reference 

eef1a1b was carried out and relative mRNA levels were calculated using delta-delta Ct method.  

The data was then normalised with the level at 5 dpf being set to 1. (Figure (3.6) shows that 

tbk1 mRNA levels are high at the 16 cell stage, and then drop rapidly. This suggests maternal 

inheritance of tbk1 mRNA that is present in the oocyte. At 2 dpf there is an increase in 

expression, which seems to peak at 3 dpf, then reaches a steady state at 5-6dpf.  

 

 

 

 

 

 

 



90 

 

 

Figure 3. 6 Expression level of TBK1 mRNA in wild type Zebrafish through development. Figure shows the relative 
mRNA level of TBK1 at different stages: 16 cell, 50% epiboly, end of gastrulation, 1dpf, 2dpf, 3dpf, 4dpf, 5dpf, 6dpf, 
7dpf and 12dpf in wild type zebrafish. 
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3.2.6 The tbk1SH570 allele leads to nonsense mediated degradation 

 

The purpose of this project is to study loss of tbk1 function. Therefore, we wish to study tbk1 

alleles that lead to reduced/loss of tbk1 protein. Frameshift mutations that do not occur in the 

final coding exon of a gene are very likely to induce nonsense mediated degradation, resulting 

in loss of tbk1 protein rather than expression of a truncated protein. To look for evidence of 

nonsense mediated degradation we used qRT-PCR to quantify tbk1 mRNA levels in embryos 

derived from a tbk1SH570/+ in-cross (3.7). 

 

We measured relative tbk1 mRNA levels in 5 dpf tbk1+/+, tbk1SH570/+ and tbk1SH570/SH570 zebrafish. 

From each genotype we collected a pool of 10 embryos, then we extracted the total RNA and 

performed qRT-PCR using the approach described above. One way ANOVA did not reveal a 

significant difference between the 3 groups (p=0.6252) (see Figure (3.7).  
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Figure 3. 7 Expression level of tbk1 mRNA at 5 dpf in tbk+/+, tbk1SH570/+ and tbk1SH570/SH570 zebrafish. Relative tbk1 
mRNA level in 5 dpf tbk1+/+, tbk1SH570/+ and tbk1SH570/SH570 zebrafish shows no significant difference between the 
groups (p=0.6252). Each point represents a pool of 10 larvae from 3 independent group. 
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Because we did not see evidence of nonsense mediated degradation at 5 dpf (Figure (3.7), and 

since we suspected strong maternal contribution of tbk1 mRNA from the oocyte (Figure (3.6) 

we decided to investigate tbk1 levels at 12dpf, when we assumed that the maternal mRNA 

contribution would be diminished.  

 

We then measured TBK1 relative mRNA level in 12d pf tbk1+/+, tbk1SH570/+ and tbk1SH570/SH570 

zebrafish. From each genotype we collected a pool of 10 embryos, then we extracted the total 

RNA and performed qRT-PCR. We observed a slight reduction in the expression of tbk1SH570/SH570 

at 12dpf, however one-way ANOVA did not show a significant difference between the 3 groups 

(p=0.1540) (see Figure (3.8).  
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Figure 3. 8 Expression level of tbk1 mRNA at 5 dpf in tbk+/+ , tbk1SH570/+ and tbk1SH570/SH570 zebrafish. Relative tbk1 
mRNA level in 12 dpf tbk1+/+, tbk1SH570/+ and tbk1SH570/SH570 zebrafish shows no significant difference between the 
groups (p=0.1540). Each point represents a pool of 10 larvae from 3 independent group. 
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3.2.6.1 Expression level of tbk1SH570 mRNA in mutants without maternal 

contribution of wild type tbk1 mRNA 

 

To assess if maternally inherited wild type tbk1 mRNA is what we detected in homozygous 

progeny of in crosses been heterozygous parents we set up in crosses of tbk1+/+ siblings 

alongside in crosses of tbk1SH570/SH570 siblings. A pool of 10 embryos from each cross was 

collected at 5 dpf, RNA was extracted, and a qRT-PCR was performed. An unpaired t test with 

Welch’s correction shows a significant reduction in tbk1SH570 mRNA compared to wild type 

mRNA (p=0.0233) (see Figure (3.9a). We also extracted RNA from 12 dpf tbk1SH570/SH570 and wild 

type larvae without maternal contribution and demonstrated a significant reduction in the 

mutant mRNA (Welch’s t test p<0.0001), (see Figure (3.9b). Therefore, we conclude that wild 

type mRNA from the oocyte was the signal we detected at 5 and 12 dpf in the homozygous 

progeny of heterozygous in crosses.   
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Figure 3. 9 Expression level of TBK1 mRNA without maternal contribution at 5dpf and 12dpf TBK1 Zebrafish. 
A)TBK1 relative mRNA level in 5dpf tbk1SH570/SH570 incross Zebrafish shows a significant reduction compared to the 
tbk1+/+ incross with p=0.0233.b)TBK1 relative mRNA level in 12dpf tbk1SH570/SH570 incross Zebrafish shows a 
significant reduction compared to the tbk1+/+ incross with p<0.0001. Each point represents a pool of 10 larvae from 
3 independent group. 
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To verify these finding and to confirm the effect of the frameshift mutation that predicted to 

produce a premature stop codon that leads to a loss of function in TBK1 gene, and since we still 

observe a relative TBK1 mRNA level in the tbk1SH570/SH570 Zebrafish at 12dpf, western blot should 

be performed to look at tbk1 protein level.  

 

 

3.3      Generating a new loss of function model 

 

3.3.1 Sequence verification of the CRISPR target region of zebrafish tbk1 exon 4  

 

To confirm the finding in the tbk1SH570/SH570 zebrafish model that carries a mutation in exon 10 

which encodes CCD1, we wished to generate a second mutant allele that would eliminate tbk1 

kinase activity.  

A guide RNA was designed (see section 2.2.5) to target a conserved region in exon 4 located in 

the kinase domain of zebrafish tbk1 which overlaps a BslI site. We used PCR to amplify and 

sequence the target region in zebrafish from the University of Sheffield aquarium and 

demonstrated that the sequence of the target region is the same as that in the e nsemble 

database.  The expected size for PCR product of TBK1 exon 4 is 233bp (see Figure (3.10). 

 

 

 

 

 

 

 

 

 

 

 



98 

 

a) 

 
 
b) 

 

Figure 3. 10 Target region for mutagenesis of tbk1 exon 4. The BslI site is underlined. A) Gel image of tbk1 exon 4 
showing a single product at 233bp the 2nd lower band are primer dimers also present in negative control (NEG-
CON). B) Sequence analysis of tbk1 exon 4. The top sequence is the  nsemble reference sequence 
(ENSDART00000163280.2) and the bottom sequence shows a wild type sequence of exon 4 with the gRNA region 
highlighted in yellow.  
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3.3.2 Mutagenesis of tbk1 exon 4  

 

 

To induce indel mutations 2nl and 4nl of mixes containing gRNA and recombinant Cas9 were 

injected into one-cell stage zebrafish embryos. At 2 dpf, injected embryos were collected, and 

DNA was extracted. A BslI digest was performed to determine whether mutations have been 

introduced. BslI will digest the wild type PCR product after 160 bp, giving rise to products of 160 

& 73 bp. In mutants the BslI site is lost, so the PCR product will remain 233bp after restriction 

enzyme digestion. Therefore, a BslI digest of embryos where one copy of tbk1 has been 

mutated will yield 3 bands of 233, 160 and 73 bp.  

HMRA detects changes in the melting temperature of DNA duplexes. Heteroduplexes melt 

differently to homoduplexes, and this can be seen as a shift in the melt curve. If mutagenesis is 

working efficiently, we would expect to see shifts caused by the presence of mutant and wild 

type DNA templates. The melt curve was shifted in some of the TBK1 exon 4 CRISPR injected 

embryos compared to scrambled injected controls, indicating that a mutation has been 

introduced in the targeted tbk1 region (see Figure (3.11). 
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a) 

 
b) 

 
 

Figure 3. 11 PCR and BslI restriction digest of CRISPR/Cas9 tbk1 exon4 gRNA-injected embryos and High-
resolution melt analysis (HRMA) indicates that mutations have been introduced in CRISPR embryos. a) The first 3 
lanes are uninjected embryos with the expected band sizes of 160 and 73bp the next 3 lanes are embryos from the 
same parents injected with 2nl CRISPR/Cas9 tbk1 exon 4 gRNA that in addition shows a band of 233 bp.  Lanes 7 
and 8 are un-injected embryos, while lanes 9-11 are the fourth 3 wells 3 wells are embryos from the same parents 
that were injected with 4nl CRISPR/Cas9 tbk1 exon 4 gRNA, that show the 233 bp undigested band. The last 2 lanes 
are no template controls. B) Melt curves are shown for WT scrambled gRNA CRISPR (green lines), tbk1 exon4 gRNA 
CRISPR (red lines) and negative control is (blue lines) 
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3.3.2.1 Characterising mutations in exon 4  

 

F0 zebrafish embryos that have been injected with CRISPR/Cas9 and gRNA will become genetic 

mosaics. We wished to identify F0 fish with germline mutations of tbk1, therefore we 

outcrossed 13 randomly selected adult F0 with wild type zebrafish. From each cross we 

collected 2 dpf F1 embryos and performed PCR and BslI restriction digests. Out of 200 

genotyped embryos 19 embryos carried a mutation, (see Figure (3.12) for example. 

Next, we sequenced the exon 4 PCR product for all F1 embryos with a 233 bp undigested band 

following BslI digest. We detected various heterozygous insertion or deletion mutations (see 

Figure (3.13) and Table (3.2). Novel frameshift mutations introduced by CRISPR/Cas9 are 

expected to be deleterious for protein function (see Figure (3.14). Therefore, we selected the 

F0 zebrafish that transmitted frameshift mutations and performed outcrosses with wild type 

(AB strain). 
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Figure 3. 12 Genotyping of F1 TBK1 exon 4 embryos. Gel image of TBK1 exon 4 genotyping, wild type embryos 
show bands at 160 and 73 bp, and F1 carrying mutations show bands of 233, 160 and 73bp. 
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Figure 3. 13 Example of Sequence chromatogram of TBK1 exon 4 F1 mutant zebrafish. Sequence analysis of an F1 
fish carrying a 7 bp deletion. 
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Figure 3. 14 Characterisation of frameshift mutations in exon 4 F1 embryos. DNA and protein translation 
sequences of F1 mutant alleles.  The wild type reference sequence is labelled 1. Samples 2-9 represent 
independent F1 fish. Deleted and inserted nucleotides, as well as novel stop codons, are highlighted in red.  
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Table 3. 2 Novel mutations identified in F1 zebrafish embryos: 

 

 

3.3.2.1.1 Characterisation of novel mutations in tbk1 exon 4 
 

3.3.2.1.1.1 Sequence analysis of F1 fish to be taken forward for further 
investigation 

 

F1 adult fish were fin clipped and genotyped by BslI digest (see Figure (3.15).  29 of F1 showed 

undigested products and 61 out of 90 progeny showed digested products. These were 

sequenced for exon 4 to identify frameshift mutations, (see Figure (3.16). Sequence analysis 

showed that 13 of the 29 carried frameshift mutations, see tables (3.3 &3.4). 

In the course of these experiments, we observed a problem with PCR amplification, possibly 

due to a polymorphism. To overcome this issue new primers were designed that generate a 214 

bp PCR product, which is digested to give bands of 128 & 86 bp in wild type, but not digested in 

homozygotes. Heterozygotes give bands of 214, 128 and 86 bp (see Figure (3.15). 

	F0 #0f	embryos Type	of	mutation Mutation

1 0 NA NA

2 1 5	bp	deletion(GGAGG) c.323_327del5;	p.Glu109_Asp110del

3 1 9	bp	deletion(CCGGAGGAC) c.321_329del9;	p.Pro107_Asp110del

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

7	bp	deletion(GGAGGAC) c.323_329del7;	p.Glu109fsX13

7	bp	deletion(GGAGGAC) c.323_329del7;	p.Glu109fsX13

5 0 NA NA

6	bp	deletion(GGAGGA) c.323_328del6;	p.Glu109_Asp110del

6	bp	deletion(GGAGGA) c.323_328del6;	p.Glu109_Asp110del

10	bp	deletion(GCCGGAGGAC) c.323_328del6;	p.Glu109_Asp1109del

17bp	deletion(GCCTGCCGGAGGACGAG) c.316_332del17;	p.Gly105del

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

9 0 NA NA

10 0 NA NA

7	bp	deletion(GGAGGAC) c.323_328del6;	p.Glu109_Asp110del

14	bp	insertion(TTCAGGCACCTTCA) c.323_329del7;	p.Glu109fsX13

14	bp	insertion(TTCAGGCACCTTCA) c.323_324ins14;	p.Glu109fsX20

14	bp	insertion(TTCAGGCACCTTCA) c.323_324ins14;	p.Glu109fsX20

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

7	bp	deletion(GGAGGAC)	insertion	(T) c.323_329del7GGAGGAC	insT;	p.Glu109fs

13 0 NA NA

4 5

6 2

7 2

8 2

11 4

12 2
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Figure 3. 15 Genotyping of adult F1 TBK1 exon 4 using to sets of primers. Gel image of new exon 4 tbk1 
genotyping, wild type genotyping show two bands of size 128 & 86 bp, and fish carrying a mutation showing bands 
214,128 and 86 bp. Negative controls (no DNA template) were included. 
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Figure 3. 16 Sequence chromatogram of adult tbk1 exon4 F1 mutant zebrafish. The double read shows the 
location of the mutant allele. Deconvolution of these 2 sequences demonstrated that this mutation was a 14 bp 
insertion 
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Figure 3. 17 Mutations in targeted tbk1 exon4 F1 zebrafish adults. DNA and protein translation sequences of F1 
mutant alleles.  The wild type reference sequence is labelled 1. Samples 2-7 represent independent F1 fish. 
Deleted and inserted nucleotides, as well as novel stop codons, are highlighted in red.  
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Table 3. 3 Summary of mutations found in F1 zebrafish. 

 

Table 3. 4 Percentage of F1 zebrafish carrying frameshift mutations      
 

 

Zebrafish carrying the c.323_324ins14 p;Glu109fsX20 frameshift mutation were out crossed 

with wild type to generate the F2 generation. This allele was given the name tbk1SH643. To 

generate F3 animals, F2 fish were crossed to either NFkB:GFP or wild type (AB). 

 

3.3.2.2  tbk1 mRNA expression level in tbk1SH643 zebrafish 

 

The first step to evaluate the new mutation (c.323_324ins14; p.Glu109fsX20) is to measure the 

tbk1 mRNA levels in homozygous mutants. F3 fish were in crossed, and RNA was extracted from 

10 individual offspring of each genotype from three independent parents at two time points- 

day 5 and day 12. At day 5, qRT-PCR was performed to measure relative tbk1 mRNA levels in 

tbk1+/+, tbk1+/SH643 and tbk1SH643/SH643 offspring. 

 One-way ANOVA reveal a significant difference between the 3 groups (p=0.0026) and Tukey’s 

multiple comparisons test show a significant difference between wild type and homozygous 

(p=0.0252). At 12 dpf one-way ANOVA also shows a significant difference between the 3 groups 

(p=0.0007) and Tukey’s multiple comparisons test showed a significant difference between wild 

type and heterozygous (p=0.0088) as well as wild type and homozygous progeny (p=0.0006), 

(see Figure (3.18). 

# of TBK1-Ex4 Result Mutation
3 15bp deletion(GGAGGACGAGTTCCT) c.317_332del15; p.Leu106_Asp110del
5 7 bp deletion(GGAGGAC) insertion (T) c.323_329del7GGAGGAC insT; p.Glu109fs

11 14 bp insertion(TTCAGGCACCTTCA) c.323_324ins14; p.Glu109fsX20
2 7 bp deletion(GGAGGAC) c.323_329del7; p.Glu109fsX13
1 3bp deletion (GTT) c.336_339delGTT; p.Glu112del

TBK1-Ex4

#of Zebrafish 90

#of mutated 29

#of Negative 61

Percentage 32.22%

#of Frameshift mutation 13

Percentage 45%
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Figure 3. 18 tbk1 mRNA expression level in tbk1SH643 zebrafish. tbk1 expression levels were determined relative 
to eef1a1b and normalised to the level in wild type which was set to 1. a) Relative tbk1 mRNA level in 5 dpf 
tbk1SH643/SH643 shows a significant reduction compared to tbk1+/+ siblings p=0.0252. b) Significant differences in the 
relative tbk1 mRNA level in 12 dpf tbk1SH643/SH643   (p=0.0088), and tbk1+/SH643 (p=0.0006 compared tbk1`+/+ siblings ( 
One-way ANOVA with Tukey’s multiple comparisons test). Each point represents a pool of 10 larvae from 3 
independent group. 
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3.4 Investigating whether tbk1 mutants have an ALS-like motor dysfunction 

phenotype 

 

Due to anatomical and functional similarities zebrafish have been shown to provide excellent 

vertebrate models of ALS. In particular due to their small size and rapid development it is 

possible to investigate effects of gene mutations on motor function (swimming) in microtiter 

plate assays. 

 
3.4.1 Characterisation of swimming behaviour in tbk1SH570 larvae 

 

Mutation of the zebrafish tbk1 gene is expected to be deleterious to motor neurons, but it is 

not clear whether this effect will be detectable in early life stages. Swimming behaviour of the 

tbk1 zebrafish progeny was assessed at different ages using Viewpoint video tracking to study 

locomotor behaviour. Their swimming and their response to light/dark stimulation was 

assessed and analysed (section 2.2.11.2). It is known that 5 day old zebrafish embryos respond 

to light/dark switching by increased swimming in the dark (Zhou et al., 2014). We used this 

property to investigate darkness-provoked swimming in tbk1 mutants. Using the Viewpoint 

analysis system, we quantified the following swimming parameters: 

Active duration - the total time spent moving during a 5 minute period. 

Slow movement - distance moved at a speed between 3 - 6.4 mm/second. 

Fast movement - distance moved at a speed >6.4 mm/second. 

Total distance- total distance moved in a 5-minute period. 
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Figure 3. 19 Examples of swimming behaviour in tbk1 zebrafish. a) 5 day old larvae in a 96 well plate (single larva 
in each well) showing the swimming of zebrafish in the dark cycle (0-300 seconds) b) the same plate showing 
swimming of zebrafish in the light cycle (300-600 seconds) c) 8 day old larvae in a 24 well plate showing the 
swimming of zebrafish in the dark cycle (0-300 seconds) d) is the same plate showing swimming of zebrafish in the 
light cycle (300-600 seconds). In all cases a red line represents fast movement, and a green line represents slow 
movement. 
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3.4.1.1 Swimming Analysis 

Analysis was performed on different batches of larvae used at 5, 8, 12, 14 and 19 

days of age. For 5 days we used 96 well plates and for 8, 12, 14 and 19 days we used 

24 well plates.  A summary of the numbers and genotypes is given in Table 3.5. 

 

Table 3. 5 Summary of zebrafish used for swimming analysis 

Age Number of independent 
experiments 

Wild type Heterozygous Homozygous 

5 Days 3 54 120 83 

8 Days 2 24 48 25 

12 Days 2 28 48 20 

14 Days 1 11 21 15 

19 Days 1 9 27 5 

 

3.4.1.1.1 Active duration 
 

Figure (3.20) shows the active duration data. In all cases individual data points were obtained 

for each embryo to generate the first graph in each panel (i.e. a, d, g, j, m). This allows us to 

observe the overall response of the different genotype groups to light/dark switching (see Table 

3.5). Active duration in the light and dark is shown in the remaining two panels for each age. 

Wild type siblings show increased swimming in darkness at 5 and 8 days old, but this response 

is lost from 12 days onwards. In tbk1SH570/SH570 the response to light>dark switching continues 

until day 12.  At 8 and 12 days old one-way ANOVA shows significant changes in swimming in 

the light and in the dark, and Tukey’s multiple comparison test is also significant when 

comparing tbk1+/+ and tbk1SH570/SH570 siblings under these conditions (3.6). The largest difference 

in active duration is a 30% reduction observed in tbk1SH570/SH570 in the light on day 12. At 14 and 

19 days old one-way ANOVA shows no significant changes between wild type and homozygous 

in the active duration light and dark cycles since it was underpowered. 
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Table 3. 6 One-Way ANOVA and Tukey's multiple comparisons test p-value of active duration 

Age 

One way ANOVA between 
group (p-value) 

Tukey's multiple comparisons test  
between Wild type & Homozygous (p-value) 

Dark Light Dark Light 

5 days  0.2965 0.0119 0.5878 0.1930 

8 days 0.0081 0.0001 0.0270 0.0004 

12 days 0.0133 0.0002 0.0095 0.0016 

14 days 0.4786 0.0014 0.9969 0.0779 

19 days 0.2871 0.1534 0.8150 0.2392 
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Figure 3. 20 Active duration data for 5, 8, 12, 14 and 19 day old tbk1 zebrafish. a) Cumulative plots of 5 day old 
zebrafish progeny for active duration during dark light switching. b) Histogram of 5 day old zebrafish for active 
duration in dark cycles. c) Histogram of 5 day old zebrafish for active duration in light cycles. d) Cumulative plots of 
8 day old zebrafish progeny for active duration for dark light switching. e) Histogram of 8 day old zebrafish for 
active duration in dark cycles shows significant difference between wild type and homozygous (p=0.027). f) 
Histogram of 8 day old zebrafish for active duration in light cycles shows significant difference between wild type 
and homozygous (p=0.0004). g) Cumulative plots of 12 day old zebrafish progeny for active duration for dark light 
switching. h) Histogram of 12 day old zebrafish for active duration in dark cycles shows significant difference 
between wild type and homozygous (p=0.0095). i) Histogram of 12day old zebrafish for active duration in light 
cycles shows significant difference between wild type and homozygous (p=0.0016). j) Cumulative plots of 14 day 
old zebrafish progeny for active duration for dark light switching. k) Histogram of 14 day old zebrafish for active 
duration in dark cycles. l) Histogram of 14 day old zebrafish for active duration in light cycles. m) Cumulative plots 
of 19 day old zebrafish progeny for active duration for dark light switching. n) Histogram of 19 day old zebrafish for 
active duration in dark cycles. o) Histogram of 19 day old zebrafish for active duration in light cycles. 
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3.4.1.1.2  Slow movement 
 

Figure (3.21) shows the distance travelled using slow speed swimming (3 – 6.4 mm/second). In 

all cases individual data points were obtained for each embryo to generate the first graph in 

each panel (i.e. a, d, g, j, m). This allows us to observe the overall response of the different 

genotype groups to light/dark switching (see Table 3.7). The total distance travelled at a slow 

speed in the light and dark is shown in the remaining two panels for each age. Tbk1SH570/SH570 

larvae show significant reductions in slow swimming in light and dark at 8 days of age. One-way 

ANOVA for dark cycles shows a significant difference (p=0.0016) between groups for the total 

distance travelled at a slow speed and Tukey’s multiple comparisons test shows a significant 

difference between wild type and homozygous (p=0.0265). Similarly, one-way ANOVA for light 

cycles showed a significant difference (p<0.0001) between groups, and Tukey’s multiple 

comparisons test showed a significant difference between wild type and homozygous larvae 

(p=0.0005). At 12 days tbk1SH570/SH570 larvae show significant reductions in slow speed 

swimming in the light. One-way ANOVA for the mean of each larva from three light cycles show 

a significant difference (p=0.0034) between groups and Tukey’s multiple comparisons test show 

a significant difference between wild type and homozygous (p=0.0174). At 14 and 19 days old 

one-way ANOVA shows no significant changes between wild type and homozygous in the slow 

movement light and dark cycles since it was underpowered. 

The magnitude of the effect appears larger for swimming in the light. The largest difference in 

slow swimming is a 23% reduction observed in tbk1SH570/SH570 in the light on day 12. 

 
Table 3. 7 One-Way ANOVA and Tukey’s multiple comparisons test p-value of slow movement. 

Age 

One way ANOVA between 
group (p-value) 

Tukey’s multiple comparisons test  
between Wild type & Homozygous (p-value) 

Dark Light Dark Light 

5 days  0.1489 0.0114 0.5394 0.1430 

8 days 0.0016 0.0001 0.0265 0.0005 

12 days 0.6209 0.0034 0.6662 0.0174 

14 days 0.3226 0.8859 0.3028 0.9712 

19 days 0.8027 0.6794 0.9982 0.9410 
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Figure 3. 21 Slow movement data for 5, 8, 12, 14 and 19 day old TBK1 zebrafish. A) Cumulative plots of 5 day old 
zebrafish progeny for slow movement for dark/light switching. B) Histogram of 5 day old zebrafish for slow 
movement in dark cycles. C) Histogram of 5 day old zebrafish for slow movement in light cycles. D) Cumulative 
plots of 8 day old zebrafish progeny for slow movement for dark/light switching.  
e) Histogram of 8 day old zebrafish for slow movement in dark cycles shows significant difference between wild 
type and homozygous (p=0.0265). f) Histogram of 8 day old zebrafish for slow movement in light cycles shows 
significant difference between wild type and homozygous (p=0.0005). g) Cumulative plots of 12 day old zebrafish 
progeny for slow movement for dark light switching. H) Histogram of 12 day old zebrafish for slow movement in 
dark. I) Histogram of 12 day old zebrafish for slow movement in light cycles shows significant difference between 
wild type and homozygous (p=0.0174). j) Cumulative plots of 14 day old zebrafish progeny for slow movement for 
dark/light switching. K) Histogram of 14 day old zebrafish for slow movement in dark cycles. L) Histogram of 14 day 
old zebrafish for slow movement in light cycles. M) Cumulative plots of 19 day old zebrafish progeny for slow 
movement or dark light switching. N) Histogram of 19 day old zebrafish for slow movement in dark cycles. O) 
Histogram of 19 day old zebrafish for slow movement in light cycles. 
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3.4.1.1.3 Fast movement  
 

According to published literature (Zhou et al., 2014) light>dark switching increases fast 

movement of zebrafish larvae. Figure (3.22) shows the distance travelled by fast swimming 

(>6.4 mm/second). In all cases individual data points were obtained for each embryo to 

generate the first graph in each panel (i.e. a, d, g, j, m). This allows us to observe the overall 

response of the different genotype groups to light/dark switching (see Table 3.7). At 8 days 

tbk1SH570/SH570 larvae show significant reductions in fast speed swimming in the light. One-way 

ANOVA shows a significant difference (p=0.0011) between groups, and Tukey’s multiple 

comparisons test shows a significant difference between wild type and homozygous larvae 

(p=0.0013). The total distance travelled at a fast speed in the light and dark is shown in the 

remaining two panels for each age. Tbk1SH570/SH570 larvae show significant reductions in fast 

swimming in light and dark at 12 days of age. One-way ANOVA shows a significant difference 

(p=0.0273) between groups for the total distance at dark cycles, and Tukey’s multiple 

comparisons test shows a significant difference between wild type and homozygous larvae 

(p=0.0201). Similarly, one-way ANOVA shows a significant difference (p<0.0001) in total 

distance during light cycles, and Tukey’s multiple comparisons test shows a significant 

difference between wild type and homozygous larvae (p=0.0003). At 14 and 19 days 

tbk1SH570/SH570 larvae show significant reductions in fast speed swimming in the light. One-way 

ANOVA shows significant difference (p=0.0002) between groups and Tukey’s multiple 

comparisons test shows significant difference between wild type and homozygous (p=0.0473) 

at 14 days old. Likewise, at 19 days old one-way ANOVA shows a significant difference 

(p<0.0001) between groups and Tukey’s multiple comparisons test shows significant difference 

between wild type and homozygous (p<0.0001).  

 The magnitude of the effect is larger for swimming in the light. The largest difference in fast 

swimming is an impressive 82% reduction observed in tbk1SH570/SH570 in the light on day 12. 
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Table 3. 8 One-Way ANOVA and Tukey’s multiple comparisons test p-value of fast movement. 

Age 

One way ANOVA between 
group (p-value) 

Tukey’s multiple comparisons test  
between Wild type & Homozygous (p-value) 

Dark Light Dark Light 

5 days  0.7149 0.7338 0.0003 0.3952 

8 days 0.3040 0.0011 0.3572 0.0013 

12 days 0.0273 <0.0001 0.0201 0.0003 

14 days 0.4277 0.0002 0.8313 0.0473 

19 days 0.3999 <0.0001 0.9745 <0.0001 
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Figure 3. 22 Fast movement data for 5, 8, 12, 14 and 19 day old TBK1 zebrafish. A) Cumulative plots of 5 day old 
zebrafish progeny for fast movement for dark light switching. B) Histogram of 5 day old zebrafish for fast 
movement in dark cycles. C) Histogram of 5day old zebrafish for fast movement in light cycles.  
d) Cumulative plots of 8 day old zebrafish progeny for fast movement for dark light switching. E) Histogram of 8 
day old zebrafish for fast movement in dark cycles. F) Histogram of 8 day old zebrafish for fast movement in light 
cycles shows significant difference between wild type and homozygous (p=0.0013). g) Cumulative plots of 12 day 
old zebrafish progeny for fast movement for dark light switching. H) Histogram of 12 day old zebrafish for fast 
movement in dark shows significant difference between wild type and homozygous (p=0.0201). i) Histogram of 12 
day old zebrafish for fast movement in light cycles shows significant difference between wild type and homozygous 
(p=0.0003). j) Cumulative plots of 14 day old zebrafish progeny for fast movement for dark light switching. K) 
Histogram of 14 day old zebrafish for fast movement in dark cycles. L) Histogram of 14 day old zebrafish for fast 
movement in light cycles shows significant difference between wild type and homozygous (p=0.0473). m) 
Cumulative plots of 19 day old zebrafish progeny for fast movement or dark light switching. N) Histogram of 19 day 
old zebrafish for fast movement in dark cycles. O) Histogram of 19 day old zebrafish for fast movement in light 
cycles shows significant difference between wild type and homozygous (p<0.0001). 
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3.4.1.1.4 Total distance  
 

Figure (3.23) shows the total distance travelled by in light and dark periods. In all cases 

individual data points were obtained for each embryo to generate the first graph in each panel 

(i.e. a, d, g, j, m). This allows us to observe the overall response of the different genotype 

groups to light/dark switching (see Table 3.9). The total distance travelled is shown in the 

remaining two panels for each age. Tbk1SH570/SH570 larvae show significant reductions in total 

swimming distance in light at all ages, though 14 and 19 days old was underpowered. This 

reaches significance at 8, 12 and 19 days old. At 8 days old, one-way ANOVA show a significant 

difference (p=0.0003) between groups and Tukey's multiple comparisons test show a significant 

difference between wild type and homozygous larvae (p=0.0005). One-way ANOVA shows a 

significant difference (p<0.0001) between groups and Tukey's multiple comparisons test show a 

significant difference between wild type and homozygous (p=0.0004) at 12 days old. Similarly, 

at 19 days old one-way ANOVA shows a significant difference (p=0.0019) between groups and 

Tukey's multiple comparisons test shows significant difference between wild type and 

homozygous larvae (p=0.0209).  At 12 days old the total distance travelled in the dark was also 

significantly reduced, one-way ANOVA shows significant difference (p=0.0329) between groups 

and Tukey's multiple comparisons test show a significant difference between wild type and 

homozygous (p=0.0245). The magnitude of the effect is larger for swimming in the light. The 

largest difference in total distance travelled is a 60% reduction observed in tbk1SH570/SH570 in the 

light on day 12. 

 
Table 3. 9 One-Way ANOVA and Tukey's multiple comparisons test p-value of total distance 

Age 

One way ANOVA between 
group (p-value) 

Tukey's multiple comparisons test  
between Wild type & Homozygous (p-value) 

Dark Light Dark Light 

5 days  0.5432 0.0146 0.9992 0.1379 

8 days 0.0973 0.0003 0.1705 0.0005 

12 days 0.0329 <0.0001 0.0246 0.0004 

14 days 0.5075 0.0003 0.9261 0.0577 

19 days 0.4200 0.0019 0.9721 0.0209 
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 Figure 3. 23 Total distance data for 5, 8, 12, 14 and 19 day old TBK1 zebrafish. a) Cumulative plots of 5 day old 
zebrafish progeny for total distance for dark light switching. b) Histogram of 5 day old zebrafish for total distance in 
dark cycles. c) Histogram of 5 day old zebrafish for total distance in light cycles. d) Cumulative plots of 8 day old 
zebrafish progeny for total distance for dark light switching. 
 e) Histogram of 8 day old zebrafish for total distance in dark cycles. f) Histogram of 8 day old zebrafish for total 
distance in light cycles shows significant difference between wild type and homozygous (p=0.0005). g) Cumulative 
plots of 12 day old zebrafish progeny for total distance for dark light switching. h) Histogram of 12 day old 
zebrafish for total distance in dark shows significant difference between wild type and homozygous (p=0.0246). i) 
Histogram of 12 day old zebrafish for total distance in light cycles shows significant difference between wild type 
and homozygous (p=0.0004). j) Cumulative plots of 14 day old zebrafish progeny for total distance for dark light 
switching. k) Histogram of 14 day old zebrafish for total distance in dark cycles. l) Histogram of 14 day old zebrafish 
for total distance in light cycles. m) Cumulative plots of 19 day old zebrafish progeny for total distance or dark light 
switching. n) Histogram of 19 day old zebrafish for total distance in dark cycles. o) Histogram of 19 day old 
zebrafish for total distance in light cycles shows significant difference between wild type and homozygous 
(p<0.0209). 
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3.4.1.2   Reduced swimming in 12dpf tbk1SH570/SH570 larvae 

 

Although swimming studies of tbk1SH570/SH570 larvae of different ages (5, 8, 12, 14 and 19 

dpf) showed significant reductions in swimming at 12 days, we were concerned that the 

magnitude of the effect may be limited by the total swimming area available as the larvae 

grow. Therefore, we performed three independents experiments at 12 dpf using 12 well 

plates, which have double the surface area compared to 24 well plates. 

Figure (3.24) shows the four parameters of the swimming study (active duration, slow 

movement, fast movement and total distance). In all cases individual data points were obtained 

for each embryo to generate the first graph in each panel (i.e. a, d, g, j). This allows us to 

observe the overall response of the different genotype groups to light/dark switching. Active 

duration in the light and dark cycles shows a significant reduction in total swimming duration as 

One-way ANOVA (p value <0.0001) and Tukey’s multiple comparisons test show a significant 

difference between wild type and homozygous larvae (p<0.0001). A significant reduction was 

observed in the dark light cycles of all the four parameters with One-way ANOVA (p values 

<0.001) and Tukey’s multiple comparisons tests between wild type and homozygous larvae (all 

p<0.0001). The magnitude of the effect is larger for swimming in the light in the fast movement 

and total distance.  

Looking at Figure (3.24 a, d, g and h) it is possible to see that 12 day old wild type and 

heterozygous zebrafish have lost the response to light/dark switching seen but in the 

homozygous mutants an increase in swimming in the dark is still observed. The largest 

difference in fast movement is a 67% reduction observed in tbk1SH570/SH570 in the light cycles. 
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Figure 3. 24 swimming study data for a 12 day old tbk1SH570/SH570  zebrafish. a) Cumulative plots of 12 day old 
zebrafish progeny for active duration during dark light switching. b) Histogram of 12 day old zebrafish for active 
duration in dark cycles shows significant difference between wild type and homozygous (p<0.0001). c) Histogram 
of 12day old zebrafish for active duration in light cycles shows significant difference between wild type and 
homozygous (p<0.0001). d) Cumulative plots of 12 day old zebrafish progeny for slow movement during dark light 
switching. e) Histogram of 12 day old zebrafish for slow movement in dark cycles shows significant difference 
between wild type and homozygous (p<0.0001). f) Histogram of 12day old zebrafish for slow movement in light 
cycles shows significant difference between wild type and homozygous (p<0.0001). Cumulative plots of 12 day old 
zebrafish progeny for fast movement during dark light switching. h) Histogram of 12 day old zebrafish for fast 
movement in dark cycles shows significant difference between wild type and homozygous (p<0.0001). i) Histogram 
of 12day old zebrafish for fast movement in light cycles shows significant difference between wild type and 
homozygous (p<0.0001). j) Cumulative plots of 12 day old zebrafish progeny for total distance during dark light 
switching. k) Histogram of 12 day old zebrafish for total distance in dark cycles shows significant difference 
between wild type and homozygous (p<0.0001). l) Histogram of 12day old zebrafish for total distance in light cycles 
shows significant difference between wild type and homozygous (p<0.0001).      
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3.4.1.3  Reduced swimming in 5dpf tbk1SH570/SH570 in-cross larvae 

 

At 5 dpf the tbk1 mRNA level was significantly reduced in tbk1SH570/SH570   in cross progeny 

whereas in tbk1+/SH570   in cross homozygous progeny it was not. We believe this may be due to 

a maternal contribution of wild type tbk1 mRNA from the oocyte in the tbk1+/SH570   in cross 

progeny. To confirm the functional effect of wild type tbk1 on zebrafish motor function we 

performed a swim study on 5 dpf tbk1SH570/SH570   in cross progeny and tbk1+/+ in cross progeny.  

Figure (3.25) shows four parameters of the swimming study (active duration, slow movement, 

fast movement and total distance). In all cases individual data points were obtained for each 

embryo to generate the first graph in each panel (i.e. a, d, g, j). This allows us to observe the 

overall response of the wild type and homozygous larvae to light/dark switching. A significant 

reduction was observed in the dark and light cycles for all four parameters see table (3.10).  

These findings support the idea that loss of wild type maternal tbk1 mRNA contributes to the 

phenotype of tbk1SH570/SH570 in cross progeny at 5 dpf. 

 
Table 3. 10 t test and Welch’s correction p-value of 5dpf tbk1SH570/SH570 in-cross larvae 

5days 
Unpaired t test with Welch’s correction (p-value) 

Dark Light 

Active duration <0.0001 <0.0001 

Slow movement 0.0005 <0.0001 

Fast movement <0.0001 0.0001 

Total distance <0.0001 <0.0001 
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Figure 3. 25 Swimming data for 5 day old tbk1SH570/SH570 zebrafish derived from homozygous mutant parents. a) 
Cumulative plots of 5 day old zebrafish in cross progeny for active duration during dark light switching. b) 
Histogram of 5 day old zebrafish for active duration in dark cycles shows a significant difference between wild type 
and homozygous (p=0.0001). c) Histogram of 5day old zebrafish for active duration in light cycles shows a 
significant difference between wild type and homozygous (p<0.0001). d) Cumulative plots of 5 day old zebrafish in 
cross progeny for slow movement during dark light switching. e) Histogram of 5 day old zebrafish for slow 
movement in dark cycles shows a significant difference between wild type and homozygous (p=0.0005). f) 
Histogram of 5 day old zebrafish for slow movement in light cycles shows a significant difference between wild 
type and homozygous (p<0.0001). g) Cumulative plots of 5 day old zebrafish in cross progeny for fast movement 
during dark light switching. 



132 

 

 h) Histogram of 5 day old zebrafish for fast movement in dark cycles shows a significant difference between wild 
type and homozygous larvae (p<0.0001). i) Histogram of 5 day old zebrafish for fast movement in light cycles 
shows a significant difference between wild type and homozygous larvae (p<0.0001). j) Cumulative plots of 5 day 
old zebrafish in cross progeny for total distance during dark light switching. k) Histogram of 5 day old zebrafish for 
total distance in dark cycles shows a significant difference between wild type and homozygous larvae (p=0.0001). l) 
Histogram of 5 day old zebrafish for total distance in light cycles shows a significant difference between wild type 
and homozygous larvae (p<0.0001).      
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3.4.2   Reduced swimming in 12dpf tbk1SH643/SH643 larvae 

 

To confirm that the tbk1SH643 mutant allele causes a similar swimming phenotype to tbk1SH570 

we investigated the response of tbk1+/SH643 in cross progeny to light/dark switching in a 12 well 

plate. Due to time limitations, we were only able to perform one repeat of this experiment. The 

Viewpoint apparatus was used to study the same four swimming parameters (active duration, 

slow movement, fast movement and total distance). 

Figure (3.26) shows that in all cases individual data points were obtained for each embryo to 

generate the first graph in each panel (i.e. a, d, g, j). This allows us to observe the overall 

response of the different genotype groups to light/dark switching. All parameters were 

statistically significant when tested using one-way ANOVA (Table 3.11). Tukey’s multiple 

comparison tests showed that tbk1SH643/SH643 showed significantly reduced swimming duration 

and movement for all parameters when compared to tbk1+/+ siblings. Interestingly, fast 

movement in the light showed the most dramatic reduction of all parameters in tbk1SH643/SH643 

larvae. This precisely phenocopies the effect of the tbk1SH570 allele. 

 
Table 3. 11 One-Way ANOVA and Tukey's multiple comparisons test p-value of 12dpf tbk1SH643/SH643 larvae 

12days 

One way ANOVA between groups 
(p-value) 

Tukey's multiple comparisons test  

between wild type and 
homozygous (p-value) 

Dark Light Dark Light 

Active duration 0.0001 <0.0001 0.0029 0.0014 

Total distance 0.0396 0.0035 0.0378 0.0230 

Slow movement 0.0118 <0.0001 0.0167 0.0008 

Fast movement 0.0077 <0.0001 0.0100 0.0016 
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 Figure 3. 26 Swimming data for 12 day old tbk1SH643/SH643 zebrafish. a) Cumulative plots of 12 day old zebrafish 
progeny for active duration during dark light switching. b) Histogram of 12 day old zebrafish for active duration in 
dark cycles shows a significant difference between wild type and homozygous larvae (p=0.0029). 
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 c) Histogram of 12 day old zebrafish for active duration in light cycles shows a significant difference between wild 
type and homozygous larvae (p=0.0014). d) Cumulative plots of 12 day old zebrafish progeny for slow movement 
during dark light switching. e) Histogram of 12 day old zebrafish for slow movement in dark cycles shows a 
significant difference between wild type and homozygous larvae (p=0.0378). f) Histogram of 12 day old zebrafish 
for slow movement in light cycles shows a significant difference between wild type and homozygous larvae 
(p=0.0230). Cumulative plots of 12 day old zebrafish progeny for fast movement during dark light switching. h) 
Histogram of 12 day old zebrafish for fast movement in dark cycles shows a significant difference between wild 
type and homozygous larvae (p=0.0167). i) Histogram of 12 day old zebrafish for fast movement in light cycles 
shows a significant difference between wild type and homozygous larvae (p=0.0008). j) Cumulative plots of 12 day 
old zebrafish progeny for total distance during dark light switching. k) Histogram of 12 day old zebrafish for total 
distance in light cycles shows a significant difference between wild type and homozygous larvae (p<0.0100).  l) 
Histogram of 12 day old zebrafish for total distance in light cycles shows a significant difference between wild type 
and homozygous larvae (p<0.0016). 
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3.4.3 Reduced swimming endurance in adult tbk1SH570/SH570 zebrafish 

 

 

We observed a swimming defect in 12 day old tbk1SH570/SH570 larvae, but we did not observe any 

swimming defect in the 12 day old tbk1+/SH570 larvae. TBK1 mutations cause autosomal 

dominant ALS/FTD that manifests in adulthood. Thus, we reasoned that hemizygous mutation 

of tbk1 may cause an adult onset swimming phenotype in zebrafish.  

In order to investigate this, we used a swim tunnel apparatus (Ramesh et al., 2010) to measure 

the swimming endurance of adult tbk1SH570 fish. Critical swimming speed (Ucrit) was 

determined in sex-matched groups of tbk1 zebrafish. To account for the known effect of body 

length on Ucrit (PLAUT, 2000, Chapman et al., 2013) we normalised data to body length (Figure 

3.27). A significant reduction in the critical swimming speed of tbk1 homozygous mutants 

compared to wild type zebrafish was observed at 6 (One-way ANOVA p=0.0001) and 12 

(p=0.0044) months. Tukey’s multiple comparison test showed significant differences between 

wild type and tbk1SH570/SH570 homozygous siblings at 6 (p=0.0002) and at 12 (p=0.0034) months. 

Hemizygous mutants did not show a significant difference at either age. To confirm effects on 

Ucrit were not due to differences in body length we compared length data for all genotype at 

each age (Figure 3.27). Group sizes at the 12 month time point were smaller as one cohort of 

fish reached the 12 month timepoint during lockdown when the laboratory was closed. 
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Figure 3. 27 Reduced swimming endurance in adult tbk1SH570/SH570 zebrafish. a) Histogram of critical swimming 
speed in 6 month old zebrafish shows a significant difference between wild type and homozygous fish (p=0.0002). 
b) Histogram of body length in 6 month old zebrafish shows no difference between wild type and homozygous fish. 
c) Histogram of critical swimming speed in 12 month old zebrafish shows a significant difference between wild type 
and homozygous fish (p=0.0034). d) Histogram of body length in 12 month old zebrafish shows no difference 
between wild type and homozygous fish 
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3.5 Investigating whether tbk1 mutants have an FTD like phenotype (abnormal 

social behaviour) 

 

Although precise modelling of FTD in zebrafish is likely to be challenging, zebrafish have been 

used to model many neurodegenerative disorders including Parkinson’s, Huntington’s, and 

Alzheimer’s disease as well as behavioural disorders including autism, schizophrenia, anxiety, 

addiction, psychoses and depression(Cheran et al., 2018, Kalueff et al., 2014, Stewart et al., 

2014, Eachus et al., 2017, Chapman et al., 2013). Functional conservation between human 

disease genes and their zebrafish orthologues can impact the manifestation of pathological, 

morphological and behavioural phenotypes and the underlying biochemical abnormalities (Xi et 

al., 2011, Ziv et al., 2013). Thus, we need to assume that tbk1 functions in conserved 

biochemical pathways, and equivalent cell types, in the human and zebrafish CNS, in order to 

affect behaviour. Numerous behavioural studies have been conducted to study zebrafish 

behaviour such as tests of anxiety, shoaling, social preferences, predator avoidance and many 

others(Gerlai, 2010, Miller and Gerlai, 2012). To model behavioural aspects of FTD we chose to 

study abnormal behaviour in zebrafish (Kalueff et al., 2014, Stewart et al., 2014, Miller and 

Gerlai, 2007, Wright and Krause, 2006). Anxiety can be studied by quantifying thigmotaxis 

(Schnörr et al., 2012a, Schnörr et al., 2012b), and shoaling behaviour can be used to evaluate 

abnormal social behaviour in our zebrafish model.  
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3.5.1 Characterising of thigmotaxis in tbk1SH570/SH570 larvae  

 

We predicted that mutation of the zebrafish tbk1 gene may increase anxiety in the zebrafish 

model. Thigmotactic behaviour was assessed at 8 and 12 days of age. Their swimming and their 

response to swimming in the centre of the well during light/dark cycles was assessed and 

analysed (see section 2.2.12.1). It is known that zebrafish tend to swim around the edge of the 

wells and avoid swimming in the centre of the well in a well illuminated environment (Norton, 

2012, Schnörr et al., 2012a, Schnörr et al., 2012b) . We used this property to investigate 

thigmotaxis in tbk1 mutants. Using the Viewpoint analysis system, we quantified the proportion 

of the total time larvae spent swimming in the centre compared to whole well. (See Figure 

(3.28) 
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Figure 3. 28 Examples of thagmotaxis in tbk1 zebrafish. 12 day old larvae in a 12 well plate (single larva in each 
well) showing the swimming of zebrafish in the center compared to the edge in light cycle. Black squares indicate 
tbk1SH570/SH570 larvae. a) Swimming in dark cycles. b) Swimming in light cycles.  
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3.5.1.1 Thigmotaxis in 8 day old tbk1SH570/SH570 mutant zebrafish 

 

We first tested thigmotaxis at 8 days of age. Progeny of a tbk1+/SH570 in cross were placed in a 12 

well plate and imaged as described in section 2.2.12.1. We calculated the proportion of time 

each larva spent swimming in the centre of the well and then genotyped the larvae. Figure 

(3.29) shows the proportions of time spent swimming in the centre during dark and light cycles. 

Dark cycles act as a negative control, because the fish are not aware of their location relative to 

the centre of the well. In darkness there was no significant difference in the time spent 

swimming in the centre between wild type and homozygous larvae (one-way ANOVA 

p=0.1353). Interestingly we also saw no significant difference in the time spent in the centre of 

the well during light cycles (one-way ANOVA p=0.4192), suggesting that at this age zebrafish 

larvae do not show thigmotaxis under these experimental conditions. Therefore, we decided to 

look in 12 dpf larvae, an age at which we have already seen a significant effect on motor 

function. 
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Figure 3. 29 8 day old zebrafish do not show thigmotaxis. No significant difference was seen in thigmotactic 
behaviour between genotypes in (a) dark cycles (b) light cycles.  
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3.5.1.2 Reduced thigmotaxis in 12 day old tbk1SH570/SH570 mutants Zebrafish 

 

Progeny of a tbk1+/SH570 in cross were placed in a 12 well plate and imaged as described in 

section 2.2.12.1. We calculated the proportion of time each larva spent swimming in the centre 

of the well and then genotyped the larvae. Figure (3.30) shows the proportions of time spent 

swimming in the centre during dark and light cycles. In darkness there was no significant 

difference in the time spent swimming in the centre between wild type and homozygous larvae 

(one-way ANOVA p=0.0767). In the light cycles the average proportion of time spent in the 

centre of the well was significantly different between wild type and homozygous larvae (one-

way ANOVA p=0.0073). Tukey’s multiple comparisons test showed a significant difference 

between wild type and homozygous larvae, with tbk1SH570/SH570 homozygotes showing reduced 

thigmotaxis (p=0.0052).  
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 Figure 3. 30 12 day old tbk1SH570/SH570 zebrafish show reduced thigmotaxis. a) During dark cycles there was no 
difference between genotypes (p=0.0650). b) During light cycles there was a significant difference in the 
proportion of time spent swimming in the centre of the field between wild type and homozygous siblings 
(p=0.0052). 
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3.5.2 Characterisation of shoaling behaviour in 21 day old tbk1SH570 zebrafish 

 

 

Shoaling behaviour of tbk1SH570 progeny was assessed at 21 days old. It is known that at 21 days 

old zebrafish tend to shoal and swim in a group (Buske and Gerlai, 2011). Using the Viewpoint 

analysis system, we quantified the following shoaling parameters during a 10 minute period: 

Nearest neighbour distance, Inter individual distance, Polarization and Speed. tbk1SH570/SH570 

larvae were selected using NFkB:GFP fluorescence (Table 2.4) and raised to 21 days in a 

separate tank. A mixture of wild type and heterozygous siblings (weaker GFP fluorescence) 

were raised in a different tank. As we showed previously (section 2.2.18), tbk1SH570/SH570 

homozygous mutants are smaller, and at 21 days we also observed this phenotype (p=0.0002, 

(Figure (3.31a). We were concerned that the size of the zebrafish may directly or indirectly 

affect their shoaling behaviour, therefore from each clutch of larvae we selected the 12 largest 

homozygotes (Figure (3.31b) for the shoaling study. In this way we did not have a significant 

difference in size of the groups analysed for shoaling. 
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Figure 3. 31 Length of 21 day old tbk1 zebrafish. a) Length was significantly different between the pooled tbk1+/+ 
and tbk1+/SH570 larvae and the tbk1SH570/SH570 larvae (p=0.0002) . b) After size selection of the homozygous mutants, 
the length was no longer significantly different between the two groups.  
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3.5.2.1 Abnormal shoaling behaviour in 21 day old tbk1SH570/SH570 Zebrafish 

 

Using Viewpoint software, we analysed shoaling behaviour in groups of 6 tbk1SH570/SH570 larvae 

and compared it with groups of 6 pooled tbk1+/+ and tbk1+/SH570 siblings. We looked at four 

shoaling parameters: Nearest neighbor distance, inter individual distance, speed, and 

polarisation. Nearest neighbor distance is the distance between a specified zebrafish and its 

nearest neighbor, Inter individual distance is the mean distance from a specified zebrafish to all 

the others, speed is the momentary speed of the fish and polarisation is the magnitude of the 

mean vector for all the zebrafish, in other words do they swim in the same direction or in 

opposite directions (Miller and Gerlai, 2007).  

Figure (3.32) shows the shoaling data from six independent experiments of 21 day old tbk1SH570 

zebrafish. The nearest neighbour distance shows a significant increase in the tbk1SH570/SH570 

group compared to the pooled tbk1+/+ and tbk1+/SH570 siblings (Figure (3.32a), Welch’s t test 

p=0.0051). Inter individual distance also shows a significant increase in the tbk1SH570/SH570 group 

(Figure (3.32b), Welch’s t test p=0.0227). tbk1SH570/SH570 larvae show a decrease in polarisation 

compared to the pooled tbk1+/+ and tbk1+/SH570 siblings (Figure (3.32c), Welch’s t test p=0.0208). 

Lastly, and in keeping with the previous swimming analysis, there was a significant decrease in 

the speed of the tbk1SH570/SH570 group compared to the pooled tbk1+/+ and tbk1+/SH570 siblings 

(Figure (3.32d), Welch’s t test p=0.0166). Thus, tbk1SH570 homozygous mutants appear to show 

altered shoaling behaviour, which indicates aberrant social behaviour. Because we pooled wild 

type and heterozygous mutants, we are unable to determine if the heterozygotes show any 

difference in shoaling. 
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 Figure 3. 32  tbk1SH570/SH570 homozygotes show abnormal shoaling behaviour at 21 days old. a) Histogram of 
nearest neighbour distance shows a significant difference between tbk1+/+/tbk1SH570/+ and tbk1SH570/SH570 (p=0.0051). 
b) Histogram of inter individual distance shows a significant difference between tbk1+/+/ tbk1SH570/+ and 
tbk1SH570/SH570 (p=0.0270). c) Histogram of polarisation shows a significant difference between tbk1+/+/tbk1SH570/+ 

and tbk1SH570/SH570 (p=0.0208). d) Histogram of speed shows a significant difference between tbk1+/+/tbk1SH570/+ and 
tbk1SH570/SH570 (p=0.0166). each point represents an independent experiments.  
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3.6 Discussion 

 

Our hypothesis is that TBK1 mutations cause ALS/FTD by disrupting signaling pathways 

regulated by TBK1. To address that we first aimed to determine whether tbk1 loss of function in 

zebrafish leads to the development of ALS/FTD related phenotypes. Using CRISPR/Cas9 genome 

editing we were able to introduce a frameshift mutation in coiled coil domain (tbk1SH570) and 

the kinase domain (tbk1SH643) of the tbk1 gene. 

 

3.6.1  Generation of the models used in this investigation  

 

At the start of the project, we had available an uncharacterised tbk1 mutant line that had been 

previously generated in the laboratory using CRISPR/Cas9 with a gRNA targeting exon 10 

(tbk1SH570). This region had been chosen on the basis that it had been shown to harbour 

pathogenic mutations in human ALS/FTD patients (for example c.1349_1352delTTAA 

p.Ile450LysfsX15 (Freischmidt et al., 2015), and because it contained an appropriate gRNA and 

PAM site that overlapped a BslI site. The restriction enzyme site is very useful to allow rapid 

screening during the identification of founder fish, and for genotyping experimental cohorts. 

Other high throughput methods such as Taqman and KASP genotyping are not optimal for 

CRISPR/Cas9 induced indel alleles, so the BslI allows us to avoid more expensive or time-

consuming protocols such as sequencing or denaturing polyacrylamide gels. Another important 

feature of exon 10 was the ability to design PCR primers in the flanking intron sequence. 

Unusually, the zebrafish tbk1 locus contains considerable amounts of microsatellite sequences 

and other repeats in the introns, which are very difficult to work around, and have caused 

considerable problems in the past in our laboratory.  
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The tbk1SH570 allele is a 5 bp deletion which leads to a premature stop codon in exon 10. 

Although this should give rise to either a non-functional tbk1 protein, or no protein at all, via 

nonsense mediated degradation, it was important during the course of this project to establish 

a new mutant line to validate our findings. In order to ensure that a new allele could not have 

any residual kinase activity we designed a new gRNA that targeted exon 4, in the middle of the 

kinase domain.  

In addition, even though mutations found in patients are distributed across all Tbk1 domains it 

seems that the majority are located in the kinase or coiled coil domain, which are the two 

domains we have targeted in this project (Oakes et al., 2017). We identified a number of 

different tbk1 mutations in the progeny of F0 fish and went on to raise F1 fish carrying a 14 bp 

insertion in exon 4 that leads to a premature termination codon (c.323_324ins14; 

p.Glu109fsX20). These fish were further outcrossed to generate a stable mutant line which 

transmitted the exon 4 mutation at a Mendelian frequency.  This allele was named tbk1SH643. 

 

3.6.2 Determining whether tbk1SH570 and tbk1SH643 are loss of function mutations  

 

For the purpose of this project, we require a tbk1 mutation with no function. Because knockout 

technology does not exist in zebrafish in the same way as it does in mice, the most common 

approach is to study mutants containing upstream nonsense mutations that are predicted to 

lead to prematurely truncated transcripts. These mutations can either be generated by random 

mutagenesis (Kettleborough et al., 2013) or more commonly by using CRISPR/Cas9 

mutagenesis. However, it can be challenging to determine whether a nonsense mutation 

actually causes the desired loss of function. The best approach would be to use an antibody to 

demonstrate that there is no protein present in homozygous mutant zebrafish, however 

zebrafish are severely limited in this respect, as very few specific primary antibodies are 

available, and the evolutionary divergence between humans and fish means that antibodies 

against the human protein do not recognise the zebrafish protein.  
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In the course of this project, we commissioned production of commercial antibodies 

recognising the N-terminus of the zebrafish protein. These would be useful as they would allow 

us to look for loss of protein expression, and to detect any truncated protein that might be 

produced. However, there was a delay in making the antibodies, and shortly after they were 

available for use, we went into lockdown. Thus, these reagents were not characterised as part 

of the project. 

Another way to look for loss of function is to study mRNA levels. In cells, when an error occurs 

during transcription and translation that leads to incomplete polypeptides, a mechanism called 

nonsense mediated mRNA degradation destroys the aberrant mRNA. Thus, we expect that 

mRNAs containing tbk1SH570 or tbk1SH643 mutations will be subject to this degradation. We can 

therefore look at mRNA levels using a quantitative method such as qRT-PCR to determine 

whether the mutant transcripts are expressed. 

Initially we checked the expression of tbk1 mRNA at various embryonic stages starting from the 

16 cell stage. The tbk1 mRNA level was high at the 16 cell stage, then dropped to its lowest 

level by the end of gastrulation. After a peak on day 3, the mRNA level (measured at the level of 

the whole larvae) reaches steady state. After fertilisation, the earliest cell divisions in a 

zebrafish embryo are not accompanied by new transcription, so critical transcripts must be 

inherited from the oocyte. Because tbk1 mRNA levels were so high in the 16 cell stage embryos 

we predicted that they are required early during development, and thus inherited from the 

mother. When we investigated tbk1 mRNA expression in the mutant lines we were not able to 

demonstrate a significant reduction in tbk1 in 5 day old tbk1SH570 homozygous mutants that 

were derived from in crosses of tbk1+/SH570 parents (Figure (3.23).  

However, we did see significant reduction, but not complete loss, of tbk1 mRNA when we 

investigated tbk1SH570 homozygous mutants that were derived from in crosses of tbk1SH570/SH570 

parents (Figure (3.25). Together these results suggest that the tbk1SH570 allele does not cause 

efficient nonsense mediated degradation of the transcript, and thus it is possible that this 

mutant line will express some truncated protein. 
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 To investigate this possibility and to formally demonstrate loss of tbk1 protein in the tbk1SH570 

homozygous mutant, we would need to use an antibody recognising an N-terminal domain. 

Turning to the exon 4 mutation, when we performed qRT-PCR on the progeny of tbk1+/SH643 in 

crosses, at 5 dpf we were able to observe a significant reduction in the tbk1 mRNA level 

between tbk1+/+ and tbk1SH643/SH643 groups, but there was no significant difference observed 

between tbk1+/+ and tbk1+/SH643. 

However, by 12 dpf we observed a significant reduction in tbk1 mRNA levels between both 

tbk1+/+ and tbk1SH643/SH643, and tbk1+/+ and tbk1+/SH643. Thus, it appears that unlike the SH570 

allele, the SH673 allele is efficiently degraded by nonsense mediated degradation and will be 

useful to confirm that phenotypic effects observed in tbk1SH643/SH643 mutants are true loss of 

function effects. 

This difference in degradation between the two alleles could be related to the location of each 

mutation in the tbk1 transcript, since secondary structure of the RNA is likely to influence its 

efficient recognition and degradation by the nonsense mediated degradation machinery (He 

and Jacobson, 2015). 

 

3.6.3  Viability of the tbk1 zebrafish model 

 

One of the major concerns was the viability of this model, as a TBK1 knockout mouse dies at an 

embryonic stage (Bonnard, 2000). However, we reasoned that even if this happened in 

zebrafish, since the embryos develop externally, we would still be able to gain valuable 

information, and potentially establish a rapid disease-relevant model. 

Viability was reduced in tbk1SH570/SH570 larvae compared to controls. The loss of viability seemed 

to occur at around 13-14 days which seems to be typical of a fish that fails to thrive. We were 

not permitted to conduct formal survival studies, so the data presented here comes from 

experiments to collect embryos for other analyses.  
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Once we understood the problem with raising tbk1SH570/SH570 larvae we took two approaches. 

Firstly, we ensured that these larvae were raised on a diet that included rotifers. Observational 

studies in the Sheffield aquarium have suggested better overall survival of larvae when fed this 

particular diet. Secondly, once we became aware of the elevated NFkB:GFP expression in 

tbk1SH570/SH570 larvae (see following chapter) we were able to select the homozygous mutants  

and house them separately. We know from previous experience that homozygous mutants with 

a swimming phenotype often fail to thrive when housed with their wild type or hemizygous 

siblings (Chapman et al., 2013). 

 We suspect this is because they are unable to compete for food in a mixed tank of 40-60 

larvae. With these two improvements in husbandry, we were able to successfully breed 

tbk1SH570/SH570 fish without loss of viability. 

 

3.6.4  Phenotype of the tbk1 zebrafish model 

 

3.6.4.1 Size and possible developmental delay 

 

When analysing a novel mutant phenotype, it is difficult to establish primary and secondary 

phenotypes. For example, in the section above we discussed the possibility that a swimming 

defect leads to reduced survival. We started to observe a possible delay in development at 12 

days old as the tbk1SH570/SH570 larvae lacked the anterior swimming bladder that was present in 

the 12 day old wild type larvae at this age. Using the microscope, we also noticed that the gut 

of the homozygous fish of this age appeared empty compared to their siblings, which could be 

due to them eating less. 

By 21 days old, we demonstrated that tbk1SH570/SH570 larvae are significantly smaller. This occurs 

despite improvements in husbandry, suggesting that it may be a mutation specific effect. 
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However, we know that by 6 months of age tbk1SH570/SH570 raised separately in a tank containing 

up to 25 homozygous mutants will eventually reach the same length as their siblings. 

Thus, there are some important effects of the tbk1 mutation on early development of the 

zebrafish, some of which may contribute to other phenotypes. This will be discussed below.  

 

3.6.4.2  Impaired motor function in TBK1 zebrafish model  

 

As in other ALS zebrafish models motor function is one major feature to examine, and in 

common with other researchers we chose a microtitre plate imaging system (specifically a 

Zebrabox system from Viewpoint) to study swimming behaviour in tbk1 larvae. Viewpoint 

systems evaluate the larvae swimming by quantifying 4 main parameters: Active duration, slow 

movement, fast movement and total swimming distance. We studied these parameters at 

several stages of larval development from 5 – 19 dpf. 

Overall, we saw that the severity of the swimming phenotype in homozygous mutants was 

inversely correlated with the expression level of tbk1 detected by qRT-PCR. As described earlier 

we think that tbk1 mRNA detected in larvae could be wild type mRNA inherited from the 

mother via the oocyte, or alternatively it could be mutant mRNA that is not efficiently degraded 

by nonsense mediated degradation. At 5 dpf there is no reduction in the tbk1 mRNA level in 

tbk1SH570/SH570 progeny of a tbk1+/SH570 in cross.  Interestingly fish of this age and genotype did 

not show any significant defects in swimming. By 8 dpf we start to observe a significant 

reduction in all four swimming parameters during light cycles but not in the dark cycles. By 12 

dpf we observed a significant reduction in all four parameters during both dark and light cycles. 

14 and 19 dpf tbk1SH570/SH570 did not reach significance because it was underpowered and also 

were influenced by the small arena size of the 24 well plate. 
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We selected the 12 dpf timepoint and replicated the swimming analysis using a 12 well plate 

instead of a 24 well plate. We were concerned that the 12 well plate might be too small to 

accurately measure swimming properties. Interestingly using the 12 well plate which is double 

the surface area allowed the fish to swim 30% further, and there was an increase in fast 

swimming compared to slow swimming, suggesting that the larvae were constrained in the 

smaller arena. Using the 12 well plate we observed the same effect on swimming, with 

significant reductions in the homozygotes in both light and dark cycles. Finally, we confirmed 

that this phenotype is consistent by investigating swimming at 12 dpf in tbk1SH643/SH643 

homozygotes derived from a heterozygote in cross. Due to time limitations this was only 

conducted once, but the results looked very similar to those obtained with tbk1SH570/SH570. 

As mentioned earlier, at 5 dpf the tbk1 mRNA level in tbk1SH570/SH570 progeny of a tbk1SH570/SH570 

in cross was significantly reduced. In order to confirm the impact of the reduced mRNA level on 

swimming behaviour we used viewpoint to examine their swimming. All four swimming 

parameters were significantly reduced in these homozygous mutants at 5 dpf. Since these 

larvae cannot possibly have wild type maternal mRNA, we can conclude that the inheritance of 

wild type mRNA (or perhaps protein) is likely to delay the onset of the swimming phenotype in 

the homozygous offspring of heterozygous tbk1SH573 parents. This seems a remarkably long-

lasting effect, given the number of cell divisions that have occurred by 5 dpf.  

At 12 days old tbk1SH570/SH570 lack the anterior swimming bladder and older tbk1SH570/SH570 larvae 

are much smaller in size compared to wild type thus the defects we observed in their swimming 

could be due wholly or in part to these factors. In addition, ALS is an autosomal dominant 

disease that appears at late adult hood, however tbk1+/SH570 did not appear to show any 

symptoms or phenotype during larvae stages. Although the swimming data are consistent with 

a motor phenotype at the present time, we have no supporting pathology data. It is important 

to analyse the neuromuscular junction in affected larvae, to investigate the structure of post-

and pre- synaptic markers. We should also quantify the number of motor neurons in the spinal 

cord at 12 dpf. 
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However, we did find that adult tbk1SH570/SH570 zebrafish showed significant reduction in critical 

swimming speed (Ucrit) at 6 months and 1 year old. But 6 months and 1 year old tbk1+/SH570 did 

not appear to show any swimming defects suggesting that it might lack the phenotype, to 

address that properly we need to examine swimming endurance at later age 18 months and 2 

years. These experiments were hampered by lockdown, which reduced the group size at 12 

months. Again, we need to conduct a detailed neuropathology to study the neuromuscular 

junction and spinal cord of these fish, which would support the finding that this is principally a 

neurological phenotype. 

 

3.6.4.3 Abnormal social behaviour in the tbk1 zebrafish model 

 

Unlike ALS, modelling FTD in zebrafish is more challenging and there are no published FTD 

models. However, social behaviour has been investigated in many zebrafish models been and 

here we wished to determine if there were any behavioural changes in the tbk1 model 

consistent with FTD phenotypes seen in patients. Thigmotactic or wall hugging behaviour is an 

indicator of anxiety that is evolutionary conserved in many species including fish and humans 

(Schnörr et al., 2012b). Using the viewpoint apparatus, tbk1SH570 larvae were subjected to 6 

dark/light cycles in 12 well plates, then swimming data were collected from two areas; the 

centre of the well, and the whole well. To quantify thigmotaxis we measured the proportion of 

time spent in the centre of the field. An increase in this proportion would be a loss of 

thigmotaxis, which is a highly abnormal behaviour for a zebrafish, consistent with neurological 

dysfunction. At 8 days we found no overt thigmotaxis behaviour in larvae of any genotype.  

However, at 12 dpf tbk1SH570/SH570 larvae showed significantly reduced thigmotaxis in the light 

cycles but did not show any difference during the dark cycles. This suggests that when 

tbk1SH570/SH570 larvae are aware of their surrounds (i.e. in the light) they do not avoid swimming 

in the centre of the field like their siblings do.  
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However, when the lights are switched of fish off all genotypes swim randomly in the whole 

field, demonstrating that there is no inherent preference from the edge of the well unless it is 

light. These findings suggest that 12 dpf tbk1SH570/SH570 larvae lack thigmotactic behaviours. 

Although there is no evidence that bvFTD patients show increased anxiety, they can often have 

trouble controlling their behaviour, which could be a feature of the phenotype we observed in 

this assay. 

The other social behaviour that we examined in zebrafish was shoaling. Shoaling in zebrafish 

develops with age and in zebrafish it is well developed at 3 weeks of age (Buske and Gerlai, 

2012). tbk1SH570/SH570 zebrafish were raised in a separate tank to maintain viability and normal 

body size. tbk1+/+ and tbk1+/SH570 were raised in another tank. The Viewpoint apparatus was 

used to examine shoaling in a watch glass. A group of six normally sized 21 day old 

tbk1SH570/SH570 zebrafish were selected, acclimatized in Viewpoint apparatus for 30 minutes and 

allowed to swim for 10 minutes in light. A similar study was conducted for a mixed group of six 

tbk1+/+ and tbk1+/SH570 larvae. Four shoaling parameters (nearest neighbor distance, inter 

individual distance, polarisation and speed) were measured. A significant difference between 

tbk1SH570/SH570 and the mixed group of tbk1+/+ and tbk1+/SH570 was observed for all shoaling 

parameters. Although we tried to control for larval size by selecting only the largest 

homozygous mutants for shoaling analysis, size could be a factor that could influences 

measurements based on distance (speed, neighbor distance, inter individual distance) as bigger 

fish swim faster and the space between the group of fish could be reduced. However, 

polarisation, which measures fish that swim ‘together’ i.e. in the same direction at the same 

time, appears to be independent of size, and therefore would not be affected by the size of the 

larvae.  bvFTD patients show apathy, and perhaps this is related to the altered shoaling 

phenotype we observe 
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3.7 Conclusion 

In conclusion, both tbk1SH570/SH570 and tbk1SH643/SH643 are viable when raised separately and 

provided with an optimal diet. Maternal wild type tbk1 mRNA seems to reduce the phenotype 

of larvae obtained from heterozygous in crosses, and remarkably this effect is still observed at 

3, 5 and 8 dpf. Both mutant lines show reduced swimming consistent with motor dysfunction, 

and in the tbk1SH570 line we know this also manifests in adults and is associated with abnormal 

social behaviour in larvae. More work is needed to support these observations, in particular 

neuropathology would allow us to draw a firm conclusion about the basis for these phenotypes. 
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Chapter 4 
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4. Investigating the role of signaling pathways in tbk1 mutant 

zebrafish   

 

4.1 Introduction 

 

We hypothesise that TBK1 mutations cause ALS/FTD by disrupting TBK1 regulated signaling 

pathways. Thus, we aim to investigate which pathways downstream of TBK1 are involved in 

ALS/FTD pathogenesis in zebrafish. TBK1 is involved in many pathways but we have focused on 

pathways that we believe could be involved in ALS/FTD pathogenesis. Since many studies 

suggest a role for TBK1 in mediating cross talk between the innate immune response, NFĸB and 

IRF3 signaling, and autophagy (Weidberg and Elazar, 2011) we are focusing on these three 

pathways. 

There are many in vitro studies of the role of TBK1 in activating the canonical NFĸB pathway, 

and on the other hand there are other studies suggesting that TBK1 negatively regulates the 

non-canonical pathway. In order to investigate the effect of in vivo loss of TBK1 function on the 

NFĸB pathway we outcrossed our models with an NFĸB:GFP zebrafish reporter line (Kanther et 

al., 2011b).  Furthermore, we looked at NFĸB proinflammatory marker genes (il1β, tnfα, il6 and 

il8). Finally, we generated and used a second zebrafish TBK1 model that carries a nonsense 

mutation in the kinase domain to investigate the role TBK1 in NFĸB signaling. 

In vitro IRF3 could be directly phosphorylated and activated by TBK1 (Panne et al., 2007). To 

study the impact of TBK1 mutation on IRF3 signaling we studied expression of genes that 

respond to IRF3. This included crosses with transgenic mxa:mCherry zebrafish (Levraud et al., 

2007) as well as investigation of mRNA levels of type1 IFN genes (ifnφ1, isg15 and mxa). 

TBK1 signaling is also involved in autophagy, since TBK1 phosphorylates autophagy receptors, 

particularly those on mitochondria that regulate mitophagy. Specifically, TBK1 phosphorylates 

OPTN to mediate formation of a complex that is essential for the depolarization of the damaged 

mitochondria (He et al., 2017).  
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Considering the potentially oligogenic basis of ALS and FTD (Van Blitterswijk et al., 2012b) and 

the presence of patients carrying hemizygous mutations in both TBK1 and OPTN (Pottier et al., 

2015b) we also investigated epistasis between TBK1 and OPTN mutations in zebrafish. To this 

end, we generated zebrafish carrying loss of function mutations in both TBK1 and OPTN and 

compared swimming behaviour between these fish with wild type and single mutants. 

 

4.2      Increased NFĸB:GFP reporter gene levels in tbk1SH570/SH570 mutants 

 

To determine wither TBK1 regulates canonical NFκB signaling in vivo as some studies suggest 

(Abe and Barber, 2014, Jin et al., 2012) we outcrossed hemizygous transgenic NFĸB:GFP 

zebrafish with in tbk1+/SH570 zebrafish to generate a tbk1+/SH570 NFĸB:GFP reporter line. Then we 

outcrossed these fish with tbk1+/SH570 zebrafish to produce tbk1+/+, tbk1+/SH570 and tbk1SH570/SH570 

progeny. Half of these offspring would be expected to carry the NFĸB:GFP reporter gene. Under 

a binocular fluorescent microscope, at 3dpf, we sorted the progeny according to 

presence/absence of an GFP signal. Interestingly we observed two groups of GFP expressing 

zebrafish, one with a bright GFP signal and the other with a weaker GFP signal (Figure (4.1a and 

4.1b). We collected both groups according to GFP intensity and extracted DNA for genotyping. 

remarkably this showed that all the bright GFP larvae were homozygous for the tbk1 mutation 

while the weaker ones were a mix of tbk1 wild type and heterozygous larvae (Figure (4.1c&d).   
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Figure 4. 1 NFĸB:GFP reporter levels observed in progeny of a tbk1+/SH570 incross.  a) One bright NFĸB:GFP 

zebrafish and one weaker NFĸB:GFP zebrafish. b) A group of bright GFP zebrafish are tbk1 SH570/SH570 and a group of 
less bright EGFP zebrafish are a mixture of tbk1+/+ and tbk1+/SH570. c) Gel image of tbk1 exon10 genotyping tbk1SH570 
incross progeny that been selected according to the GFP signals, wild type genotyping show one band at size 203 & 
155 bp, heterozygous bands 358, 203 & 155 bp and homozygous band at 358 bp, the 1st 7wells are tbk1SH570/SH570. 
d) is a tbk1 exon10 table of genotyping. 
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Furthermore, we used confocal microscopy to examine which cells and organs express 

NFĸB:GFP and whether there is any difference between wild type and homozygous mutant 

larvae. NFĸB:GFP was expressed in many epithelial cells and in neuromasts and the intensity of 

NFĸB:GFP signal was higher in tbk1SH570/SH570 compared to tbk1+/+. Measuring the NFĸB:GFP 

fluorescence intensity we observed a significant difference between the tbk1 wild type and the 

homozygous, Welch’s t-test p value is 0.0014 (see Figure(4.2e). 

In conclusion there appears to be an increase in NFĸB signalling in tbk1SH570/SH570 zebrafish 

which is detectable using the reporter line from 3dpf.  
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Figure 4. 2 Confocal imaging of tbk1SH570/SH570 shows increased expression of NFĸB:GFP. a) tbk1+/+ zebrafish 
expressing NFĸB:GFP in many cells b) tbk1SH570/SH570  zebrafish have increased levels of NFĸB:GFP in many cells. c) 
section of tbk1+/+ shows that NFĸB:GFP are expressed in neuromasts. d) section of tbk1SH570/SH570 shows that 
NFĸB:GFP has increased expressed in neuromasts. e) NFĸB:GFP florescence intensity is significantly different 
between tbk1+/+  and tbk1SH570/SH570 (p =) 0.0014. 
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4.2.1 Viral infection does not appear to contribute to NFĸB signaling in tbk1SH570/SH570 

 

Since tbk1 regulation of canonical NFĸB is involved in the inflammatory response to infection 

(Shih et al., 2011), we wanted to investigate whether increased NFĸB:GFP expression could be 

due to viral infection.  

Although the aquarium is a closed recirculating system, it is not a sterile environment, thus 

some pathogens will be present (Balla et al., 2020).   Tbk1 is a crucial adaptor protein in the 

innate immune response to viruses, including picornavirus infection in human cells (Li et al., 

2019). The only known zebrafish virus present in research aquaria is a picornavirus (Altan et al., 

2019, Balla et al., 2020). Pathogen testing has demonstrated that this virus is carried by around 

20% of the fish in the Sheffield aquarium where the tbk1SH570 line are housed. Picornavirus can 

be efficiently removed from embryos by standard bleaching protocols (Balla et al., 2020). 

Therefore, to reduce picornavirus infection we bleached embryos obtained from tbk1+/SH570 x 

tbk1+/SH570 NFĸB:GFP crosses and maintained them in sterile autoclaved E3, and compared 

NFĸB:GFP in these embryos with siblings bleached and then maintained in autoclaved E3 

supplemented with unfiltered water from the aquarium system, as well as a group that were 

left unbleached and raised according to our standard husbandry in non-sterile E3. The bleached 

embryos often remained in the chorions, which is expected. Examining the three groups under 

the microscope we observed the existence of bright and less bright zebrafish in all three groups. 

Genotyping revealed that all bright fish were tbk1 homozygotes while the less bright ones were 

a mixture of wild type and tbk1 heterozygous (see Figure (4.3).   
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Figure 4. 3 Bleaching embryos to remove picornavirus does not alter the NFĸB:GFP signal in tbk1SH570/SH570. a) a 
group of 5 dpf tbk1SH570 siblings treated with bleach and raised in autoclaved E3.b) a group of 5 dpf tbk1SH570 
siblings treated with bleach and raised in autoclaved E3 with aquarium media. c) a group of 5 dpf tbk1SH570 siblings 
raised in normal E3. 
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4.2.1.1  Over expression of proinflammatory cytokine genes in 

tbk1SH570/SH570 

 

Activating NFĸB triggers a response involving upregulation of proinflammatory genes including 

TNFα, IL1β, IL6 and IL8 (Lawrence, 2009a). Therefore, we investigated whether increased NFĸB 

signaling indicated by increased GFP was associated with changes in expression of the 

proinflammatory genes. We conducted three independent in crosses as above and sorted 

tbk1SH570 sibling embryos into two groups- those with bright NFĸB:GFP and those with less 

bright NFĸB:GFP, we pooled 10 larvae from each genotype on different days and extracted RNA 

at 5 and 12 dpf. By measuring the mRNA level of tnfα, il1β, il6 and il8 in 5 dpf tbk1SH570 zebrafish 

siblings we did not observe any significant difference in expression of il1β, il6 and il8 between 

groups. However, in 5 dpf tbk1SH570/SH570 embryos we observed a significant increase in tnfα 

levels compared to the mixed wild type and heterozygous siblings (Welch's t-test p-value 

0.0002) (see Figure (4.4). 
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Figure 4. 4 Investigation of proinflammatory cytokine gene expression in 5 dpf tbk1SH570/SH570. a) il1β mRNA level 
does not show any significant difference between tbk1+/+& tbk1+/SH570 sibling and tbk1SH570/SH570 zebrafish. b) tnfα 
mRNA level shows significant difference between tbk1+/+& tbk1+/SH570 sibling and tbk1SH570/SH570 zebrafish 
(p=0.0002). c) il6 mRNA level does not show any significant difference between tbk1+/+& tbk1+/SH570 sibling and 
tbk1SH570/SH570 zebrafish. d) il8 mRNA level does not show any significant difference between tbk1+/+& tbk1+/SH570 
sibling and tbk1SH570/SH570 zebrafish. Each point represents a pool of 10 larvae from 3 independent group. 
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Since the swimming defect in tbk1SH570/SH570 zebrafish was detected at 12 dpf (Figure (3.24), we 

also measured levels of the proinflammatory genes at 12 dpf tbk1SH570. We observed a 

significant increase of tnfα, il1β, il6 and il8 mRNA levels in the 12 dpf tbk1SH570/SH570 compared 

the tbk1+/+ and tbk1+/SH570 siblings, (see Figure (4.5). Thus, we have demonstrated that 

proinflammatory genes are upregulated in tbk1 mutants that have increased NFĸB signalling, at 

a time when these fish manifest swimming and behavioural defects. 
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 Figure 4. 5 Investigation of proinflammatory cytokine genes expression in 12 dpf tbk1SH570/SH570. a) 12 dpf 
tbk1SH570/SH570 shows a significant increase in il1β mRNA level compared to tbk1+/+& tbk1+/SH570 siblings p=0.0002. b) 
12 dpf tbk1SH570/SH570 shows a significant increase in tnfα mRNA level compared to tbk1+/+& tbk1+/SH570 siblings 
p=0.0012. c) 12 dpf tbk1SH570/SH570 shows a significant increase in il6 mRNA level compared to tbk1+/+& tbk1+/SH570 
siblings p=0.0147.  d) 12 dpf tbk1SH570/SH570 shows a significant increase in il8 mRNA level compared to tbk1+/+& 
tbk1+/SH570 siblings p=0.0011. Each point represents a pool of 10 larvae from 3 independent group. 
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4.2.2 Increased NFĸB:GFP signal in tbk1 compound heterozygous mutant zebrafish 

 

 

One of the risks associated with studying a single mutant allele is that we might be seeing 

increased NFĸB signalling due to mutation in a linked gene, or some other unexpected effect of 

the SH570 allele.  As described in chapter (3) we generated a new tbk1SH643 stable line that 

carries a frameshift mutation in the kinase domain. Therefore, we tested whether this new 

allele was able to rescue the increase in NFĸB:GFP found in tbk1SH570 embryos using a 

complementation assay, where we crossed tbk1+/SH570 NFĸB:GFP hemizygotes with tbk1+/SH643 

zebrafish and examined the GFP signal in their progeny under the fluorescent microscope. 

We observed two groups of NFĸB:GFP zebrafish which we classified as bright and less bright 

(Figure (4.6b). Genotyping and sequencing of the NFĸB:GFP bright embryos revealed that they 

all carried the mutation in tbk1 exon4 (c.323_324 ins14; p.Glu109fsX20) and a mutation in tbk1 

Exon 10 (c.1227_1231del5; p.D409Efsx10). Thus, the increased NFĸB:GFP signal can be induced 

by two independent tbk1 alleles, and the exon 4 mutation fails to complement (rescue) the 

exon 10 allele. Genotyping and sequencing the NFĸB:GFP less bright embryos revealed that 

some of them carried a mutation in tbk1 exon 4 but not in tbk1 exon 10, while some of them 

carried a mutation in tbk1 exon 10 but not in tbk1 exon 4, and some of them were wild type for 

tbk1 (see Figure(4.6). 
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Figure 4. 6 Compound heterozygous tbk1 mutations cause increased NFĸB:GFP signal. a) Gel image of genotyping 
tbk1 compound heterozygous, the 1st 23 wells are tbk1 exon4 and last 23 wells are the same embryos genotyped 
for tbk1 exon10. b) is a picture of 2 NFĸB:GFP bright zebrafish on the top and 2 less bright NFĸB:GFP zebrafish on 
the bottom. c) is a table of genotyping, the 1st three columns are tbk1 exon 4 and the last 3 columns are the same 
embryos genotyped for tbk1 exon10.  
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4.2.3 Increased NFĸB:GFP signal in tbk1SH643/SH643 homozygous mutants 

 

To confirm the increased expression of NFĸB:GFP in tbk1SH570/SH570 and in compound 

heterozygous tbk1SH570/SH643 we outcrossed tbk1+/SH643 with tbk1+/SH643 NFĸB:GFP hemizygotes to 

generate tbk1 SH643/SH643 NFĸB:GFP hemizygote progeny. Examining this outcross progeny under 

the fluorescent microscope at 3 dpf we observed that we have two groups of zebrafish one 

with a bright GFP signal and the other with a less bright GFP signal. We collected the GFP 

expressing zebrafish and genotyped them. Comparison of GFP level and genotype showed that 

all the brightly fluorescing embryos were tbk1 SH643/SH643 while the less bright ones were a mix of 

tbk1 +/+ and tbk1 +/SH643 (Figure (4.7). Therefore, an independent frameshift mutation in the 

kinase domain of tbk1 confirms the effect of tbk1 mutation on NFĸB signalling in zebrafish 

embryos.  
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 Figure 4. 7 dpf tbk1SH643/SH643 have elevated NFĸB:GFP signal. a) tbk1SH643/SH643 zebrafish over expressing NFĸB:GFP 
compared to tbk1 +/+ and tbk1 +/SH643. b) Gel image of tbk1 exon4 genotyping tbk1SH643 incross progeny that been 
selected according to the GFP signals the 1st 7 wells are tbk1 SH643/ SH643. c) is a table of tbk1 exon4 genotyping.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



175 

 

4.2.3.1    Over expression of proinflammatory cytokine genes in 

tbk1SH643/SH643 

 

If the tbk1SH643 mutation in the TBK1 kinase domain affects the same functional pathway as 

tbk1SH570 we expect to see similar increased expression of proinflammatory cytokine genes. 

Thus, we measured the mRNA level of tnfα, il1β, il6 and il8 in 12 dpf tbk1SH643 zebrafish siblings. 

We observed significant increases in il1β, tnfα, il6 and il8 mRNA levels in the 12 dpf 

tbk1SH643/SH643 compared to tbk1+/+& tbk1+/SH643 siblings (see Figure (4.8), suggesting that similar 

pathways are affected in two independent tbk1 mutant zebrafish models. 
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Figure 4. 8 Increased expression of proinflammatory cytokine genes in 12 dpf tbk1SH643/SH643 zebrafish. a) 12 dpf 
tbk1SH643/SH643 shows a significant increase in il1β mRNA level compared to tbk1+/+& tbk1+/SH643 siblings p=0.0255. b) 
12 dpf tbk1SH643/SH643 shows a significant increase in tnfα mRNA level compared to tbk1+/+& tbk1+/SH643 siblings 
p=0.0036. c) 12 dpf tbk1SH643/SH643 shows a significant increase in il6 mRNA level compared to tbk1+/+& tbk1+/SH643 
siblings p=0.0426.  d) 12 dpf tbk1SH643/SH643 shows a significant increase in il8 mRNA level compared to tbk1+/+& 
tbk1+/SH643 siblings p=0.0394. Each point represents a pool of 10 larvae from 3 independent group. 
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4.3  A tbk1SH570/SH570 mxa:mCherry IRF3 reporter line does not provide evidence 

of altered IRF3 signaling  

 

Since there is crosstalk between IRF3 and NFĸB, and TBK1 acts as a downstream kinase in the 

IRF3 pathway controlling dsDNA mediated IRF3 signaling (Abe and Barber, 2014), we aimed to 

examine the effect of a TBK1 LOF mutation on IRF3 signaling. To this end we outcrossed 

tbk1+/SH570 with an mxa:mCherry irf3 zebrafish reporter line (Levraud et al., 2007) to produce 

tbk1+/SH570 mxa:mCherry hemizygotes. Next we out crossed tbk1+/SH570 with tbk1+/SH570 

mxa:mCherry hemizygotes to generate tbk1+/+ mxa:mCherry+/-, tbk1+/SH570 mxa:mCherry+/- and 

tbk1 SH570/SH570 mxa:mCherry+/- progeny.  

Under the fluorescent microscope we sorted 3dpf progeny on the basis of red fluorescence that 

appears in the eye of mxa:mCherry carriers. Under the fluorescent microscope we did not 

observe any obvious differences between the three genotypes, which was confirmed by 

measuring the mxa:mCherry  fluorescence intensity (p=0.8151 (Figure(4.9b). To enhance the 

antiviral response, we also treated clutches of progeny with compounds that activate interferon 

pathway signaling including Poly I:C (0.5mg/ml) and brequinar (20mM)(Lucas-Hourani et al., 

2013, Moore et al., 2014). We did not detect any difference in the mCherry signal between 5 

dpf tbk1+/+ mxa:mCherry, tbk1+/SH570 mxa:mCherry  and tbk1 SH570/SH570 mxa:mCherry zebrafish 

even after 48 hours of treatment. 
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Figure 4. 9 tbk1SH570/SH570 mxa:mCherry IRF3 reporter line. a) No mxa:mCherry signal was observed in wild type or 
homozygous mutant TBK1 zebrafish at 5 dpf. b) Measuring mxa:mCherry fluorescence intensity did not reveal any 
significant difference between tbk1+/+, tbk1+/SH570  and tbk1SH570/SH570. 
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Figure 4.10 tbk1SH570/SH570 mxa:mCherry zebrafish treated with Poly I:C and brequinar. a) Scheme of the 
experimental treatment groups.b) tbk1SH570  mxa:mCherry  treated with Poly I:C did not show any difference 
between tbk1+/+, tbk1+/SH570 and tbk1SH570/SH570. c) tbk1SH570  mxa:mCherry  treated with brequinar  did not show any 
difference in signal between tbk1+/+, tbk1+/SH570 and tbk1SH570/SH570. 
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4.3.1 Elevated expression of type I Interferon induced genes in tbk1SH570/SH570 zebrafish 

 

 

Since IRF3 regulates type I IFN gene transcription and TBK1 is involved in IRF3 signaling, a LOF 

mutation in TBK1 could have a downstream impact on type I IFN genes. Although the 

mxa:mCherry IRF3 reporter line did not reveal altered levels of transcription at the mxa 

promoter in tbk1SH570/SH570 homozygotes, we decided to use an alternative approach. Therefore, 

we investigated expression of type I IFN genes which could reveal a downstream impact of 

TBK1 mutation on the IRF3 signaling pathway. By measuring the mRNA level of type I IFN genes 

which include ifnφ1, isg15 and mxa in 12 dpf tbk1SH570 zebrafish siblings we observed increased 

expression of all the three genes in tbk1SH570/SH570 (see Figure (4.11). However, this effect was 

only significant in isg15 (t-test p value p=0.0438 (see Figure (4.11b). Unfortunately, there was 

not sufficient time to repeat this experiment with additional batches of 12 dpf embryos to 

determine whether the other genes would reach statistical significance in a larger study.  
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 Figure 4. 11 Type I IFN induced gene expression level in 12 dpf tbk1SH570/SH570. a) 12 dpf tbk1SH570/SH570 shows no 
significant increase in ifnΦ1 mRNA level compared to tbk1+/+& tbk1+/SH570 siblings. b) 12 dpf tbk1SH570/SH570 shows a 
significant increase in isg15 mRNA level compared to tbk1+/+& tbk1+/SH570 siblings p=0.0438. c) 12 dpf tbk1SH570/SH570 
shows no significant increase in mxa mRNA level compared to tbk1+/+& tbk1+/SH570 siblings. Each point represents a 
pool of 10 larvae from 3 independent group. 
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4.3.2 Investigating expression of type I Interferon induced genes in tbk1SH643/SH643 

 

In order to confirm the elevated expression of type I Interferon genes in tbk1SH570 mutants we 

also measured the mRNA level of type I IFN induced genes (ifnφ1, isg15 and mxa) in 12 dpf 

tbk1SH643 zebrafish siblings. Similar to what we observed in tbk1SH570 mutants, tbk1SH643/SH643 

shows higher expression of all the three genes. Likewise, tbk1SH643/SH643 only shows a significant 

increase in isg15 mRNA level (t-test p value P=0.0211 (see Figure (4.12b) replicating the result 

seen in the tbk1SH570 mutants. 
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 Figure 4. 12 Type I IFN induced gene expression level in 12 dpf tbk1SH643/SH643. a) 12 dpf tbk1SH643/SH643 shows no 
significant increase in cell ifnΦ1 mRNA level compared to tbk1+/+& tbk1+/SH643 siblings. b) 12 dpf tbk1SH643/SH643 
shows a significant increase in isg15 mRNA level compared to tbk1+/+& tbk1+/SH643 siblings p=0.0211. c) 12 dpf 
tbk1SH643/SH643 shows no significant increase in mxa mRNA level compared to tbk1+/+& tbk1+/SH643 siblings. Each point 
represents a pool of 10 larvae from 3 independent group. 
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4.4 OPTN as an autophagy receptor for TBK1 

 

An increasing number of studies have highlighted the strong impact of the autophagy pathway 

in immunity and inflammation(Levine et al., 2011). Recent findings indicate that TBK1 is 

involved in type I IFN production through OPTN in innate antiviral immunity (Génin et al., 2015). 

In the previous section we showed that the tbk1SH650 mutation had some impact on type I IFN 

induced gene expression. Since there is an overlap between autophagy and the innate immune 

response, and on account of the involvement of OPTN in IFN production through activation of 

TBK1 (Weidberg and Elazar, 2011), we wanted to examine if an OPTN LOF mutation (optnSA0143) 

(Paulus and Link, 2014) had a similar impact.  

 

4.4.1 Normal expression of type I Interferon genes in unstimulated optnSA0143/SA0143 

 

Looking at type I IFN induced genes in 12 dpf tbk1SH650/SH650 we observed an increase in the 

mRNA level of ifnΦ1, isg15 and mxa genes, which reached significance for isg15. Therefore, we 

examined expression of the same 3 genes in unstimulated 12 dpf optnSA0143 zebrafish. In this 

experiment we were not able to identify homozygous mutants as they have no overt or 

morphological phenotype, and we knew of no fluorescent reporter gene that would be 

elevated. Therefore, larvae were genotyped using tail biopsy DNA samples at 12 dpf. By 

measuring the mRNA level of ifnΦ1, isg15 and mxa genes we found no evidence for an effect of 

optn LOF in 12 dpf zebrafish (Figure (4.13). 
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 Figure 4. 13 Type I IFN induced gene expression in 12 dpf optnSA0143/SA0143. a) 12 dpf optnSA0143/SA0143 shows no 
significant increase in cell ifnΦ1 mRNA level compared to optn+/+ siblings. b) 12 dpf optnSA0143/SA0143 shows no 
significant increase in isg15 mRNA level compared to optn+/+ siblings. c) 12 dpf optnSA0143/SA0143 shows no significant 
increase in mxa mRNA level compared to optn+/+ siblings. Each point represents a pool of 10 larvae from 3 
independent group. 
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4.4.2 No swimming defect observed in optnSA0143/SA0143 at 12 dpf 

 

A previous study of 5 dpf optnSA0143 did not reveal a swimming defect in optnSA0143/SA0143 

(Grierson unpublished observations). Since tbk1 mutants show defects at 12 dpf we undertook 

an investigation in optnSA0143 at this age. We performed three independent experiments on in 

crosses between optn+/SA0143 parents to derive experimental cohorts. 

Viewpoint was used to calculate four swimming parameters (active duration, slow movement, 

fast movement and total distance). Figure (4.14) shows that in all cases individual data points 

were obtained for each embryo to generate the first graph in each panel (i.e. a, d, g, j). This 

allows us to observe the overall response of the different genotype groups to light/dark 

switching. No significant differences between optnSA0143/SA0143 and optn+/+ were observed in the 

four parameters see table 4.1 and (Figure (4.14).  

 

 
Table 4. 1 One-Way ANOVA and Tukey's multiple comparisons test p-value of optnSA0143 

12 days 

One-way ANOVA between group 
(p-value) 

Tukey's multiple comparisons test  

between Wild type & 
Homozygous         (p-value) 

Dark Light Dark Light 

Active duration 0.0278 0.0097 0.4538 0.3493 

Slow movement 0.1229 0.0432 0.8625 0.9408 

Fast movement 0.1078 0.0527 0.5553 0.3706 

Total distance 0.0640 0.0244 0.5493 0.3783 
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 Figure 4. 14 Swimming data for 12 dpf optnSA0143/SA0143 zebrafish. a) Cumulative plots of 12 day old zebrafish 
progeny for active duration during dark light switching. b) Histogram of 12 day old zebrafish for active duration in 
dark cycles shows no significant difference between wild type and homozygous. c) Histogram of 12 day old 
zebrafish for active duration in light cycles shows no significant difference between wild type and homozygous. d) 
Cumulative plots of 12 day old zebrafish progeny for slow movement during dark light switching. e) Histogram of 
12 day old zebrafish for slow movement in dark cycles shows no significant difference between wild type and 
homozygous. f) Histogram of 12 day old zebrafish for slow movement in light cycles shows no significant difference 
between wild type and homozygous (p=0.0230). g) Cumulative plots of 12 day old zebrafish progeny for fast 
movement during dark light switching. h) Histogram of 12 day old zebrafish for fast movement in dark cycles shows 
no significant difference between wild type and homozygous. i) Histogram of 12 day old zebrafish for fast 
movement in light cycles shows no significant difference between wild type and homozygous. j) Cumulative plots 
of 12 day old zebrafish progeny for total distance during dark light switching. k) Histogram of 12 day old zebrafish 
for total distance in light cycles shows no significant difference between wild type and homozygous.  l) Histogram 
of 5day old zebrafish for total distance in light cycles shows no significant difference between wild type and 
homozygous. These data are from three independent experiments.  
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4.4.3 Investigation of possible maternal OPTN effect on swimming in 12 day old null 

optnSA0143/SA0143 

 

In the previous section we studied optn mutants that were derived from in crosses between 

optn+/SA0143 parents. Due to the large volume of the zebrafish maternal zygote, it is known that 

there may be a strong maternal contribution of mRNA and protein. In order to exclude the 

possibility that any wild type OPTN from the maternal zygote could rescue a mutant phenotype 

in optnSA0143/SA0143 progeny we generated experimental cohorts from three independent 

biological repeat of either optn+/+ or optnSA0143/SA0143 in crosses. The parental fish in this 

experiment were siblings, thus the 12 dpf zebrafish we studied were cousins (sharing 

grandparents). This approach controls for potential confounding genetic effects as far as 

possible. Viewpoint was used to calculate the same four swimming parameters (active duration, 

slow movement, fast movement and total distance). 

Figure (4.15) shows that in all cases individual data points were obtained for each embryo to 

generate the first graph in each panel (i.e. a, d, g, j). This allows us to observe the overall 

response of the different genotype groups to light/dark switching. No significant reduction 

between null optnSA0143/SA0143 and optn+/+ was observed in both dark and light cycles of slow 

movement, fast movement and total distance see table (4.2). Interestingly we observed a 

significant reduction of active duration in optnSA0143/SA0143 zebrafish during the dark cycles (t-test 

p<0.0001) but this was not observed in the light cycles (see Figure (4.15). This provides 

evidence of a maternal effect in the optnSA0143 mutant line that was potentially masking a small 

but significant difference in swimming behaviour in optn mutants. 

Table 4. 2 One-Way ANOVA and Tukey's multiple comparisons test p-value of optnSA0143incross 

5days 
Unpaired t test with Welch’s correction (p-value) 

Dark Light 

Active duration <0.0001 0.0739 

Slow movement 0.1670 0.5998 

Fast movement 0.9687 0.2956 

Total distance 0.5537 0.3125 
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 Figure 4. 15 Swimming data for 12 day old optnSA0143 zebrafish obtained from homozygous parents. a) 
Cumulative plots of 12 day old zebrafish progeny for active duration during dark light switching. b) Histogram of 
12-day old zebrafish for active duration in dark cycles shows a significant difference between wild type and null 
homozygotes p<0.0001. c) Histogram of 12 day old zebrafish for active duration in light cycles shows no significant 
difference between wild type and null homozgous. d) Cumulative plots of 12 day old zebrafish progeny for slow 
movement during dark light switching. e) Histogram of 12 day old zebrafish for slow movement in dark cycles 
shows no significant difference between wild type and null homozgous. f) Histogram of 12 day old zebrafish for 
slow movement in light cycles shows no significant difference between wild type and null homozygotes 
(p=0.0230). g) Cumulative plots of 12 day old zebrafish progeny for fast movement during dark light switching. h) 
Histogram of 12 day old zebrafish for fast movement in dark cycles shows no significant difference between wild 
type and null homozygotes. i) Histogram of 12 day old zebrafish for fast movement in light cycles shows no 
significant difference between wild type and null homozygotes. j) Cumulative plots of 12 day old zebrafish progeny 
for total distance during dark light switching. k) Histogram of 12 day old zebrafish for total distance in light cycles 
shows no significant difference between wild type and null homozygotes.  l) Histogram of 12 day old zebrafish for 
total distance in light cycles shows no significant difference between wild type and null homozygotes. These data 
are from three independent experiments. 
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4.4.4 Investigating genetic interaction between optn and tbk1 in zebrafish 

 

In patients there is evidence to support a multiple hit model for ALS pathogenesis involving 

genetic and environmental factors (A Al-Chalabi 1, 1999). While these factors can be 

challenging to identify, increasing genetic sequencing of patients has uncovered a significant 

number of patients bearing >1 mutation (van Blitterswijk et al., 2012a). It is interesting that 

ALS/FTD patients have been reported in the literature that harbour hemizygous mutations in 

both TBK1 and OPTN (Lattante et al., 2019, Pottier et al., 2015b), although these occur so rarely 

that it is impossible to determine the potential for an oligogenic disease mechanism or putative 

genetic interaction between the two mutant genes.   

OPTN is a substrate for TBK1 kinase activity and phosphorylation of OPTN is involved in 

regulation of autophagy and mitophagy (Richter et al., 2016a). Clearly the effect of homozygous 

mutation of optn on swimming at 12 dpf (Fig 4.15) is much less pronounced than the effect of 

homozygous mutation of tbk1 at the same age (Fig 3.24& 3.26). Thus, optn can only modestly 

contribute to the deleterious effects of tbk1 mutations on swimming in 12 dpf zebrafish. Since 

we know that OPTN functions downstream of TBK1 in the autophagy pathway, if this pathway is 

involved in the swimming phenotype, we can predict that in an oligogenic model where both 

genes are mutated this will not lead to a more severe swimming phenotype. 

 If on the other hand TBK1 and OPTN function in parallel pathways that affect swimming, we 

might expect to see a more profound swimming defect when both genes are mutated. 

In tbk1 mutants we observed effects on swimming in response to dark/light stimulus and on 

thigmotaxis. Therefore, we wished to study the contribution of tbk1 and optn mutations to 

both phenotypes. In the time available we only performed experiments that tested how 

introducing hemi- or homozygosity for tbk1 modifies the optnSA0143/SA0143 phenotype (see 

following section).  
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4.4.4.1 Generating an oligogenic model with mutations in tbk1 and optn 

 

We outcrossed tbk1+/SH570 zebrafish with optn+/SA0143 zebrafish to produce tbk1+/SH570 optn+/SA0143 

zebrafish then we crossed these fish with optn+/SA0143 to produce tbk1+/SH570 optnSA0143/SA0143. 

Then we in crossed tbk1+/SH570 optnSA0143/SA0143 to produce progeny of tbk1+/+ optnSA0143/SA0143, 

tbk1+/SH570 optnSA0143/SA0143 and tbk1SH570/SH570 optnSA0143/SA0143 (see Figure (4.16). These fish have 

no maternal contribution of wild type optn mRNA or protein. 
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 Figure 4. 16 Schematic overview of generating tbk1SH570 and optnSA0143 oligogenic models.  
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4.4.4.1.1 A swimming defect was not detected in tbk1+/SH570 optnSA0143/SA0143  
 

A swimming study was conducted using the Viewpoint equipment on 12 dpf progeny from an in 

cross of tbk1+/SH570 optnSA0143/SA0143 parents to examine whether loss of one or both tbk1 alleles 

modifies the optn phenotype. Viewpoint was used to calculate four swimming parameters 

(active duration, slow movement, fast movement and total distance). Figure (4.17) shows that 

in all cases individual data points were obtained for each embryo to generate the first graph in 

each panel (i.e., a, d, g, j). This allows us to observe the overall response of the different 

genotype groups to light/dark switching. Similar to what we observed in 12 dpf tbk1SH570/SH570 

we observe a significant reduction in all four swimming parameters for both dark and lights 

between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 (one-way ANOVA p<0.0001). 

Tukey’s multiple comparison test also shows a significant difference between tbk1SH570/SH570 

optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 (p<0.0001). However, despite a slight reduction in 

mean fast movement and total distance, when comparing tbk1+/SH570 optnSA0143/SA0143 and 

tbk1+/+ optnSA0143/SA0143, we did not observe any significant reduction in any swimming 

parameter during both the dark and light periods see table (4.3). This suggests that loss of one 

copy of tbk1 does not alter the optnSA0143/SA0143 phenotype, but loss of both causes a similar 

effect to that observed in tbk1SH570/SH570 optn+/+at 12 dpf. 

 
Table 4. 3 One-Way ANOVA and Tukey's multiple comparisons test p-value of tbk1+/SH570 optnSA0143/SA0143 incross 

12 days 

Tukey's multiple comparisons test comparing 

tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 (p-value) 

Dark Light 

Active duration 0.3158 0.0851 

Total distance 0.2927 0.7896 

Slow movement 0.3768 0.5744 

Fast movement 0.2092 0.4686 
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 Figure 4. 17 Swimming study data for a 12 day old tbk1+/SH570 optnSA0143/SA0143 in cross progeny. a) Cumulative 
plots of 12 day old zebrafish progeny for active duration during dark light switching. b) Histogram of 12-day old 
zebrafish for active duration in dark cycles shows a significant difference between tbk1SH570/SH570 optnSA0143/SA0143 
and tbk1+/+&+/SH570 optnSA0143/SA0143 but no significant difference has been observed between tbk1+/SH570 
optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 . c) Histogram of 12 day old zebrafish for active duration in light cycles 
shows a significant difference between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 but no 
significant difference has been observed between tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 . e) 
Histogram of 12 day old zebrafish for slow movement in dark cycles shows a significant difference between 
tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 but no significant difference has been observed 
between tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 . g) Cumulative plots of 12 day old zebrafish 
progeny for fast movement during dark light switching. h) Histogram of 12 day old zebrafish for fast movement in 
dark cycles shows a significant difference between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 
but no significant difference has been observed between tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143. j) 
Cumulative plots of 12 day old zebrafish progeny for total distance during dark light switching. k) Histogram of 12 
day old zebrafish for total distance in light cycles shows a significant difference between tbk1SH570/SH570 
optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 but no significant difference has been observed between 
tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 . l) Histogram of 12 day old zebrafish for total distance in light 
cycles shows a significant difference between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 but 
no significant difference has been observed between tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143. These 
data are from three independent experiments. 
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4.4.4.1.2 Altered thigmotaxis was not detected in 12 dpf tbk1+/SH570 
optnSA0143/SA0143  

 

To investigate any effect on thigmotaxis we conducted similar experiments to those described 

in (Figure (3.29) (of the previous chapter). Figure (3.29) shows the proportion of time spent 

swimming in the centre of the field during period of light and dark. When the lights are off we 

expect fish to enter the centre of the field as they are not able to determine their location 

relative to the edge (Figure (3.29a). Similar what we observed in 12 dpf tbk1SH570/SH570, the 

tbk1SH570/SH570 optnSA0143/SA0143 larvae spend significantly more time swimming in the centre 

during light cycles (Figure (3.29b), demonstrating a significant reduction in thigmotactic 

behaviour between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143 One-way ANOVA 

p<0.0001 also Tukey’s multiple comparisons test show a significant difference p<0.0001. 

However, no significant reduction in thigmotactic behaviour was observed between tbk1+/SH570 

optnSA0143/SA0143 and tbk1+/+optnSA0143/SA0143 Tukey’s multiple comparisons test (p=0.5951) (see 

Figure (4.18). This suggests that loss of one copy of tbk1 does not alter the optnSA0143/SA0143 

phenotype, but loss of both copies causes a similar effect to that observed in tbk1SH570/SH570 

optn+/+at 12 dpf. 
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Figure 4. 18 Proportions of swimming for a 12 day old tbk1+/SH570 optnSA0143/SA0143 in cross progeny. a) Histogram 
for total time of proportion of swimming in dark cycles shows no significant difference between the three 
genotypes b) Histogram for total time for proportion of swimming in light cycles shows a significant difference 
between tbk1SH570/SH570 optnSA0143/SA0143 and tbk1+/+&+/SH570 optnSA0143/SA0143 but no significant difference has been 
observed between tbk1+/SH570 optnSA0143/SA0143 and tbk1+/+ optnSA0143/SA0143. These data are from three independent 
experiments. 
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4.5 Discussion 

 

TBK1 is a multifunctional kinase expressed in all tissues and implicated in the regulation of 

multiple pathways. During this project we aimed to identify pathways that are disrupted in tbk1 

mutants that lead to ALS/FTD phenotypes. Due to their overlapping functionality, the crosstalk 

between them, and prior evidence for their involvement in ALS/FTD, we specifically focussed on 

three pathways: NFĸB, IRF3 and autophagy. 

 

4.5.1 The role of TBK1 in NFĸB signaling  

 

As mentioned earlier some studies suggested a role for TBK1 in activating canonical NFĸB 

signaling through phosphorylation and subsequent degradation of IĸB. Because TBK1 knockout 

mice are early embryonic lethal, most of the evidence for this comes from in vitro studies, or in 

vivo knockout in specific cell types. By using a tbk1 knockout zebrafish which is viable to 

adulthood we are able to get new insights into tbk1 function. We crossed our tbk1 mutants 

onto a NFĸB:GFP reporter line, to test the hypothesis that loss of tbk1 function will result in 

reduced NFĸB signaling due to reduced IĸB phosphorylation and degradation and thus less 

NFĸB translocating to the nucleus to stimulate signaling. Contrary to what we predicted we 

observed a significant increase in NFĸB signaling suggesting the existence of alternative 

regulation of NFĸB signaling in tbk1 knockout zebrafish. 

To confirm these findings, we undertook some additional experiments. If NFĸB signaling is 

upregulated, we would expect to see upregulation of genes which are transcriptionally 

activated by NFĸB. We therefore quantified expression of 4 proinflammatory cytokines using 

quantitative RT-PCR. By measuring the mRNA levels of il1β, tnfα, il6 and il8 in 5 dpf 

tbk1SH570/SH570 zebrafish we did not observe any significant increase in their expression.  
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However, by 12 dpf, which is the age that we observed significant defects in swimming and 

thigmotactic behaviour, we observed a significant increase in expression of all 4 

proinflammatory cytokine genes in tbk1SH570/SH570 zebrafish. It is not clear why we observed the 

increase in NFĸB:GFP as early as 3 dpf, but only see a significant increase in proinflammatory 

gene expression at 12 dpf. Potentially this could be because RNA is extracted from whole 

larvae, and NFĸB:GFP is only upregulated in a subset of cell types. 

On the other hand, there is a possibility that viral infection contributes to upregulation of NFkB 

and proinflammatory genes in our tbk1 mutant zebrafish model. This is especially likely because 

picornavirus RNA has been detected in fish housed in our aquaria. Also, it is known that in 

human cells TBK1 phosphorylates and mediates degradation of a picornavirus coat protein 

involved in infection (Li et al., 2019).  Because picornavirus can be eradicated from zebrafish by 

bleaching we compared NFĸB:GFP in tbk1 mutant embryos, but saw no difference in signal. 

Even when we raised the tbk1+/SH570 in cross progeny in contaminated media we did not 

observe a different impact on tbk1+/SH570 in cross progeny. Therefore, this is not likely to 

contribute to the phenotype up to day 5, but might be involved at later stages, for example we 

see that homozygous mutant larvae are smaller and slower to develop, and it is feasible that 

this may be due to picornavirus infection.  

 

4.5.2 Confirmation of the tbk1 mutant phenotype 

 

Our primary findings support the involvement of mutant tbk1 in NFkB signaling but not in 

activating canonical NFĸB signaling. However, there are alternative explanations for what we 

observe. For example, a linked mutation in a nearby gene would be coinherited with the 

tbk1SH570 allele and thus could account for this phenotype. Alternatively, the tbk1SH570 mutation 

may not cause a loss of function of tbk1. This is quite likely since it generates a premature stop 

codon in the CCD1 domain, and thus a truncated protein could contain the kinase domain and 

maintain residual kinase activity. Unfortunately, we did not have time to optimise our custom 

zebrafish anti-tbk1 antibodies, so we do not have experimental proof for loss or truncation of 

tbk1 protein in this mutant.  
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To address these two possibilities, we could try to restore tbk1 function either by injecting wild 

type tbk1 mRNA into tbk1SH570/SH570 embryos, but this is not the best approach because we 

observe NFĸB signaling around 3 dpf, by which time any effect of injected mRNA would be 

expected to be diminished. Therefore, we decided that the best approach would be generating 

a second tbk1 mutant zebrafish model that carries a mutation in a more 5’ region of the gene, 

that would abolish kinase activity.  For technical reasons we targeted exon 4 and generated the 

tbk1SH643 mutant allele which is located within the serine threonine kinase domain. This 

mutation truncates within the kinase domain, and we would not expect any truncated protein 

to have kinase activity. 

The new mutant line failed to complement the tbk1+/SH570 mutation, and compound hemizygous 

mutants carrying both alleles showed an increased NFĸB:GFP  signal similar to tbk1SH570/SH570. 

Therefore, it is extremely unlikely that the effect on NFĸB is caused by another gene, but it may 

still be due to residual activity from the tbk1SH570 allele. Next, we conducted crosses of 

tbk1+/SH643 and tbk1+/SH643 NFĸB:GFP which demonstrated that this allele also activated NFĸB, 

demonstrating that this is a specific loss of tbk1 function phenotype. Since tbk1SH643 mutants 

also showed upregulation of the same proinflammatory genes we conclude that these effects 

are also real. 

 

4.5.3 The role of TBK1 in IRF3 signaling  

 

TBK1 kinase activity is critical for IRF3 activation and type I IFNs production (Balka et al., 2020). 

To investigate the role of zebrafish tbk1 in IRF3 signaling we outcrossed tbk1SH570 with an 

mxa:mCherry reporter line that is activated in response to IRF3. We predicted that we will 

observe a reduction of mxa:mCherry signaling because tbk1 kinase activity is needed for IRF3 

activation. mxa:mCherry  signal usually appears in the eyes from 3 dpf, allowing us to identify 

transgenic embryos. Examining mCherry expressing 5 dpf embryos that were later confirmed by 

genotyping to include tbk1+/+, tbk1+/SH570 and tbk1SH570/SH570 we did not observe any significant 

difference in mCherry signal. Viral infection or binding of dsRNA to TLR3 are needed to activate 

IRF3 (Fitzgerald et al., 2003a).  
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Considering this fact, we used published approaches (brequinar and Poly I:C) to stimulate IRF3 

signaling (Kavaliauskis et al., 2015, Ianevski et al., 2020, White et al., 2011). Treating 3dpf 

tbk1+/SH570 IRF3 mxa:mCherry in-cross progeny with brequinar or Poly I:C for 48hr did not result 

in any significant change in mCherry fluorescence between the three genotypes. Treating a 12 

dpf tbk1SH570 mxa:mCherry larvae with brequinar and PolyI:C would be a sensible next step, 

since we know other phenotypes manifest at this stage. However due to covid19 restrictions to 

aquarium access it was not feasible to attempt this protocol in 12 day old fish as it would be a 

licensed procedure and require regular and close monitoring of the larvae.   

Because of these factors we instead looked at genes that are stimulated by Type I IFN signalling. 

If tbk1 is involved in irf3 activation, we would expect to observe a reduction in production of 

type I IFNs mRNA levels.  

By measuring the mRNA levels of type I IFNs genes ifnΦ1, isg15 and mxa in 12 dpf tbk1SH650 

zebrafish we observed an increase of the expression of mRNA levels of ifnΦ1, isg15 and mxa in 

12 dpf tbk1SH570/SH570 zebrafish, however only isg15 reach statistical significance. It is possible 

that increasing the number of biological repeats could lead to the other gene expression 

changes reaching significance. 

 

These findings are not conclusive because tbk1SH570 mxa:mCherry did not show any difference 

in IRF3 signaling between the three genotypes at 5 dpf. As mentioned we would need to 

investigate the mxa:mCherry phenotype at 12 dpf to confirm the RT-PCR result. Additionally, 

the increased production of type I IFN stimulated mRNA levels might not necessarily be 

prompted by mutant tbk1.  Other than the possibility of viral infection causing the increased 

production of type I IFNs another explanation could be the dual nature of type I and Type II IFNs 

(Lee and Ashkar, 2018). 

 

 

 

 

 



204 

 

4.5.4 The role of TBK1 in autophagy mediated by OPTN  

 

As mentioned previously ALS/FTD cases have been identified with mutations in both TBK1 and 

OPTN genes indicating a possible polygenic effect (van Blitterswijk et al., 2012a). In addition 

TBK1 phosphorylates OPTN and recruitment of TBK1/OPTN drives ubiquitinated mitochondria 

to autophagosomes (Richter et al., 2016a).  

Based on these facts investigating the role of TBK1 in Autophagy mediated by OPTN autophagy 

receptors is crucial to understand mechanisms of disease. To this end we attempted to leverage 

zebrafish genetic models to generate an oligogenic zebrafish model tbk1+/SH570 optnSA0143/SA0143 

that carries a LOF mutation in the tbk11 gene and null mutation in the optn gene to examine if 

this has an impact on the motor function and social behavior of zebrafish.  

We showed in the previous chapter, a homozygous tbk1 LOF mutation resulted in impaired 

swimming behaviour in zebrafish. If this effect was mediated fully or in part by optn, we should 

expect to see a swimming defect in optn homozygous mutants at 12 dpf. We detect a very 

subtle change in swimming behaviour in 12 dpf optn fish, which could represent a very specific 

effect of an optn-mediated autophagy defect. However, the size of this effect is too small to 

study, and further work is required to better understand its relevance. We also showed that 

combining the optn and tbk1 mutations to generate fish that were compound homozygotes, or 

homozygous for an optn mutation and hemizygous for the tbk1 mutation led to phenotypes 

that were similar to the tbk1 mutant phenotype. We did not have time to conduct the 

experiment in this project, but it would be interesting to see if heterozygosity or homozygosity 

for optn affects the tbk1 mutant phenotype. Combined with the data in this thesis this could 

allow us to be clear about potential epistatic effects of these mutations relevant to ALS/FTD.  

We conducted similar experiments and investigated thigmotaxis. In this case We detect a very 

subtle change in swimming behaviour in 3 biological repeats using 12 dpf optn fish, which could 

represent a very specific effect of an optn-mediated autophagy defect., however we do not 

know if optn mutation alone gives rise to a thigmotaxic phenotype. These experiments are 

important for a fuller conclusion to be drawn regarding this phenotype.  
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As previously observed in our model,TBK1 LOF mutation increased the mRNA expression level 

of type I IFN induced genes and in some mouse models OPTN had a role in the production of 

IFNs through TBK1 activation (Munitic et al., 2013). Measuring mRNA levels of type I IFN 

induced genes in progeny of optnSA0143/SA0143 in cross zebrafish did not demonstrate increase of 

ifnφ1, isg15 or mxa. This contrasts with what we observed in the 12 dpf tbk1SH570/SH570 

zebrafish. This suggests that the effect of tbk1 on IFN1 signaling is independent of its 

interaction with optn. 

ALS/FTD caused by TBK1 mutations is inherited in an autosomal dominant manner however the 

tbk1+/SH570 zebrafish did not show any significant defect in swimming behaviour. We wondered 

if we would see a phenotype in tbk1+/SH570 hemizygotes if we introduced the optn mutation. 

However, we observed no synergistic effect suggesting that the tbk1 swimming defects are 

operating in the same pathway rather than in parallel. It would be interesting to conduct these 

studies the other way around, to determine if combining the optn mutation on a tbk1SH570/SH570 

background exacerbates the tbk1 phenotype. If it did then it would suggest that there may be 

independent pathways involved (Medchalmi et al., 2021, Toth and Atkin, 2018) This would be 

interesting as our model is based on tbk1 acting upstream of optn (see Figure (4.9). 
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Figure 4. 19 Schematic shows possible ways that tbk1 and optn could function in parallel pathways. On the left is 
the established role of tbk1 and optn in mitophagy, on the right is an undefined role for optn in modifying tbk1-
mediated NFkB signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



207 

 

4.6 Conclusion  

Several studies imply a role of TBK1 in mediating cross talk between the innate immune 

response and autophagy. Examining the role of TBK1 in three pathways NFĸB, IRF3 and 

autophagy we found that in zebrafish tbk1 has a potential role in regulating NFĸB and IRF3 

signaling and show preliminary evidence that could help to determine the basis of any 

oligogenic effects in ALS/FTD patients with TBK1 and OPTN mutations.  

Because tbk1 homozygotes showed evidence of increased NFĸB signaling rather than decreased 

signaling that the canonical pathway would predict, we decided to investigate the alternative, 

less well characterised, and somewhat overlapping non-canonical NFĸB pathway. In the next 

chapter we address this pathway and the potential way non-canonical signaling could mediate 

the upregulation of NFĸB in tbk1 mutants. 
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5. Inhibition of map3k14a in noncanonical NFKB signaling in 

tbk1SH570/SH570 zebrafish   

5.1    Introduction  

 

In the previous chapter we were trying to investigate which pathways downstream of tbk1 are 

involved in ALS/FTD pathogenesis in zebrafish. Our findings strongly indicate that tbk1 regulates 

NFĸB signaling, as both tbk1SH570/SH570 NFĸB:GFP and tbk1SH643/SH643 NFĸB:GFP  reporter lines 

showed upregulation of NFĸB:GFP. Also, both models showed increased mRNA expression 

levels of NFĸB proinflammatory cytokine markers. This seemed contradictory to the role of tbk1 

in the canonical pathway, where loss of function is predicted to lead to reduced NFĸB signaling. 

However, studies indicate that TBK1 negatively regulates noncanonical NFĸB signaling through 

phosphorylation-dependent degradation of NIK (Sun et al., 2013). Therefore, we might expect 

that loss of TBK1 function would lead to increased NIK activity which stimulates NFĸB signaling 

via the noncanonical pathway (Jin et al., 2012). In this chapter we describe experiments that 

aimed to reduce levels of NIK (map3k14a in zebrafish) in the tbk1SH570 NFĸB:GFP  reporter line 

to prevent the increase in NFĸB signaling and consequently rescue any of the pathogenic 

phenotypes in these fish.  

In order to achieve this aim, we used crispant technology (Wu et al., 2018) to reduce map3k14a 

expression in tbk1SH570 reporter line embryos.  The crispant approach involves injecting Cas9 

with a mix of four different gRNAs all targeting the same gene (in this case map3k14a) into 1-2 

cell embryos. It has been shown that this approach is extremely efficient and can produce 

phenotypes similar to null alleles of the target gene in F0 zebrafish (Wu et al., 2018). To validate 

the approach, we looked for evidence of mutations at the gRNA target sites, and for reduction 

in levels of map3k14a mRNA. To test if map3k14a crispants affected any of the readouts in tbk1 

mutants we injected the progeny of heterozygous tbk1 mutant in crosses where one parent 

was a NFĸB:GFP hemizygote, and studied the effect on GFP expression,  motor function and the 

expression of proinflammatory cytokine genes downstream of NFĸB (summarised in Figure 

(5.1). 
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Figure 5. 1 Schematic of plan to rescue the TBK1 phenotype by knocking map3k14a in the tbk1SH570/SH570 

zebrafish. Using crispant to knock map3k14a in the tbk1SH570/SH570 zebrafish predicting it will reduce NFKB: GFP 
expression thus proinflammatory cytokines gene expression which will rescue the swimming defect. 
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5.2  Expression level of map3k14a in tbk1SH570/SH570 zebrafish  

 

Since tbk1 regulates NFĸB through phosphorylation of map3k14a leading to its degradation, 

tbk1 homozygous mutants should have increased levels of map3k14a protein. However, there 

are no map3k14a antibodies that have been validated in zebrafish, so this experiment is not 

currently feasible. 

Because we will be investigating map3k14a mRNA levels in crispants we first wished to 

determine if map3k14a mRNA levels were normal in tbk1 mutants. Using qRT-PCR we observed 

a slight increase in map3k14a mRNA levels in tbk1SH570/SH570 (mean=1.994 in comparison to 

0.9381 in pooled tbk1+/+ and in tbk1+/SH570). However, this difference failed to reach significance 

in the 3 biological repeats that were performed (t-test p=0.0724 (see Figure (5.2). Therefore, it 

is not clear whether map3k14a mRNA levels are elevated in the tbk1SH570 mutant line. 
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 Figure 5. 2 map3k14a mRNA level in 12 dpf tbk1SH570/SH570 zebrafish. map3k14a levels were determined using 
qRT-PCR relative to eef1a1b.  map3k14a mRNA level shows no significant difference between 12 dpf tbk1SH570/SH570 
and pooled tbk1+/+ and tbk1+/SH570 larvae (t-test p=0.0724). Each point represents a pool of 10 larvae from 3 
independent group. 
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5.3 Using crispants to study the role of map3k14a in tbk1SH570 zebrafish 

 

To generate map3k14a crispants in tbk1SH570 zebrafish, we crossed tbk1+/SH570 with tbk1+/SH570 

NFĸB:GFP reporter hemizygotes and injected 1-2 cell stage embryos with a mixture containing 

Cas9 and a pool of 4 different map3k14a guide RNAs that were previously reported(Wu et al., 

2018). As a control we used Cas9 and a published scrambled guide RNA control. This gRNA 

represents a random sequence without homology to the zebrafish genome, and does not show 

any phenotype in a comprehensive screen (Wu et al., 2018) This approach is summarised in 

(Figure (5.3).  

By doing so we obtained 6 groups of experimental larvae: tbk1+/+, tbk1+/SH570 and tbk1SH570/SH570, 

that were injected with Cas9 and either map3k14a or scrambled gRNA. At 3 dpf we used a 

fluorescence microscope to sort the embryos which are hemizygous carriers of the NFĸB:GFP 

reporter and quantify GFP expression. Strong and weak GFP expressing fish are then raised 

separately and used for a Viewpoint swimming study on day 12. After this they were sacrificed, 

a tail biopsy taken for genotyping, and qRT-PCR was used to determine cytokine expression in 

each experimental group. 
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Figure 5. 3 Schematic overview of crispant experimental approach. tbk1+/SH570 zebrafish were outcrossed with 
tbk1+/SH570  NFĸB:GFP reporter fish. Out cross progeny were either injected with a mixture of four map3k14a 
gRNA/cas9 or a scrambled control gRNA/cas9. Uninjected embryos were also collected for use as a further control.  
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5.3.1 Examining map3k14a gRNA crispant efficiency 

 

 

To examine crispant efficiency to introduce mutations in tbk1SH570 embryos we used high 

resolution melt analysis (HRMA) of the 4 targets located in exons 4, 5, 11 and 12 to analyse 

embryos that had previously been genotyped for tbk1SH570 alleles. For each map3k14a target 

we analysed four scrambled gRNA tbk1+/+ controls, four map3k14a crispant tbk1SH570 

heterozygotes and three map3k14a crispant tbk1SH570 homozygotes. 

HMRA detects changes in the meting temperature of DNA duplexes. Heteroduplexes melt 

differently to homoduplexes, and this can be seen as a shift in the melt curve. If mutagenesis is 

working efficiently, we would expect to see shifts caused by the presence of mutant and wild 

type DNA templates. We do not know if all heteroduplexes will shift the melt curve, so we may 

underestimate the efficiency of the gRNA. The melt curve was shifted in some of the MAP3K14a 

crispant injected embryos compared to uninjected controls, indicating that a mutation has been 

introduced in the targeted map3k14a region. For target 1 (exon 4) and target 2 (exon 5) 5 out 

of the 7 crispant embryos shows a shift in the melting curve. For target 4 (exon 12) all crispant 

injected embryos showed a shift in the melting temperature. For target 3 (exon 11) the 

situation is difficult to interpret. The wild type controls are not tightly clustered, which often 

means that there can be more than one stable conformation for the DNA duplex. This makes it 

difficult to see whether the crispant melt curves are different. However, repeating the injection 

three times and screening the 4 targets of MAP3K14a, around 71% of crispant injected embryos 

show a shift in melting curve (see Figure (5.4). 
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 Figure 5. 4  High-resolution melt analysis (HRMA) indicates that mutations have been introduced in crispant 
embryos. Melt curves are shown for 4 tbk1+/+ scrambled gRNA crispants (blue lines), 3 tbk1SH570/+ map3k14a 
crispants (red lines) and 4 tbk1SH570/SH570 (red lines) crispants from one of the 3 replicate experiments performed. 
The negative control is shown in green. (a) exon 4, (b) exon 5, (c) exon 11 and (d) exon 12.       
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To confirm the HMRA data for exon 12, we took advantage of the fact that this gRNA is located 

close to a BslI site (Figure (5.5b). Thus, BslI will cut the wild type map3k14a sequence but if a 

mutation has been introduced that disrupts that BslI site it will not cut the fragment. We do not 

know if all mutations will disrupt the BslI site, so we may underestimate the efficiency of the 

gRNA. BslI will digest the wild type allele giving two fragments of 109 and 142 bp, compared to 

251bp if the site is disrupted. Figure (5.4) shows the same samples as (Figure (5.5b) tested using 

BslI digest. Four of the seven map3k14a crispants have a disrupted BslI site in some of the 

template DNA. Thus, both approaches suggest that the crispant approach has induced 

mutations at the desired target sites. 
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 Figure 5. 5 Investigating exon 12 mutation efficiency in crispants using BslI restriction digest. (a) Diagram 
depicting location of forward (FW) and reverse (RV) primer binding sites. Exon 12 is in uppercase, and the flaking 
introns in lowercase.  The gRNA sequence is highlighted in yellow, underlined red sequence is where BslI will cut). 
b) Gel image showing disruption of the BslI site is map3k14a crispants, but not scrambled crispants or uninjected 
controls. After BslI digest, wild type gives bands of 109 and142 bp, and undigested PCR product will be 251 bp.c) . 
Melt curves for map3k14a exon12 shows 4 tbk1+/+ scrambled gRNA crispants (blue lines), 3 tbk1SH570/+ map3k14a 
crispants (red lines) and 4 tbk1SH570/SH570 (red lines) crispants. The negative control is shown in green. 
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5.3.2 map3k14a crispant tbk1SH570/SH570 zebrafish did not have reduced levels of NFĸB:GFP at 

3 dpf 

 

 

If map3k14a mediates increased noncanonical NFĸB signaling in tbk1 homozygous mutants we 

would expect to see a reduced level of NFĸB:GFP in tbk1SH570/SH570 map3k14a crispants 

compared to tbk1SH570/SH570 scrambled crispants. At 3 dpf we examined the NFĸB:GFP 

fluorescence under a microscope and quantified NFĸB:GFP expression by calculating the mean 

fluorescence signal per larvae in groups of 3 larvae (Figure (5.6). As expected tbk1SH570/SH570 

larvae had significantly higher GFP fluorescence, but we did not see any change in the level of 

fluorescence in the map3k14a crispants.  
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 Figure 5. 6 Effect of ma3k14a crispant on NFĸB:GFP fluorescence in  tbk1SH570. a) Groups of 3 dpf map3k14a 
crispants selected as low (left) or high (right) GFP fluorescence. All highly fluorescent fish were confirmed by 
genotyping to be tbk1SH570/SH570. b) NFĸB:GFP mean florescence intensity is significantly higher in map3k14a 
crispant tbk1SH570/SH570 compared to map3k14a injected tbk1+/+ and tbk1+/SH570 (p =0.0261). c) Groups of 3 dpf 
scrambled crispants selected as low (left) or high (right) GFP fluorescence. All highly fluorescent fish were 
confirmed by genotyping to be tbk1SH570/SH570. d) NFĸB:GFP mean florescence intensity is significantly higher in 
scrambled crispant tbk1SH570/SH570 compared to scrambled injected tbk1+/+ and tbk1+/SH570 (p =0.0056). 
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5.3.3 map3k14a crispant tbk1SH570/SH570 zebrafish had defective swimming at 12 dpf  

 

If the increase in NFĸB signaling is related to the swimming phenotype in 12 dpf tbk1SH570/SH570 

zebrafish, we predicted that ma3k14a crispants may show improvement in their swimming 

when compared to tbk1SH570/SH570 scrambled crispants. 

As described previously crosses between tbk1+/SH570 and tbk1+/SH570 NFĸB:GFP reporter 

hemizygotes were performed and 1-2 cell stage embryos were injected with a mixture 

containing Cas9 and a pool of 4 different map3k14a guide RNAs or a scrambled guide RNA 

control. Table (5.1) summarises the total number of larvae of each genotype that were used in 

these experiments.  

  
Table 5. 1 Summary of 12 dpf crispant larvae used in swimming experiments 

Crispant scrambled  map3k14a  scrambled map3k14a scrambled map3k14a 

Genotype tbk1+/+ tbk1+/+ tbk1+/SH570 tbk1+/SH570 tbk1SH570/SH570 tbk1SH570/SH570 

Experiment 1 19 13 12 33 9 5 

Experiment 2 14 13 28 27 5 7 

Experiment 3 17 10 23 30 8 7 

Total 50 36 63 80 22 19 

 

We analysed the same swimming parameters as described in the previous chapters (active 

duration, slow movement, fast movement and total distance). The results are presented in 

(Figure (5.7), and the statistical analysis is presented in Table 5.2. In all cases individual data 

points were obtained for each embryo to generate the first graph in each panel (i.e. a, d, g, j). 

This allows us to observe the overall response of the different genotype groups to light/dark 

switching. 

We first wished to establish whether the crispant tbk1+/+ and tbk1SH570/SH570 larvae still showed a 

significant difference in swimming. Comparing scrambled tbk1+/+ and scrambled tbk1SH570/SH570 

we observed highly significant difference in all four swimming parameters.  

However, when we compared map3k14a crispant tbk1+/+ and map3k14a crispant tbk1SH570/SH570 

we see that the results for fast swimming (in the light and the dark) and total distance (in the 

light) do not reach significance. 
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 It appears that the map3k14a crispant has affected some swimming parameters. Figure (5.7) 

panels (h and i) show that the effect of map3k14a appears to be a small reduction in fast 

swimming in the wild type larvae, rather than a rescue of the tbk1SH570/SH570 fast swimming 

phenotype. 

Finally, by comparing scrambled and map3k14a within each genotype (tbk1+/+, tbk1+/SH570, and 

tbk1SH570/SH570) we can see whether the map3k14a crispant rescues any of the swimming 

defects. There were no significant improvements in swimming in the map3ka14a crispants, 

therefore according to these results map3k14a does not appear to be involved in the motor 

phenotype in this model. 
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Figure 5. 7 swimming study data for a 12 day old MAP3K14a injected tbk1SH643/SH643 zebrafish. a) Cumulative plots 
of 12 day old zebrafish tbk1SH570 for active duration during dark light switching. b) Histogram of 12 day old 
zebrafish for active duration in dark cycles shows a significant difference between scrambled injected tbk1+/+ and 
scrambled injected tbk1SH570/SH570, MAP3K14a injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570 and scrambled 
injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570. c) Histogram of 12 day old zebrafish for active duration in 
light cycles shows significant difference between scrambled injected tbk1+/+ and scrambled injected tbk1SH570/SH570, 
MAP3K14a injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a 
injected tbk1SH570/SH570. d) Cumulative plots of 12 day old zebrafish tbk1SH570 for slow movement during dark light 
switching.  



225 

 

e) Histogram of 12 day old zebrafish for slow movement in dark cycles shows significant difference between 
scrambled injected tbk1+/+ and scrambled injected tbk1SH570/SH570, MAP3K14a injected tbk1+/+ and MAP3K14a 
injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570).  
f) Histogram of 12day old zebrafish for slow movement in light cycles shows significant difference between 
scrambled injected tbk1+/+ and scrambled injected tbk1SH570/SH570, MAP3K14a injected tbk1+/+ and MAP3K14a 
injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570. Cumulative plots of 12 
day old zebrafish tbk1SH570 for fast movement during dark light switching. h) Histogram of 12 day old zebrafish for 
fast movement in dark cycles shows significant difference between scrambled injected tbk1+/+ and scrambled 
injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570. i) Histogram of 12day 
old zebrafish for fast movement in light cycles shows significant difference between scrambled injected tbk1+/+ and 
scrambled injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570. j) 
Cumulative plots of 12 day old zebrafish tbk1SH570 for total distance during dark light switching. k) Histogram of 
12day old zebrafish for total distance in light cycles shows significant difference between scrambled injected 
tbk1+/+ and scrambled injected tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570.  
l) Histogram of 5day old zebrafish for total distance in light cycles shows significant difference between scrambled 
injected tbk1+/+ and scrambled injected tbk1SH570/SH570, MAP3K14a injected tbk1+/+ and MAP3K14a injected 
tbk1SH570/SH570 and scrambled injected tbk1+/+ and MAP3K14a injected tbk1SH570/SH570.      
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Table 5. 2 Summary of statistical analysis of the map3k14a crispant effect on swimming 
 

  

dark light dark light

Scrambled tbk1+/+ vs. MAP3K14a tbk1+/+ 0.8811 0.3217 0.2298 0.1318

Scrambled tbk1+/+ vs. Scrambled tbk1+/SH570 0.9996 0.9998 0.9689 0.9984

Scrambled tbk1+/+ vs. MAP3K14a tbk1+/SH570 0.9596 0.5699 0.1257 0.4242

Scrambled tbk1+/+ vs. Scrambled tbk1SH570/SH570 0.0009 <0.0001 <0.0001 <0.0001

Scrambled tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.0008 <0.0001 <0.0001 <0.0001

MAP3K14a tbk1+/+ vs. Scrambled tbk1+/SH570 0.71 0.1669 0.592 0.0368

MAP3K14a tbk1+/+ vs. MAP3K14a tbk1+/SH570 0.9978 0.9758 >0.9999 0.9075

MAP3K14a tbk1+/+ vs. Scrambled tbk1SH570/SH570 0.0398 0.0113 0.0101 0.0014

MAP3K14a tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.0314 0.001 0.0185 <0.0001

Scrambled tbk1+/SH570 vs. MAP3K14a tbk1+/SH570 0.8149 0.31 0.4711 0.1375

Scrambled tbk1+/SH570 vs. Scrambled tbk1SH570/SH570 0.0002 <0.0001 <0.0001 <0.0001

Scrambled tbk1+/SH570 vs. MAP3K14a tbk1SH570/SH570 0.0002 <0.0001 <0.0001 <0.0001

MAP3K14a tbk1+/SH570 vs. Scrambled tbk1SH570/SH570 0.0037 0.0002 0.0013 <0.0001

MAP3K14a tbk1+/SH570 vs. MAP3K14a tbk1SH570/SH570 0.0033 <0.0001 0.0035 <0.0001

Scrambled tbk1SH570/SH570 vs. MAP3K14a tbk1SH570/SH570 >0.9999 0.9768 >0.9999 0.8938

dark light dark light

Scrambled tbk1+/+ vs. MAP3K14a tbk1+/+ 0.1693 0.3159 0.1122 0.0809

Scrambled tbk1+/+ vs. Scrambled tbk1+/SH570 0.9927 >0.9999 >0.9999 0.9775

Scrambled tbk1+/+ vs. MAP3K14a tbk1+/SH570 0.2982 0.3319 0.1695 0.114

Scrambled tbk1+/+ vs. Scrambled tbk1SH570/SH570 <0.0001 0.005 <0.0001 <0.0001

Scrambled tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.0007 0.0028 <0.0001 <0.0001

MAP3K14a tbk1+/+ vs. Scrambled tbk1+/SH570 0.3659 0.2233 0.0774 0.2667

MAP3K14a tbk1+/+ vs. MAP3K14a tbk1+/SH570 0.9804 0.9984 0.9868 0.988

MAP3K14a tbk1+/+ vs. Scrambled tbk1SH570/SH570 0.1184 0.4993 0.0971 0.0182

MAP3K14a tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.2879 0.3479 0.0244 0.0602

Scrambled tbk1+/SH570 vs. MAP3K14a tbk1+/SH570 0.6076 0.2059 0.1059 0.4034

Scrambled tbk1+/SH570 vs. Scrambled tbk1SH570/SH570 0.0002 0.0024 <0.0001 <0.0001

Scrambled tbk1+/SH570 vs. MAP3K14a tbk1SH570/SH570 0.0021 0.0014 <0.0001 <0.0001

MAP3K14a tbk1+/SH570 vs. Scrambled tbk1SH570/SH570 0.0087 0.191 0.0076 0.0006

MAP3K14a tbk1+/SH570 vs. MAP3K14a tbk1SH570/SH570 0.0462 0.115 0.0012 0.0048

Scrambled tbk1SH570/SH570 vs. MAP3K14a tbk1SH570/SH570 0.9998 0.9997 0.9932 0.9999

Active duration                      

Adjusted P Value        

Slow movement                    

Adjusted P Value   

 Fast movement                    

Adjusted P Value   

Total distance                     

Adjusted P Value   

Tukey's multiple comparisons

Tukey's multiple comparisons
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5.3.4 MAP3K14a crispants do not show significant reduction in MAP3K14a mRNA levels  

 

Crispants are a relatively new approach, and we wished to have confidence that map3k14a was 

functionally impaired in the swimming study. In the literature most crispant studies involve 

phenotypes that can be easily observed such as pigmentation (D'Agati et al., 2017) . However, 

in the map3k14a crispants there were only small, non-significant effects on swimming in 

tbk1+/+. We reasoned that crispant larvae with mosaic frameshift mutations should show 

reduced map3k14a expression due to nonsense mediated degradation. Therefore, we 

extracted RNA from 12 dpf larvae at the end of the swimming study and examined the 

expression level of map3k14a compared to eff1a (Figure (5.8), Table 5.3). Data were normalised 

to the expression level in scrambled tbk1+/+ larvae. There was a small but non-significant 

reduction in map3k14a expression in tbk1+/+. As seen previously the level of map3k14a was 

slightly increased in tbk1SH570/SH570 mutant larvae, and this was not reduced in the crispants. 

Thus, we do not find evidence for reduced levels of map3k14a that we might expect to see if 

frameshift mutations in the crispants were causing nonsense mediated degradation. 

 

  
Table 5. 3 Mean map3k14a mRNA level in 12 dpf crispants 

Group Scrambled tbk1+/+ 
MAP3K14a 

tbk1+/+ 
Scrambled 

tbk1SH570/SH570 
MAP3K14a 

tbk1SH570/SH570 

Relative 
mRNA level  

1.011 0.7667 1.189 1.456 
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 Figure 5. 8 MAP3K14a mRNA level in crispant 12 dpf zebrafish. Relative MAP3K14a mRNA level shows no 
significant difference between groups. Each point represents a pool of larvae from 3 independent group. 
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5.3.5 MAP3K14a knockdown/out in tbk1SH570/SH570 zebrafish present a differential cytokines 

gene expression  

 

 

In this chapter, we set out to determine whether map3k14a crispants would show a reduction 

in the elevated NFĸB signaling in tbk1SH570/SH570 larvae. However, as we showed earlier this was 

not observed, as there was no effect on NFĸB:GFP fluorescence. To look at signaling 

downstream of NFĸB, we also investigated whether the expression of proinflammatory 

cytokines was reduced in the crispants.  

One-way ANOVA demonstrated significant differences in cytokine gene expression (Table 5.4).  

All four cytokines showed significantly increased expression when comparing tbk1SH570/SH570 and 

tbk1+/+ scrambled crispants. However, Tukey’s multiple comparisons test did not show a 

significant reduction of cytokine expression in map3k14a crispant tbk1SH570/SH570 larvae.  

In contrast there was a small but non-significant increase in cytokine expression in the 

map3k14a crispant tbk1+/+ larvae (Figure (5.9), Table 5.4).  

Thus, these results are in keeping with the fact that NFĸ:GFP fluorescence was not reduced in 

tbk1SH570/SH570 crispants (Figure (5.9), Table 5.4). 
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 Figure 5. 9 Expression of proinflammatory cytokine genes in 12 dpf crispants. a) 12 dpf scrambled injected 
tbk1SH570/SH570 showed significantly elevated levels of tnfα compared to scrambled injected tbk1+/+. However, 
MAP3K14a injected tbk1SH570/SH570 did not show a significant decrease in tnfα mRNA levels compared to scrambled 
injected tbk1SH570/SH570. b) 12 dpf scrambled injected tbk1SH570/SH570 showed significantly elevated levels of il1β 
compared to scrambled injected tbk1+/+. However, MAP3K14a injected tbk1SH570/SH570 did not show a significant 
decrease in il1β mRNA levels compared to scrambled injected tbk1SH570/SH570. c) 12 dpf scrambled injected 
tbk1SH570/SH570 showed significantly elevated levels of il6 compared to scrambled injected tbk1+/+. However, 
MAP3K14a injected tbk1SH570/SH570 did not show a significant decrease in il6 mRNA levels compared to scrambled 
injected tbk1SH570/SH570. d) 12 dpf scrambled injected tbk1SH570/SH570 showed significantly elevated levels of il8 
compared to scrambled injected tbk1+/+. However, MAP3K14a injected tbk1SH570/SH570 did not show a significant 
decrease in il8 mRNA levels compared to scrambled injected tbk1SH570/SH570. Each point represents a pool of larvae 
from 3 independent group. 
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Table 5. 4 Summary of statistical analysis of the map3k14a crispant effect on gene expression 

  

IL1β tnfα IL6 IL8

0.0002 0.0038 0.0206 0.0075

Tukey's multiple comparisons test p-value IL1β tnfα IL6 IL8

Scrambled tbk1+/+ vs. MAP3K14a tbk1+/+ 0.7456 0.6135 0.7469 0.3301

Scrambled tbk1+/+ vs. Scrambled tbk1SH570/SH570 0.0008 0.0034 0.0411 0.0308

Scrambled tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.0005 0.0635 0.0373 0.0068

MAP3K14a tbk1+/+ vs. Scrambled tbk1SH570/SH570 0.0024 0.0164 0.1703 0.3718

MAP3K14a tbk1+/+ vs. MAP3K14a tbk1SH570/SH570 0.0013 0.3484 0.1549 0.081

Scrambled tbk1SH570/SH570 vs. MAP3K14a tbk1SH570/SH570 0.9459 0.1942 0.9999 0.6797

 over all one way ANOVA p-value 
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5.4 Discussion  

 

 

In previous chapters we showed that tbk1 loss of function does not inhibit NFĸB signaling as we 

had hypothesised. In contrast signaling was increased in two different mutant tbk1 stable lines. 

We reasoned that the increased NFĸB signaling may arise from loss of tbk1’s inhibitory role in 

noncanonical signaling. tbk1 phosphorylates nik (map3k14a) leading to degradation of nik by 

the proteasome (Zhao et al., 2018) and inhibits downstream NFĸB signaling (Jin et al., 2012).  

Thus, loss of tbk1 could lead to constitutively elevated levels of nik, and thus increased 

noncanonical NFĸB signaling. 

We hypothesised that inhibiting map3k14a in tbk1SH570/SH570 may reduce the noncanonical NFĸB 

expression and thus reduce cytokine gene expression. We also wanted to see if the 

noncanonical pathway could be linked to the swimming defect that we observed in the two 

tbk1 mutant lines. Because time was limited by lockdown and reduced laboratory access, we 

used a rapid approach (Wu et al., 2018) for direct gene knockout to evaluate the impact in F0 

zebrafish. This approach is faster than conventional CRISPR/Cas9 that could take at least a year 

to generate a stable mutant line (Masselink, 2021).  

 

5.4.1 map3k14a crispant efficiency  

 

According to (Wu et al., 2018) the efficiency of crispant gRNA they used is 90%, so we based our 

approach based on their published data. We used two methods to examine the efficiency of 

this rapid approach. Firstly, we used HRMA to identify heteroduplex formation. This showed 

that there were likely to be insertions or deletions in the gRNA target sites, but that the 

efficiency was low. In addition, the exon 12 target region contained a BslI restriction site which 

allowed us to look for disruption of this site using restriction enzyme digestion.  

Sequencing the targeted gRNA region was not the best approach because F0 map3k14a 

crispant embryos are expected to be highly genetically mosaic, in other words an individual 

embryo will carry many different mutations. 
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 Although for the swim study and mRNA extraction, we only selected fish that have a disruption 

in BslI site. At the current time we do not know which map3k14a mutations were present in the 

larvae which were studied in this chapter.  

Some F0 crispants have been outcrossed to allow the generation of stable mutant lines. 

Sequencing the F1 fish will allow us to conduct future studies with defined map3k14a 

frameshift alleles. 

Another way to study the validity of the crispants is to look at map3k14a expression.  

Using qRT-PCR we did not see a significant reduction in map3k14a expression in tbk1+/+ larvae, 

although the average expression level was reduced. Potentially, additional repeats of this 

experiment would demonstrate a significant effect on expression and allow us to conclude that 

the approach is valid. However, we also saw that map3k14a expression was increased in 

tbk1SH570/SH570 mutants compared to controls, although this didn’t reach significance. Additional 

repeats of this experiment may allow us to conclude whether the map3k14a expression level is 

higher in tbk1 loss of function mutants, which could provide evidence for dysfunction of the 

noncanonical pathway in tbk1 mutants. 

 

5.4.2 NFĸB signaling in map3k14a crispants 

 

We hypothesised that map3k14a tbk1SH570/SH570 crispants should have reduced NFĸB signaling 

because map3k14a activates the non-canonical NFĸB pathway. This should be detected by a 

reduction of NFĸB:GFP fluorescence. However, we did not observe any significant reduction in 

NFĸB:GFP signaling. This finding may not be conclusive, as we only evaluated total larval 

NFĸB:GFP fluorescence using a standard microscope.  A more comprehensive approach would 

be to quantify fluorescence in individual cells or tissues perhaps using confocal microscopy, or 

biochemical approaches from older fish where we could dissect brain, spinal cord and other 

tissues and perform ELISA assays for GFP. In addition, the crispants are genetically highly 

mosaic, therefore even if the efficiency was 100%, and every allele was mutated, the actual 

mutations in each cell could still be different.  
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It is important to remember that we are not able to select frameshift mutations in crispants, 

therefore on average 1 in 3 mutations will be in-frame, and thus not likely to cause loss of 

map3k14a function. Therefore, a stable frameshift allele of map3k14a which we could cross 

onto tbk1SH570/SH570 would be the best model to examine the impact of map3k14a on NFĸB:GFP 

signaling.  

 

5.4.3 Proinflammatory cytokine gene expression in map3k14a crispants 

 

In addition to looking at the NFĸB:GFP reporter gene, we also used qRT-PCR to quantify 

expression of downstream genes that are activated by NFĸB signaling. In the scrambled 

crispants we saw statistically significant increases in expression of tnfα, il1β, il6 and il8 in 

tbk1SH570/SH570 compared to tbk1+/+, confirming the results we found previously. However, we did 

not see a significant reduction of expression of these genes in tbk1SH570/SH570 map3k14a 

crispants. 

The mosaic nature of crispants may have contributed to this result, since we are studying total 

larval mRNA expression, rather than a specific cell population that has loss of function of 

map3k14a. 

 

5.4.4 Swimming behaviour in tbk1SH570/SH570 map3k14a crispants 

 

We wished to see if a map3k14a crispant could rescue the swimming impairments in 

tbk1SH570/SH570. As expected, we observed a significant impaired of all 4 swimming parameters 

studied (active duration, slow movement, fast movement and total distance) in tbk1SH570/SH570 

scrambled crispants compared to tbk1+/+ scrambled crispants.  

When we compared swimming in map3k14a crispants we saw clear but statistically insignificant 

reduction in mean fast swimming speed and total swimming distance in wild type and 

tbk1+/SH570 larvae. The magnitude of this effect was modest, and the variability between 

individual larvae was high, so a larger number of experimental repeats would be required to 

determine if this is a reliable and significant result.  
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However, it is hard to tell if this is specific or an off-target effect of one of the gRNAs. These 

results would be clearer if we were working with stable map3k14a mutant lines. 

However, when we compared tbk1SH570/SH570 scrambled crispants with tbk1SH570/SH570 map3k14a 

crispants no significant difference was observed in their swimming behavior, and the mean 

values were similar. This suggests that map3k14a does not contribute to the swimming 

phenotype in tbk1SH570/SH570.  

However, it remains possible that the mosaic nature of the crispants were not sufficient to 

rescue the phenotype, therefore a further study using a confirmed map3k14a frameshift 

mutant is required. Due to time limitations we only managed to perform 3 replicate 

experiments using the crispants. In addition, there was reduced survival of the tbk1SH570/SH570 at 

12 dpf because the optimal diet of rotifers was not available at this time. 

 

 

5.5 Conclusion  

 

We used the rapid crispant approach to try and reduce map3k14a function in tbk1SH570/SH570  

zebrafish to restore NFĸB signaling, reduce cytokine genes expression and rescue the swimming 

behaviour in tbk1SH570/SH570. Contrary to what we predicted, this approach did not show any 

significant impact on NFĸB:GFP fluorescence, cytokine gene expression or swimming behaviour. 

This suggests that either the crispant approach was not sufficient to block map3k14a function, 

or the tbk1 mutation does not impact on the noncanonical NFĸB pathway via map3k14a. To 

overcome this issue and properly exclude the role of tbk1 in non-canonical NFĸB a proper 

knockout zebrafish that carries compound LOF mutations in both map3k14a and tbk1 is 

required. Another option would be identifying and using map3k14a inhibitors that could inhibit 

map3k14a in the tbk1SH570/SH570 zebrafish. There is also a possibility that tbk1 interacts with or 

phosphorylates other proteins that are involved in the NFĸB signaling pathway thus 

comparative phosphoproteomic analysis of wild type and tbk1SH570/SH570 zebrafish would be 

useful to identify candidate proteins and pathways.  
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6. Discussion 

 

6.1 Rationale for this project 

 

ALS/FTD is a complex multifactorial neurodegenerative disorder that presents with a 

heterogeneous clinical phenotype. It is likely caused by defects in several molecular pathways 

such as inflammation, autophagy, mitochondrial dysfunction, protein aggregation, RNA 

metabolism, cellular transport. These pathways affect motor and cortical neurons as well as 

non-neuronal cells in the CNS. Defects in more than 40 genes have been associated with 

ALS/FTD.  

There are still no truly effective treatments for ALS/FTD, and therefore research into the causes 

of ALS/FTD is crucial. The improvements in genetic technologies have increased our 

understanding of the genes and mutations that are involved, but to advance our understanding 

of disease mechanisms, and to be able to devise therapies, we need more cellular, in vivo and 

clinical research projects. 

The recent advancement in genome editing tools such as CRISPR has made it possible to rapidly 

generate genetic models in cells and organisms. Cell research allows biologists to look in detail 

at pathways and mechanisms, but ultimately genetic and cell-based discoveries need to be 

followed up in vivo, to understand how they affect function at a whole organism level. In 

particular in ALS/FTD, because many different cell types are involved in motor function and 

dementia, it can be hard to fully understand how cellular dysfunction will manifest in this 

context. Thus, genetic models of ALS/FTD play an important part in research. Many ALS/FTD 

disease genes have been modelled in vertebrates such as mice, rats, and zebrafish and 

invertebrates such as yeast and drosophila.  In this project, we are interested in the TBK1 gene, 

which is one of the genes that has been associated with both ALS and FTD. Genetic and cell-

based studies suggest that TBK1 mutations, although dominantly inherited, cause disease via a 

loss of function mechanism.   
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It has been known for many years that a full TBK1 loss of function model in mice is not possible, 

because TBK1 is critical for embryonic development in mice, and embryos die at a very early 

stage of development. For this reason, we chose to study TBK1 loss of function in a different 

vertebrate model, the zebrafish. 

 

6.2 Hypothesis and aims of this thesis 

 

Whole exome sequencing linked TBK1 LOF mutation with ALS and FTD (Cirulli et al., 2015b, 

Freischmidt et al., 2015a). At the start of this project there were no published mouse studies 

relating to TBK1 in ALS/FTD, although some findings were published during the course of this 

project (Brenner et al., 2019, Bonnard, 2000, Bruno et al., 2020b, Duan et al., 2019, Gerbino et 

al., 2020, Sieverding et al., 2021) so we decided to study a much simpler model vertebrate. We 

hypothesised that a LOF mutation in tbk1 will cause an ALS/FTD phenotype in zebrafish similar 

to that which we observe in ALS/FTD patients. 

In order to study the effects of tbk1 LOF mutation in zebrafish and to examine this hypothesis, 

we used CRISPR/Cas9 to introduce a LOF mutation in the zebrafish tbk1 gene. Our first aim was 

to characterise tbk1 LOF mutation zebrafish to determine whether they show a phenotype 

similar to that which has been observed in ALS/FTD patients. In addition, we aimed to 

determine which cellular pathways may be mediating the phenotype we observed. Based on 

cell-based research, we suspected that the tbk1 mutation in zebrafish would cause disease via 

defects in NFĸB signaling, IRF3 signaling or autophagy. Lastly, we hoped to restore function in 

the defective pathway, and determine whether this ameliorated the ALS/FTD phenotype. 
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6.3 Key findings of this thesis 

6.3.1 We generated the first viable vertebrate tbk1 knockout 

 

TBK1 knockout mice die early in development due to apoptosis and degeneration of the 

developing liver at embryonic day 14.5 (E14.5) (Bonnard, 2000). When we designed this project, 

we thought that there was a risk that this would also happen in zebrafish, but we reasoned that 

it was worth taking this risk for several reasons. Firstly, an E14.5 mouse embryo is equivalent to 

a 2.5 day old zebrafish.  

 

At this stage zebrafish are able to swim and have a well-developed CNS. Secondly, liver 

development in zebrafish shows differences with mice, perhaps because zebrafish livers are not 

hemopoietic organs.  Thirdly, zebrafish mutants with abnormal or undeveloped livers do not 

show lethal effects until >5 days of age. Finally, zebrafish mutants are often viable when the 

equivalent mouse knockout is lethal. For example, mitofusin 2 knockout is embryonic lethal in 

mouse but causes adult onset neurodegeneration in fish (Chapman et al., 2013). 

As we discovered during this project, we did not see any liver defects in the tbk1 homozygous 

mutants that we developed, which may be due to the fact that the liver is not a hemopoietic 

organ. We were concerned that tbk1 mutation might lead to reduced viability, and in 

preliminary studies with in crossed hemizygotes we carefully monitored the survival at different 

stages. Using standard husbandry conditions, we observed a reduction of survival during the 

first month of life. The tbk1SH570/SH570 zebrafish exhibit a significant reduction in size (length, 

weight) at 14 days old. At 12 days old wild type and heterozygous siblings begin inflation of the 

second (anterior) swim bladder, but this was not observed in homozygous mutants. 

These findings indicate that tbk1 has a role in zebrafish development. We also observed that 

the gut of 12 dpf tbk1 homozygous mutant larvae is empty compared to wild type and 

heterozygous siblings, which could be linked to the small size of these larvae. An empty gut 

indicates that the larvae may struggle to eat. This could be attributed to a motor problem with 

catching food or eating it, or an FTD-like change in behaviour (no interest in feeding).  
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Because the gut was empty, we decided to change the diet of the larvae. At that time aquarium 

staff were starting to investigate different diets and had seen that wild type larvae fed live 

rotifers grew much more quickly than those fed commercial diets. When we tested the effect of 

this diet in the tbk1SH570/SH570 larvae we saw improved survival. Shortly after this we noticed that 

tbk1SH570/SH570 larvae could be identified because of their increased NFĸB:GFP fluorescence 

when bread into the appropriate reporter background. This made it possible to select the 

homozygous larvae before 5 dpf, and to raise them in a separate tank in the aquarium. Once we 

had combined rotifer diet with raising the homozygous mutants separately, we showed that it 

was feasible to generate equivalent survival rates in tbk1SH570/SH570 and their wild type and 

hemizygous siblings. 

Thus, we were able to proceed with our characterisation of the zebrafish mutant and 

determine whether it developed ALS/FTD. 

 

 

6.3.2 tbk1 knockout zebrafish show phenotypes consistent with ALS/FTD 

 

 

Although ALS and FTD are adult-onset diseases with autosomal dominant inheritance, we did 

not observe any motor dysfunction in our tbk1 heterozygous zebrafish model at larval or adult 

stages. It is possible, as has been suggested in mouse TBK1 heterozygous knockouts(Brenner et 

al., 2019), that ageing is as key factor in exacerbating the zebrafish tbk1 LOF mutation. Although 

we studied heterozygous zebrafish at 12 months, we were not able to look at older fish. 

Perhaps if we aged sufficient numbers of heterozygous fish to 2 years or older, they may have 

developed a swimming deficit.  

As demonstrated in this thesis, zebrafish tbk1 homozygous nonsense mutants develop motor 

defects that can be studied in larval and adult stages. In larvae we saw that the severity of the 

swimming phenotype was dependent on the presence or absence of maternally contributed 

wild type tbk1 mRNA, and thus the progeny of homozygous parents which lacked any maternal 

wild type tbk1 mRNA showed significant swimming defects by 5 dpf.  
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Unfortunately, time became limited due to covid19 and we were unable to confirm that these 

swimming defects were a result of motor neuron defects, so we currently do not have evidence 

that these fish are a real model of motor neuron disease. As discussed previously we saw a 

developmental delay in these fish, so it is possible that this contributes to the swimming 

defects. However, by 6 and 12 months of age there appeared to be no overall difference in size 

or morphology of the homozygous mutants, but they still showed a significant impairment in 

Ucrit. We are not sure if the motor dysfunction in larvae and adults represents the same 

underlying mechanism. Further investigation is necessary of e.g. neuromuscular junction 

pathology. 

 
6.3.3 tbk1 homozygous mutant zebrafish show abnormal emotional and social behaviour 

 

 

Demonstrating dementia phenotypes in animal models is challenging. In most cases specific 

tests have been established in order to investigate neurological impairments, such as tests of 

cognition, social interaction and anxiety. Given the complexity of correlating the FTD clinical 

phenotype between human and zebrafish we decided to focus on social and emotional 

behaviours similar to what has been observed in an FTD mouse model (Roberson, 2012). 

FTD patients can show altered behaviour in the absence of motor symptoms, so it is possible 

that the basis of the swimming phenotype is not solely related to motor impairment but also 

reflects a change in emotional behaviour. To investigate this further, we analysed some classical 

behaviours of zebrafish, such as open field and shoaling behaviour. Examining thigmotactic 

behaviour at 12 dpf tbk1SH570/SH570 zebrafish, we observed that tbk1SH570/SH570 showed 

significantly reduced thigmotaxis, while tbk1+/+ and tbk1+/SH570 siblings avoid swimming in the 

centre of the dish and prefer to swim near the edge. Another indicator of normal social 

interaction in zebrafish is shoaling behaviour(Shams et al., 2015). We know that larval tbk1 

mutants are smaller, and it is possible that some swimming changes are either caused by, or 

correlated with, their reduced size or impaired development.  
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To mitigate this possibility, we selected the largest homozygous mutants for the shoaling 

studies, so there was no statistically significant difference in size between homozygous fish and 

their siblings.  

Examining shoaling behaviour at 21 days old we found that tbk1SH570/SH570 fish showed 

significant differences in all parameters studied compared to their pooled tbk1+/+ and tbk1+/SH570 

siblings.   

 

6.3.4 Comparison with mouse models 

 

 

The finding that zebrafish homozygous mutants bearing a nonsense mutation are viable is 

particularly interesting in comparison to studies mice. During the course of this project other 

groups have generated mice that either carry null alleles or pathogenic ALS mutations found in 

patients(Bruno et al., 2020a, Duan et al., 2019, Brenner et al., 2019, Gerbino et al., 2020, 

Sieverding et al., 2021). None of the mice that lacked TBK1 kinase activity were viable as 

homozygotes. To address this, two groups made conditional knockout mice. One model was a 

conditional knockout in cholinergic neurons including motor neurons (Gerbino et al., 2020), and 

the other was a conditional knockout in neuronal progenitors, leading to a complete deficiency 

of TBK1 in all neurons (Duan et al., 2019). The neuronal knockout showed no conventional 

motor phenotype, but did show deficits in swimming in a water maze, and impairment in 

cognition in the water maze (Duan et al., 2019). The cholinergic neuron specific knockout 

showed no deficits in motor function (Gerbino et al., 2020). Heterozygous mutant mice, that 

mimic the human ALS patients, also showed no ALS phenotype, but gene expression analysis 

showed altered neuroinflammatory gene expression in the spinal cord (Gerbino et al., 2020). 

Two studies crossed TBK1 mutations onto mutant SOD1 transgenic mice (Gerbino et al., 2020, 

Brenner et al., 2019). In both cases there was an increase in the progression of motor 

dysfunction at an early stage, but a reduction in the neuroinflammatory phenotype at a later 

stage. 
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 Lastly when a TBK1 heterozygous null allele was introduced on a TDP-43 G298S transgenic 

mouse model of ALS there was no effect on TDP-43 pathology, motor neuron loss or gliosis, but 

there was a small decrease in NMJ integrity accompanied by slightly worse motor function 

(Sieverding et al., 2021).  

Thus, it appears that the zebrafish model we have generated is unique because it allows us to 

study the complete null mutation in all cells in a viable vertebrate model, and it shows a motor 

and behavioural phenotype. 

 

 

6.3.5 tbk1 knockout zebrafish show defects in the expected signaling pathways 

 

 

The second aim of this project was to determine which of the pathways downstream of tbk1 is 

involved in ALS/FTD pathogenesis in zebrafish. The contribution of TBK1 mutations to ALS/FTD 

disease pathogenesis is poorly understood as mutations are located throughout the gene. It 

seems likely that many mutations will reduce OPTN binding or TBK1 kinase activity (Freischmidt 

et al., 2015a, Freischmidt et al., 2017, Cirulli et al., 2015b). Many studies suggest that TBK1 

mediates crosstalk between the innate immune response and autophagy, and there are strong 

interconnections between these pathways that involve TBK1 (Deretic and Levine, 2018). In the 

TBK1 knock in mouse models downstream signaling pathways were impaired in mutant mice 

that lacked kinase activity, consistent with work in TBK1 knockout cell lines However no 

changes in NF-kB signaling were described (Gerbino et al., 2020, Brenner et al., 2019). 

Therefore, we decided to focus on the role of TBK1 in autophagy, NFĸB and IRF3 signalling 

specifically. 
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6.4 The role of tbk1 in NFĸB signalling 

 

The role of TBK1 in NFĸB signalling is well studied, but still not completely understood, as 

studies suggest that TBK1 activates canonical NFĸB signalling through direct phosphorylation of 

Iĸĸβ (Fang et al., 2017, Abe and Barber, 2014) but on the other hand TBK1 negatively regulates 

non-canonical NFĸB signaling via phosphorylation of MAP3K14 (Sun, 2017, Jin et al., 2012). 

These pathways are interconnected and so it may not be possible to separate effects of TBK1 

loss of function on both pathways.  

To investigate the role of tbk1 in NFĸB signalling in zebrafish, we used a published NFĸB:GFP 

zebrafish reporter line(Kanther et al., 2011a). Contrary to what we expected, examining 

tbk1SH570/SH570 NFĸB:GFP hemizygous zebrafish showed an upregulation of the NFĸB:GFP 

reporter gene compared to tbk1+/+ and +/SH570 NFĸB:GFP siblings.  

We confirmed this was not an off-target effect in the tbk1SH570 mutant by generating a new 

mutant with a nonsense mutation in the kinase domain. This also showed the same increase in 

NFĸB:GFP fluorescence, as did compound mutant fish carrying both mutations in the 

hemizygous state.  

To confirm the effect on NFĸB signaling we examined mRNA expression of some downstream 

proinflammatory cytokine genes (Lawrence, 2009b) in tbk1SH570/SH570 larvae. At 12 dpf, (a 

timepoint we observe the most significant motor phenotypes), we observed a substantial 

increase in the relative mRNA level of il1β, il6, il8 and tnfα in tbk1SH570/SH570. Additionally, 

examining the cytokine genes in tbk1SH643/SH643 at 12 dpf we also observed a significant increase 

in the relative mRNA level of il1β, il6, il8 and tnfα. These findings support the idea that tbk1 

knockout zebrafish upregulate NFĸB, increasing the proinflammatory cytokine gene expression. 

This seems to contradict a role in the canonical pathway and agrees with the role of tbk1 as a 

negative regulator of noncanonical NFĸB in zebrafish larvae.  
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Some studies of gene expression were conducted in mouse TBK1 models of ALS/FTD. No 

changes in expression were reported for downstream targets of NFĸB in total spinal cord 

extracts from TBK1 heterozygotes (Brenner et al., 2019), but when microglia were purified, it 

appeared that il1β was downregulated, and when the SOD1 G93A mutant mouse carried a loss 

of one TBK1 allele many cytokines showed lower expression in the double mutant compared to 

the single SOD1 mutation compared to SOD1 G93A mice with two copies of TBK1 (Brenner et 

al., 2019). Although NFĸB signaling was not directly measured in any of the mouse models of 

ALS/FTD, reductions in cytokine gene expression in purified microglia from TBK1 heterozygotes 

appear to be more consistent with an effect of loss of TBK1 on canonical NFĸB 

signaling(Brenner et al., 2019).  

Of note, in our experiments we are studying global expression changes by measuring whole 

larvae NFĸB:GFP fluorescence or whole larvae mRNA levels, which may be why we see different 

results. 

 

 

6.5  IFN stimulated gene expression pathways 

 

TBK1 regulates interferon signaling, and these pathways have been shown to be reduced in 

mouse heterozygous TBK1 models (Brenner et al., 2019, Gerbino et al., 2020). In the 

homozygous mutant zebrafish, we saw significant upregulation of isg15 expression, and non-

significant but elevated levels of other interferon stimulated genes. We did not look at this in 

more detail, but this may provide further evidence that in zebrafish loss of tbk1 is triggering 

opposing effects on gene expression to those seen in mice.  These findings are not conclusive as 

the effect could be due to the role of tbk1 regulating irf3 signalling, or due to the overlapping 

effect of NFĸB on interferon signaling pathways (Ivashkiv and Donlin, 2014). 
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6.6   Relationship of tbk1 and optn in zebrafish models 

 

TBK1 phosphorylates the autophagy receptor OPTN to induce mitophagy, and LOF mutations in 

either TBK1, OPTN or both could impair mitophagy leading to the development of ALS/FTD 

(Moore and Holzbaur, 2016b). In addition, mutations in OPTN (Maruyama et al., 2010a) and a 

gain of function mutation in TBK1 (Fingert et al., 2011) both cause normal tension glaucoma.  

We showed that optn homozygous zebrafish mutants did not show a conclusive swimming 

phenotype compared to tbk1 homozygotes. In the mitophagy pathway tbk1 acts upstream to 

phosphorylate optn. If the tbk1 phenotype was due to loss of phosphorylation of optn we 

would expect to see a severe phenotype in the optn mutant, which we do not.  

However, because the pathways are interconnected it is difficult to establish the relationship 

between these genes and their phenotypic effects. To investigate this further we generated 

tbk1+/SH570 optnsa0143/sa0143 zebrafish, and in crossed these to determine the effect of optn 

mutation status on the tbk1 mutant phenotype. We did not see any effect of the optn mutation 

on the tbk1 phenotype, however we did not have time to investigate the opposite experiment, 

where we an optn mutation in the tbk1 homozygous zebrafish. 

 If this gave a more severe phenotype it would suggest that optn has an effect in tbk1 mutants 

that is not related to its phosphorylation by tbk1. It is also possible that the larval and adult 

phenotypes have different causes, and in this project, we did not look at the effect of 

combining the mutations in older zebrafish, for example studying the effect of combined optn 

and tbk1 mutations on swimming at 6 and 12 months or examining interferon response or 

cytokine gene expression in adult fish. 

These results are also relevant to oligogenic models of ALS/FTD where patients carry more than 

one mutation in a known ALS/FTD disease gene. These experimental models may help to 

determine if one mutation is a bystander or a risk factor in such situations. 
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6.7 Use of crispants to probe molecular mechanisms in ALS/FTD in zebrafish 

 

Because of the evidence for increased NFkB:GFP signaling in the tbk1 mutants, we chose to 

investigate which pathway might be stimulating NFkB in the tbk1 mutants, and see whether this 

pathway could be causing the gene expression or swimming phenotypes observed.  

Because our data was consistent with increased noncanonical NFkB signaling we chose to 

inhibit this pathway and determine the effect. We used a crispant approach, as it was reported 

to be fast and efficient, however negative findings have left us with an inconclusive result. We 

aimed to block the effect of loss of tbk1 on map3k14a by mutating map3k14a. We obtained 

some evidence from HRMA and restriction digestion that this may have worked, however we 

could not see a significant effect on map3k14a mRNA expression, which suggests that there 

could be enough wild type map3k14a remaining in the mosaic fish to preserve noncanonical 

signaling. 

In triplicate biological repeat experiments we saw no effect on NFkB:GFP fluorescence, 

swimming behaviour or cytokine gene expression in map3k14a crispants. Whether this relates 

to the mosaic nature of the crispants, or insufficient mutagenesis is not clear. Once we have 

generated a stable mutant line which lacks map3k14a kinase activity we can cross this with the 

tbk1 mutant lines and look at the same parameters. Therefore, currently we still do not know 

how loss of tbk1 is activating NFkB or causing motor phenotypes in this model. 

 

6.8 We have established a platform for future studies 

 

The development of a viable tbk1 knockout provides a platform for future work. It is critical to 

use this to determine the basis of the NFkB signaling effects. We have no evidence for cell or 

tissue specificity of the increase in GFP fluorescence or cytokine expression. Two approaches 

that would help determine cell/tissue specificity are lightsheet microscopy and single cell RNA 

sequencing.  
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The lightsheet microscope allows detailed 3 dimensional analysis of the NFkB:GFP signal, which 

will allow us to perform comparative imaging of wild type and homozygous tbk1 mutants and 

identify regions of differential expression. Low magnification imaging suggests that epithelial 

cells strongly express GFP, particularly in the gut, but we have not formally quantified this. We 

currently do not know the effect in CNS tissues which is critical to the ALS/FTD focus of this 

project, and relevant to the opposing effects on NFkB and cytokines that we see in larval 

zebrafish compared to published findings in mice and cell culture. Confocal microscopy suggests 

that the GFP signal is present in many cell types, but we have not tried to quantify this. One 

approach that might help to solve this problem is single cell RNA sequencing of tbk1SH570 

NFkB:GFP larvae. By separating single cell expression profiles on the basis of low/high GFP 

expression in wild type and mutant larvae we might be able to identify cell types where NF:kB is 

upregulated on the basis of their gene expression profiles. One limitation of this would be the 

scale of sequencing that might be necessary to deconvolute the many different cell types in a 

larval fish. As an alternative we could use a series of cell specific markers for astrocytes, motor 

neurons and microglia and determine whether the NFKB:GFP signal is altered in these cell types 

in tbk1 mutants 

 

The zebrafish model is also a potential screening platform to determine drugs and genes that 

could reverse the swimming phenotype. We observe significant swimming defects at 5 dpf in 

homozygous tbk1SH570 mutants derived from homozygous parents, although the magnitude of 

effect is quite small. We hope that tbk1SH643 mutants may show a more severe swimming 

phenotype to allow us to conduct such phenotypic rescue experiment at scale in fish <5.2 dpf 

that are not restricted by Home Office licensing. 
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6.9   Future work 

 

It is essential to confirming the impact of the introduced mutation on the protein level using an 

antibody targeting tbk1 N-terminus. Also performing a whole mount in situ hybridization to 

determine which tissue are expressing tbk1 could give us an insight of the impact of tbk1 

mutation. Further next-generation hybridization chain reaction implements simultaneous 

mapping of multiple mRNA targets. This approach could be applied to identify the expression of 

tbk1 and other downstream substrates such as optn, irf3 and map3k14a(Harry M. T. Choi, 

2014). 

GFP reporter zebrafish expressing GFP in single cell types such as motor neurons (Flanagan-

Steet et al., 2005) or macrophages and microglia (Ellett et al., 2011) could be used in 

combination with cell sorting of GFP expressing cells to analyse phosphoproteins individual cell 

types, but the amount of protein required for mass spectrometry may be difficult to achieve. 

The most important studies that need to be conducted are investigations into the basis of 

swimming defects in tbk1 mutants. This could involve staining and analysis of the NMJ in adult 

fish at 6 and 12 months, as well as larval fish at 12 days. Similar studies in mfn2 mutant 

zebrafish previously conducted in the laboratory showed defects in the NMJ in adult fish with 

swimming defects (Chapman et al., 2013). Any significant alterations at the NMJ in homozygous 

tbk1 mutants would support to the idea that the swimming phenotype is primarily a result of 

motor dysfunction. Besides, we should examine motor axon length and branching also motor 

neuron count and morphology as these are indicators of motor neuron degeneration as 

axonopathy indicate motor cell death (Morrice et al., 2018). Imaging studies to investigate the 

activation and morphology of microglia are also crucial as these cells are relevant to immune 

surveillance and neuronal defects, and it is activation is a common feature of ALS/FTD 

pathogenesis (Lall and Baloh, 2017). 

TDP-43 DNA/RNA binding protein aggregation is associated with ALS pathogenesis, defects in 

autophagy mediated by loss of tbk1 could cause aggregation, so performing optogenetics 

methods on the spinal motor neuron could enable the functional analysis of aggregation of 

protein in our model (Asakawa et al., 2021).    
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It is also important to look at the effect of map3k14a on NFKB signaling and swimming 

phenotypes. As mentioned above stable map3k14a F1 fish have been obtained, which will allow 

these studies. 

 Screening for chemical NFKB inhibitors and anti-inflammatory drugs which could reduce 

inflammation and improve the ALS/FTD like phenotype in our model and would give us an 

indication of the relevance of neuroimmune defects in our model. 

Lastly more information is needed about dysfunctional pathways downstream of tbk1 in the 

mutant zebrafish which may cause the phenotypes we observe. Because tbk1 is a protein 

kinase we could use phosphoproteomics to determine which tbk1 substrates are not 

phosphorylated in the mutants. This could provide clues about the dysfunctional pathways 

which may be causing the swimming phenotypes. tbk1 substrates have been identified using 

mass spectrometry of phosphoproteins(Kim et al., 2013b), but doing this in whole larvae 

containing thousands of cell types with different proteomes may lead to confusing results. 
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