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Abstract 

The TLDc family of proteins is characterized by a conserved Tre2/Bub2/Cdc16 

(TBC), lysin motif (LysM), domain catalytic (TLDc) domain. While the domain has been 

shown to protect against oxidative stress (OS), the mechanism of its protection and the 

distinct molecular functions of the TLDc family members are yet to be fully ascertained. In 

this thesis, the function and dysfunction of Tbc1d24 and Oxr1, two clinically important 

members of the TLDc family, are investigated. 

Mutations in TBC1D24 are associated with a broad spectrum of neurological 

disorders, including epilepsy and the gene is implicated in synaptic transmission and 

neuronal development. Using knock-in mouse models, this thesis has studied the functional 

and physiological consequences of disruption in Tbc1d24, determining that loss-of-function 

mutations within Tbc1d24 result in a significant knock down of protein expression, ultimately 

resulting in seizures. Furthermore, a key interaction between Tbc1d24 and the V-ATPase 

has been confirmed, supporting a role for Tbc1d24 in the endolysosomal pathway. 

Unexpectedly, data from the new mouse models implicated Tbc1d24 in anaemia, revealing 

a novel role for the gene in the haematological system.  

Oxr1 has been demonstrated to effectively protect against OS-induced cell death in 

neuronal cells, while overexpression of Oxr1 in vivo is able to delay neurodegeneration and 

neuroinflammation in mouse models of ALS. These findings support the promise of Oxr1 

as a safe therapeutic target against OS-related neurodegeneration. This thesis has 

investigated the pharmacological induction of Oxr1 as a viable protective strategy, through 

generation of a stable cell line based on the highly conserved Oxr1 promoter element. 

Compound screening using this line has produced some early leads for exogenous 

upregulation of Oxr1. Furthermore, the in vivo genetic over-expression system was used to 

determine whether Oxr1 could functionally compensate for a loss-of-function Tbc1d24 

mutation, shedding light on the lack of functional redundancy between TLDc family 

members. 

This thesis addresses both the deleterious consequences of disruption, and the 

protective potential of overexpression of the TLDc family, combining new mouse genetic 

models with a range of molecular and cellular techniques. These studies have furthered 

understanding of the TLDc family and elucidated its therapeutic potential in protecting 

against OS and neurodegeneration. 
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Abbreviations used repeatedly in this thesis 
AED Anti-Epileptic Drug 

EEG Electroencephalogram 

GLT-1 Glutamate transporter 1 

HEK Human Embryonic Kidney 

N2a Neuro-2a  

NCOA7 Nuclear Receptor Coactivator 7 

NMJ Neuromuscular Junction 

OS Oxidative Stress 

OXR1 Oxidation Resistance 1 

PME Progressive Myoclonic Epilepsy 

ROS Reactive Oxygen Species 

SV Synaptic Vesicle 

TBC1D24 TBC1 domain family member 24 

TLDc Tre2/Bub2/Cdc16 (TBC), lysin motif (LysM), domain catalytic 

V-ATPase Vacuolar ATPase 
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 Introduction 
1.1 Epilepsy 
1.1.1 Definition, Incidence and Aetiology of Epilepsy 

Epilepsy refers to a group of neurological diseases characterized by a chronic 

predisposition to epileptic seizures, with a wide variety of causes [1]. Seizures are caused 

by abnormal, excessive or synchronous neuronal activity, affecting the cerebral cortex [2]. 

An estimated 65 million people worldwide experience epilepsy, with an increased disease 

burden on low-income countries; mortality rate in epilepsy patients is 2-5 times higher than 

that of the general population in high-income countries, but up to 37 times higher in low 

income countries [3]. The disproportionate impact of epilepsy in low income populations is 

due to several factors, including increased risk of induced epilepsy, for example due to 

infection or head trauma, and lack of access to treatments such as antiepileptic drugs 

(AEDs) [4]. Epilepsy is associated with multiple psychiatric and somatic comorbidities, 

increasing the complexity of therapeutic need [5]. The heterogeneity of epilepsy is evident 

in that up to 40% of epilepsies have genetic origin [6], but no individual gene is the 

underlying cause in more than 1% of epilepsies [7]. The remaining 60% of epilepsy cases 

are divided by aetiology into unknown causes (30%) and acquired causes (30%); the latter 

refers to epilepsy induced by events such as traumatic brain injury (TBI) [8], brain tumour 

[9] or infection [10]. 

The diagnosis of epilepsy applies to patients that have experienced two spontaneous 

seizures over 24 hours apart, have experienced a single spontaneous seizure with a high 

probability (>60%) of recurrence within 10 years, or have been previously diagnosed with 

an epileptic syndrome [11]. Further specificity can be applied to the diagnosis within the 

definition of epilepsy, based on the localization and presentation of seizures. In focal 

epilepsies, seizures originate from a particular region of the cortex, and can spread to other 

brain areas, while generalized epilepsies involve seizures with bilateral origin, occurring 

with aberrant activity throughout the cortex [12]. The features of seizure presentation enable 

classification of epilepsies as either motor or non-motor, with further subtypes including 
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myoclonic, involving rapid asynchronous muscle spasms; and tonic-clonic, involving muscle 

stiffening with twitching movements [13]. Clinical presentation of seizures can depend on 

the brain area affected by seizure, especially in focal epilepsies. Localization of the 

epileptogenic zone can be aided by recognising specific symptoms early in the time course 

of the seizure; for example, visual auras are associated with seizures originating from 

Broadmann areas 17 and 18 within the visual cortex [14]. Determining the origin of seizures 

in focal epilepsies is crucial for surgical treatment options, which are considered after the 

failure of AEDs to treat symptoms [15]. However, generalized epilepsies are more likely to 

have genetic causes, requiring AEDs that address the underlying pathologies of disrupted 

neurotransmission for successful treatment [16]. 

1.1.2 Genetic Causes of Epilepsy 
Seizure events are triggered by an imbalance between excitatory and inhibitory 

neurotransmission, due to increase in glutamatergic activity or a decrease in GABAergic 

activity, although there are many causal mechanisms for an imbalance in 

neurotransmission [17] [18]. Acute seizures can be caused by a temporary factors, for 

example due to magnesium deficiency [19] or viral infection [20]. However, in epilepsy, 

which is characterized by recurrent seizures, neuronal networks are predisposed to cause 

seizures. This is due to a wide variety of permanent factors, resulting in imbalance between 

excitatory and inhibitory neurotransmission.  

Neurotransmission is the process by which neurotransmitters are released from the 

presynaptic terminal by exocytosis, to cross the synaptic cleft and bind to postsynaptic 

receptors. A diverse range of chemical signalling molecules function as neurotransmitters, 

from amino acids, such as glutamate or gamma aminobutyric acid (GABA), and 

monoamines such as serotonin, to gases such as nitric oxide [21]. Neurotransmitters are 

packaged into synaptic vesicles (SVs) through the action of the vacuolar ATPase (V-

ATPase), which consumes ATP to pump protons into the SVs. The V-ATPase creates the 

electrochemical gradient necessary for vesicular neurotransmitter transporters, for example 

the vesicular monoamine transporter (VMAT) or the vesicular glutamate transporter 
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(VGLUT), to drive the inward transport of neurotransmitters into the SV [22]. Stimulation of 

a presynaptic neuron by an action potential (AP) causes an influx of Ca2+ through voltage-

gated Ca2+ channels, which induces exocytosis of neurotransmitter containing-SVs [23]. 

Neurotransmitter binding causes either depolarisation (due to the influx of cations such as 

sodium, Na+) or hyperpolarisation (due to the influx of anions such as chloride, Cl-) 

depending on the neurotransmitter and its receptor.  

Channelopathies caused by mutations in ion channels are commonly associated with 

epilepsy, as they cause destabilisation of neuronal membrane potential, leading to 

disruption in neural networks [24]. The most common gene associated with epilepsy is 

sodium voltage-gated channel alpha subunit 1 (SCN1A), encoding Nav1.1, although 

mutations in SCN1A are responsible for a wide range of epilepsy syndromes [25]. 

Pathogenic mutations alter the channel properties of Nav1.1, for example, by increasing the 

voltage required for channel gating, causing slowed inactivation, or blocking the sodium 

current altogether. Characterization of mutations has been performed by expression in 

Xenopus oocytes and in human embryonic kidney (HEK) cells [26]. Gain-of-function 

mutations in hyperpolarization-activated cyclic nucleotide-gated channel 2 (HCN2) were 

shown to cause epilepsy due to alterations of both the voltage required for activation and 

the speed of activation [27]. 

Following neurotransmission, SV membranes are retrieved and reformation of SVs takes 

place to replenish the SV pool for future synaptic transmission [28]. Endocytosis of SVs at 

the presynaptic terminal is mediated by Dynamin-1 (DNM1), a large mechanochemical 

GTPase. Mutations in DNM1 have been shown to cause epileptic encephalopathy in 

humans, and Dnm1Ftfl, a spontaneous seizure-inducing mouse mutation in Dnm1, was 

shown to cause defects in endocytosis, showing fewer vesicles but enlarged vesicle size 

[29]. In addition, uptake of neurotransmitters from the synaptic cleft is necessary to prevent 

excitotoxicity; the accumulation of glutamate in the synaptic cleft instigates over-activation 

of the glutamate receptors AMPA and NMDA, which can lead to cell death following 
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excessive Ca2+ influx and activation of calcium-binding proteins which cause breakdown of 

organelles [30]. Astrocytes, responsible for glutamate clearance, express glutamate 

transporter 1 (GLT-1) for the transport of glutamate from the synapse to enter the 

glutamate-glutamine cycle, through which glutamate is converted into glutamine to be 

transported from astrocytes to neurons [31]. Glutamine is then converted back into 

glutamate to be repackaged into SVs as a neurotransmitter.  

Thus, astrocytes contribute to neurotransmission through recycling neurotransmitters 

and preventing excitotoxicity. The neuronal glutamate transporter excitatory amino acid 

carrier-1 (EAAC-1) was determined not to contribute to glutamate clearance, but rather to 

synthesis of GABA [32]. Following antisense knockdown of Eaac1 in the rat hippocampus, 

a 50% reduction in GABA synthesis was measured, indicating that EAAC-1 is vital for the 

synthesis of GABA, for which glutamate is the precursor.  Furthermore, the rats displayed 

seizures, with neuronal hyperexcitability measured in thalamocortical and hippocampal 

slices [33]. Elevated extracellular glutamate has been described in many types of epilepsy, 

both chronically when compared to non-epileptic patients [34], and acutely, around the time 

of seizure events [35]. Microdialysis studies have demonstrated an acute rise in 

extracellular glutamate immediately following TBI in both humans and rats, postulated to 

contribute to posttraumatic epileptogenesis [36].  

While the specific aetiologies of epilepsies vary widely, including channelopathies, 

metabolic defects and autoimmune causes, all can disrupt neuronal signalling, evident in 

the manifestation of seizures. Metabolic defects can cause epilepsy through the 

accumulation of toxins, or disruption of energy supply to the brain, leading to neuronal injury 

and disturbance of neural networks [37]. For example, epilepsy-associated mutations are 

found in SLC2A1, which encodes the glucose transporter GLUT1, and is required for 

transport of glucose across the blood-brain barrier to reach neurons, which are highly 

metabolically active [38]. Defects in GLUT1 lead to low glucose and low lactate availability 

to neurons, which results in seizures, although GLUT1 deficiency can be treated effectively 
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by the ketogenic diet [39]. Autoimmune causes of epilepsy have been described, including 

autoantibodies against GABA receptors, which reduce the number of GABA receptors 

found at the synapse, leading to encephalitis with refractory seizures [40]. 

1.1.3 Anti-Epileptic Drugs 

Anti-epileptic drugs (AEDs) are able to successfully treat epilepsy in 60-70% of adult 

patients [41]. Many AEDs exert effects on neurotransmission that are well understood, by 

increasing inhibition or reducing excitatory neurotransmission. For example, 

Benzodiazepines bind to GABA receptors at allosteric sites, leading to potentiation of 

GABAergic signalling and increasing inhibitory neurotransmission [42]. Many successful 

AEDs are known to exert multiple mechanisms of action [43]. For example, the first-line 

AED Valproate is known to block voltage-gated sodium channels, reducing repetitive 

neuronal firing in cell culture [44], and has also been reported to elevate levels of GABA, 

suggesting potentiation of inhibitory neurotransmission resulting in an anticonvulsant effect 

[45]. Similarly, Topiramate exerts a blockade of voltage-gated sodium channels, potentiates 

GABA activity, and inhibits NMDA receptors to reduce excitatory neurotransmission. 

Topiramate was also shown to protect mitochondria isolated from rat brain against calcium 

insult in vitro, suggesting inhibition of mitochondrial permeability [46]. However, up to 30% 

of adult epilepsy patients display drug-resistant epilepsy, in which seizures are not 

attenuated by AEDs [47]. Unfortunately, despite several hypotheses having been proposed, 

the mechanism for drug resistance in epilepsy is not yet understood [48]. This lack of 

understanding highlights the need for further research into drug resistant epilepsies, and 

for new therapeutic strategies to address them. In particular, understanding of the wide 

variety of genetic mechanisms of epilepsy may shed light on the mechanisms for drug 

resistance. 

Overall, many of the underlying mechanisms of epileptogenesis are well understood. A 

variety of biological pathways can disrupt neurotransmission when altered, with many 

epilepsy-related genes converging on common mechanisms, such as membrane channel 
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properties and endocytosis. However, treatments for epilepsy remain limited, highlighting 

the need for pharmacological mechanisms to modulate key pathways. The study of rare 

genetic disease provides the opportunity to elucidate and target specific pathways that may 

be applicable across different epileptic syndromes.  

1.1.4 Mouse Models of Epilepsy 
Mouse models of epilepsy are categorized as either genetic or induced, where genetic 

models express mutations in genes associated with epilepsy, and induced models are 

exposed to a stimulus to induce epileptic seizures [49]. Both genetic and induced models 

must show face validity for comparison with human epilepsy, and thus must exhibit seizures 

that enable electrophysiological or behavioural quantification [50]. 

Behavioural measurement, for example through video tracking or human observation, 

enables the quantification of seizure events that is direct and relatively simple, in 

comparison to electrophysiological alternatives, not requiring surgical intervention or 

expensive equipment to perform. Features of seizures, such as pre-ictal hyperactivity, 

convulsions or myoclonic jerks, may assist recognition of seizures; identification of seizures 

is aided by the Racine scale, which was developed to quantify epilepsy severity [51]. 

However, seizures can be difficult to observe and record, especially if they occur 

infrequently, or during sleep [52]. Electrophysiological methods, such as 

electroencephalogram (EEG) recording, provide high resolution quantification of seizure 

dynamics [53]. EEG methods are highly sensitive, and are able to distinguish seizures 

based on electrical activity, rather than physical manifestations. However, EEG can be 

invasive, requiring surgical intervention to implant electrodes into the skull [54]. This method 

is therefore unsuitable for very young mice, or mouse models showing early postnatal 

lethality. Both behavioural and electrophysiological methods can be useful for the 

quantification of seizures in mouse models of epilepsy, with individual experimental 

requirements taken into account. 

Induced mouse models of epilepsy involve the chemical, electrical or auditory induction 

of seizures in wild type mice. Induction of seizures can be acute or chronic, where the latter 
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provides a more realistic clinical model of epilepsy. For example, the kindling model uses 

multiple seizure-generating insults over time, such as electrical stimulation or 

pentylenetetrazole injection, to generate a model that displays spontaneous seizures [55]. 

The exitotoxic glutamate agonist kainate is used to generate mouse models which 

recapitulate many of the features of human mesial temporal lobe epilepsy (MTLE), including 

spontaneous seizures [56]. This particular model shows a level of pharmacoresistance, 

which is especially useful in testing of novel anti-epileptic drugs (AEDs) [57]. The reliable 

generation of epileptic seizures by these methods necessitates predictable seizures, which 

are easier to study than in most genetic models, where seizures may be infrequent or 

difficult to detect [49]. However, induced mouse models do not recapitulate the 

physiological causes of epilepsy in humans, therefore their suitability for use in studies of 

human epileptogenesis is limited [58]. 

Genetic mouse models of epilepsy express mutations associated with epilepsy in 

humans [59]. The mouse is a useful model organism for the genetic study of neurological 

disease, both due to the high level of homology between human and mouse genomes [60], 

and the general conservation of spatial patterning of gene expression between the brains 

of the two organisms [61]. A key advantage of genetic mouse models of epilepsy is that 

they are hypothesis driven. Thus, they allow specific study of the molecular mechanisms 

involved in epilepsy, enabling the production of therapies targeted to the precise aetiology 

of different epileptic syndromes. For example, certain missense mutations in Scn8a, 

encoding the neuronal sodium channel Nav1.6, have been shown to cause epileptic 

encephalopathy in humans, and cause seizures when modelled in mice. The mutations 

were shown to be gain-of-function, leading to neuronal hyperexcitability and impaired 

inactivation of Nav1.6. Treatment with a sodium channel modulator, GS967, was found to 

reduce seizure frequency by more than half in mice, and the drug is now in clinical trials for 

use as an AED in humans [62].  
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Genetic mouse models have helped to elucidate the wide range of molecular pathways 

that can lead to epilepsy when disrupted. The gene SV2A, encoding a synaptic vesicle 

protein, was shown to be mutated in epilepsy. Knockout of Sv2a in mice resulted in seizures 

and early lethality [63]. It was demonstrated in mouse primary neuronal culture that the 

epilepsy mutation R383Q in Sv2a prevents binding to Synaptotagmin-1, a protein 

necessary for neurotransmitter release following calcium influx, indicating that the mutation 

is loss-of-function and disrupts synaptic vesicle trafficking required for neurotransmitter 

release [64]. Disruption in glycogen metabolism has been linked to epilepsy, through mouse 

models of Lafora disease (LD), caused by mutations in the gene EPM2A, which encodes 

the phosphatase laforin, required for glycogen metabolism. A null mutant mouse model of 

Epm2a showed seizures and progressive ataxia, as observed in LD. Neuropathological 

analysis showed ‘Lafora bodies’, also reported in humans, which were found to contain end 

products of glycation, and neurodegeneration in hippocampal, cerebellar and cortical 

neurons, demonstrating that disruption of glycogen metabolism in LD  causes neuronal 

death and seizures [65]. 

The recapitulation of genetic mechanisms by genetic mouse models is increasingly 

essential for development of effective AEDs, to be able to precisely target affected 

pathways in epilepsy [49].   

1.1.5 Oxidative Stress and Epilepsy 
The brain is a highly energetically active organ, especially due to the high ATP demand 

of synaptic transmission [66]. This high demand for energy corresponds with the need for 

the brain to have an abundant supply of oxygen; indeed, the human brain at rest uses over 

20% of the oxygen available to the body [67]. The highly oxygenated environment of the 

brain facilitates aerobic metabolism, leading to the generation of reactive oxygen species 

(ROS) as a by-product. ROS exist in a balance in the brain to regulate such processes as 

redox signalling, bacterial phagocytosis, and even neurotransmission in the case of nitric 

oxide signalling [68].  However, disturbing this balance can lead to oxidative stress (OS) 

resulting in damage to DNA, proteins and lipids; if left unmanaged it can ultimately lead to 
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cell death [69]. Furthermore, glutamate signalling increases OS, demonstrated in neuronal 

cell lines which show increased ROS production, depletion of antioxidants and cell death in 

response to high concentrations of glutamate [70]. 

Signs of OS are present in epilepsy, demonstrated both in patients and animal models. 

In patients with severe motor and intellectual disabilities (SMID), a strong correlation was 

observed between epileptic seizure frequency and the degree of oxidation, as indicated by 

level of free radicals in the blood [71]. Markers of OS, including the antioxidant glutathione 

(GSH), were found to be elevated following seizures in a kainate model of epilepsy in rats, 

and protein and lipid oxidation were shown to be increased 24 hours after seizures [72]. OS 

is associated with neuronal apoptosis in epilepsy, and ROS have been shown to increase 

cell death following excitotoxic injury in cortical culture [73]. Lower antioxidant levels have 

been reported in blood plasma of patients with generalized epilepsy, indicating a 

relationship between seizure induction and OS [74]. 

Endogenous antioxidant systems, which are broadly classified as either enzymatic or 

non-enzymatic, usually maintain a healthy OS balance, by preventing production of ROS 

or by removing ROS when they occur. These endogenous mechanisms show potential as 

therapeutic targets to enhance neuroprotection, and ameliorate the deadly effects of OS in 

neurological disease [75]. 

Enzymatic antioxidant defence involves a neutralising chain of enzymes capable of 

reducing free radicals through electron scavenging, to prevent harmful build-up of ROS. 

The first of these enzymes, Superoxide Dismutase (SOD), contains either manganese, 

copper or zinc depending on cellular/extracellular location; these transition metals are 

capable of altering valence state to transfer electrons [76]. Following free radical formation, 

for example through mitochondrial respiration, SOD catalyses the superoxide anion, O2
-, 

into hydrogen peroxide, (H2O2) which is then scavenged and converted into water and 

oxygen by either Catalase or Glutathione Peroxidase (GPx).  
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Non-enzymatic antioxidants are electron-scavenging molecules, which are usually 

soluble and are able to traverse the body through the circulatory system, for example, 

ascorbate (Vitamin C) and albumin. Vitamin C works both as a scavenger of ROS, and in 

conjunction with lipid-soluble tocopherols (Vitamin E) across liposomal membranes to 

reduce lipid hydroperoxyl radicals produced following ROS-scavenging by vitamin E [77]. 

Metal chelation also plays a key role in preventing the formation of ROS. While the property 

of redox-active metals such as iron (Fe2+/3+) and copper (Cu+/2+) to change their oxidation 

state enables their antioxidant capability, this same property enables unregulated 

circulating metal ions to cause dangerous chain reactions producing free radicals. Many 

circulating antioxidants, including albumin [78], have metal-chelating properties, and 

specific metal homeostasis molecules are also able to chelate metal ions, such as iron 

regulatory proteins (IRPs), which are able to target iron for storage by Ferritin or metabolism 

through the tricarboxylic acid (TCA) cycle [79]. 

OS induces a transcription factor cascade involving upregulation of antioxidant 

genes due to activation of the antioxidant response element (ARE) within their promoter 

regions [80]. ARE activation and expression is regulated by two genes of the Cap-N-Collar 

(CNC) gene family: Nrf1 and Nrf2. The genes differ in their expression patterns, as Nrf1 

operates at a basal level to activate expression of genes involved in biosynthesis of GSH, 

whereas Nrf2 is inducible as part of the transcription factor cascade [81]. In a mouse double 

knockout study it was shown that knockout of both genes results in embryonic lethality and 

severe oxidative stress, indicating functional overlap between Nrf1 and Nrf2 [82]. Activation 

of ARE activity by Nrf2 causes induction of expression of hundreds of genes with antioxidant 

fuction, including GSH- and NADPH-dependent enzymes, metal chelating proteins 

including ferritin, and the heme-catabolizing enzyme heme oxygenase 1 [83]. Regulation of 

Nrf2 is controlled by Keap1, an adaptor protein bound to the cytoskeleton which promotes 

ubiquitylation of Nrf2 in the absence of OS, but is inhibited by OS, removing the degradation 

of Nrf2 and promoting activation of the ARE-mediated antioxidant cascade [84]. 
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Antioxidant protection against epileptic syndromes is emerging as a relatively new field. 

The use of antioxidants therapeutically to enhance neuroprotection in epilepsy has had 

limited effect for a number of reasons; many therapies only target one source of OS, and 

some antioxidants are location-specific. For example, although GSH acts as a crucial 

antioxidant molecule in the cortex, neuroprotection against OS in the hippocampus is 

dependent on SOD, therefore enhancing GSH levels would have little to no effect on 

epilepsies originating from the hippocampus [72]. Antioxidant strategies have seen more 

success when used as add-on therapies, for instance, the supplementation of AEDs with 

Vitamin E has been shown to significantly reduce both seizure frequency and OS marker 

expression in epileptic patients [85]. As low plasma antioxidant levels are commonly 

reported in epileptic patients even when successfully treated with AEDs [74], additional 

antioxidant treatment could reduce seizure-induced OS and neuronal injury. 

Overall, antioxidant strategies for treating neurological disorders such as epilepsy show 

great promise, especially in combination with existing anti-seizure drugs, or when a wide 

range of antioxidant molecules are deployed, such as in dietary interventions. In fact, 

protection against OS and resultant neuronal injury may be crucial for the long term success 

of current AEDs. 

1.2 The TLDc Family 
1.2.1 Background of the TLDc Family 

The discovery of the TLDc family began with the identification of the gene oxidation 

resistance 1 (OXR1) in a functional genomics screen which aimed to identify factors that 

could be protective against oxidative DNA damage [86]. Escherichia coli were transformed 

with a human cDNA library, and exposed to peroxidase treatment to induce OS [87]. 

Transformation with OXR1 caused a 5-fold reduction in oxidative mutagenesis, suggesting 

a protective function for the gene. In Saccharomyces cerevisiae, deletion of the OXR1 

homologue led to a reduction in cell survival when treated with H2O2, indicating increased 

sensitivity to OS in the absence of the gene [87]. OXR1 was found to contain a conserved 

domain named the Tre2/Bub2/Cdc16 (TBC), lysin motif (LysM), domain catalytic (TLDc) 
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domain, which was predicted to exert the protective function of the gene [88]. This prediction 

was supported by findings that a gene with 53% identity similarity to OXR1 including 

expression of the TLDc domain, nuclear receptor coactivator 7 (NCOA7), was similarly able 

to supress oxidative mutagenesis when expressed in E. coli [89]. The TLDc domain itself is 

a conserved motif of approximately 200 amino acids, found at the C-terminus of all OXR1 

isoforms [90]. While the TLDc domain of zebrafish OXR2 was crystallized in 2011, the 

solved structure had no similarity to any known proteins [91]; therefore no clues as to the 

molecular function could be predicted from these data. A further three proteins contain the 

TLDc domain in mammals: TBC domain family member 24 (TBC1D24), MTOR associated 

protein, eak-7 homolog (MEAK7, also referred to as KIAA1609 and TLDC1), and 

chromosome 20 open reading frame 118 (C20ORF118, also referred to as TLDC2) [92]. 

Together, these proteins comprise the TLDc family (Figure 1.1). 

TLDc family members show distinct tissue expression patterns when measure by in situ 

hybridization (ISH) in the mouse. Tbc1d24, Oxr1 and Ncoa7 are all highly expressed in the 

Figure 1.1 Schematic showing the TLDc protein family. Domains marked as TLDc: 
Tre2/Bub2/Cdc16 (TBC), Lysin Motif (LysM), Domain Catalytic; LysM: lysin motif; GRAM: GRAM 
domain; ERαbd: estrogen receptor α binding domain; RabGAP: GTPase activating protein. Protein 
domain positions obtained from UniProt.org.  
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central nervous system [92]. Expression of the TLDc family members has been 

demonstrated to protect against OS in vitro; cell death of a neuronal culture exposed to 

arsenite treatment was reduced following transfection with TLDc family constructs [92]. The 

largest isoform of Ncoa7 and the shortest isoform of Oxr1 were both found to be inducible 

under arsenite treatment, while other TLDc family members were not, suggesting a specific 

inducible role for the two genes under conditions of OS [92]. Accordingly, the different 

members are predicted to perform additional independent roles due to differing cellular 

localisation and structural differences. For instance, TBC1D24 also contains a 

Tre2/Bub2/Cdc16 (TBC) domain which is usually associated with roles in vesicular 

trafficking through interactions with Rab-GTPases [93]. Although enzymatic function was 

predicted initially based on sequence analysis of the TLDc domain, it appears not to 

possess any catalytic or scavenging activity to explain its protective function against OS 

[90]. 

1.2.2 TBC1D24 in Disease 
Given the vital protective role played by the TLDc family, it follows that disruption of the 

function of TLDc proteins can produce severe consequences. In particular, TBC1D24 is 

associated with a broad spectrum of neurological disorders, especially epilepsies, often 

accompanied by intellectual disability [94, 95, 96, 97, 98].TBC1D24 is highly expressed in 

the brain, with a broad expression pattern spanning all layers of the cerebral cortex and the 

hippocampus [99]. More diverse phenotypes, including sensorineural hearing loss and 

DOORS (deafness, onchyodystrophy, osteodystrophy and intellectual disability) syndrome, 

the latter involving skeletal defects, are also associated with mutations in TBC1D24 [100, 

101]. Exome sequencing has shown that mutations in TBC1D24 account for 0.5-1% of 

inherited epilepsies [101]. Mutations in TBC1D24 are also associated with comparatively 

mild disease phenotypes, including recessive hearing loss, highlighting the wide spectrum 

of disease associated with TBC1D24 mutation [102, 103].  

TBC1D24 encodes a protein 553 amino acids in length, containing the TLDc domain and 

an additional TBC domain, found in Rab GTPase-activating proteins (RabGAPs) which 
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mediate membrane trafficking, although sequence analysis determined that TBC1D24 

lacks the arginine finger necessary for RabGAP activity. However, TBC1D24 was shown to 

instead interact with ADP ribosylation factor 6 (ARF6), which is part of a family of GTPases 

that regulates exocytosis and endocytosis [99]. Initial indication for the involvement of 

TBC1D24 in epilepsy came from genome mapping of a consanguineous family from which 

three patients experienced recessive, early onset myoclonic epilepsy. The causative gene 

was mapped to the p terminus of chromosome 16, 16p13.3 [104]. Later, a different 

consanguineous family was identified whose members displayed recessive focal epilepsy 

with intellectual disability, with the disease-causing mutation mapped to the same 

chromosomal region, 16p13.3. Target sequence enrichment was used to interrogate this 

region, which determined that the disease-causing mutation was in TBC1D24 [105]. 

A study of mutations in TBC1D24 associated with epilepsy included patients 

experiencing a diverse range of seizure types, including febrile convulsive, tonic and 

absence, with myoclonic or clonic seizures representing 60% of seizure types. No 

correlation was determined between location, or type, of mutations and disease phenotype 

of TBC1D24-associated syndromes [106]. However, correlation was reported between 

disease severity, including mortality, and predicted loss of function mutations, such as 

frameshift, nonsense or splice-site, as opposed to missense mutations, which were only 

associated with death when occurring in or before the TBC domain [106]. The majority of 

TBC1D24-related disorders display autosomal recessive inheritance [100]. Studies of the 

molecular function of TBC1D24, particularly using mouse models, are further detailed in 

Chapter Three. 

The Drosophila melanogaster orthologue of TBC1D24, known as skywalker (sky), has 

provided useful insight into the structure and function of the protein. Sky was shown to be 

expressed at synapses and neuromuscular junctions (NMJs) in Drosophila. Fluorescent 

labelling of newly endocytosed SV membranes using a sky loss-of-function mutant showed 

SV trafficking defects, indicated by cisternal-like structures at the synaptic bouton. 
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Furthermore, the amplitude of excitatory currents was shown to be increased, suggesting 

a greater release of neurotransmitter at the sky mutant synapses [107]. Total loss of sky 

was determined to be lethal, but Drosophila homozygous for deletion of sky in the eyes 

alone survived. Electroretinogram (ERG) of the sky mutant eyes showed smaller transients, 

indicating desynchronous neuronal activity similar to that observed during seizures [108]. 

Solving of the crystal structure of the skywalker TBC domain revealed a cationic pocket, 

which was determined by sequence analysis to be conserved across TBC1D24 

homologues [109]. The positive charge of the pocket enables direct binding to 

phosphoinositides present on liposome membranes, allowing TBC1D24 to associate with 

liposomes. Interestingly, DOORS-causing mutations map to residues within this binding 

pocket, and pathogenic mutations associated with epilepsy in humans prevented binding 

of sky with liposomes, and led to defective SV trafficking measured by fluorescent imaging 

[109]. Together, these data provide strong evidence for a role for sky, and in particular its 

TBC domain, in regulating SV trafficking and synaptic signalling. However, the molecular 

mechanism of this regulation is yet to be determined.  

Further research is required to uncover the molecular mechanisms of TBC1D24 function 

in the mammalian CNS, and how disruption of these mechanisms might lead to epilepsy 

and other serious neurological disorders. Importantly, human pathogenic mutations are 

found in both the TBC and TLDc domains of TBC1D24. While useful insights into the 

function of the TBC domain have been provided from studies in Drosophila, the function of 

the highly conserved TLDc domain and its implications for protection against OS are yet to 

be fully ascertained.  

1.2.3 OXR1 in Disease 
Following the original discovery of OXR1, it was found that the gene is highly conserved 

throughout evolution, and appears to protect against OS throughout eukaryotes, from 

Drosophila [110], to mice [111], to humans [112]. This conservation has enabled effective 

study in genetic mouse models. The importance of OXR1 to brain function was revealed in 

the homozygous bella mouse mutant. This mouse contained a spontaneous deletion 
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removing the entire coding region of the Oxr1 gene, causing progressive ataxia and death 

between P24 and P26 [113]. From P19, progressive levels of apoptotic cell death are 

observed in the cerebellar granule cell layer, although no other brain regions appear to be 

affected at end-stage. In addition, markers of OS were found in the cerebellum of bella mice 

at P24. In humans, bi-allelic loss-of-function mutations in OXR1 have been shown to cause 

severe developmental delay, intellectual disability, cerebellar atrophy and seizures [114]. 

Therefore, reduction in expression of OXR1 results in severe neurological and 

developmental phenotypes involving cerebellar cell death, which can be modelled in mice. 

It is of note that overlapping disease phenotypes are observed as a result of loss-of-

function in OXR1 and TBC1D24, including epileptic syndromes, often with developmental 

delay [115, 114, 94, 106, 100]. This may indicate overlapping functions due to the shared 

TLDc domain, and suggests the potential for compensatory mechanisms between TLDc 

family members.  

Interestingly, mice homozygous for a construct that disrupts only the longest Oxr1 

isoform (Oxr1-FL) do not show any neurodegeneration [116], revealing that presence of the 

remaining short isoform of the gene (Oxr1-C) is sufficient to prevent cell death. In humans, 

a heterozygous mutation disrupting expression of OXR1-C causes specific language 

impairment (SLI), indicating the developmental disruption caused by haploinsufficiency of 

this isoform alone [117]. 

Studies of the localization of OXR1 in mice have shown that it is expressed in all major 

structures of the brain, but especially in the cortex, cerebellum and hippocampus [92]. 

Interestingly, OXR1 expression is particularly enriched in neurons in the hippocampal CA3 

subfield, which have been shown to be comparatively more resistant to OS than neurons 

of the cerebellar granule layer and of other hippocampal regions [118]. OXR1 was found to 

be upregulated during the OS response in cells, and is accordingly induced in 

Saccharomyces cerevisiae by both heat and peroxide treatment [112]. OXR1 is depleted in 

neurodegenerative diseases including Parkinson’s disease (PD); microRNA targeting 



28 

OXR1, miR-137, was found to circulate in serum of PD patients [119]. Furthermore, 

depletion of OXR1 by inhibitory RNA (RNAi) in vitro was found to increase levels of ROS, 

which led to cellular and mitochondrial damage and ultimately, cell death [120]. 

Due to the important role of OXR1 in neuronal protection against OS it has been 

postulated that its overexpression could be restorative if applied to neurodegenerative 

diseases involving OS [86]. Overexpression of OXR1 has been demonstrated to be 

neuroprotective both in vitro [121] and in vivo [122], in models of ALS-associated pathology 

(see Chapter Five for further description of neuroprotective strategies involving the 

overexpression of OXR1). These data suggest that there is promise of potential future 

treatments involving upregulation of OXR1, although the therapeutic potential of OXR1 has 

not been thoroughly investigated.  

1.3 Research Aims and Objectives 
TLDc proteins are increasingly being implicated in a range of serious neurological 

disorders, yet there is still much to learn regarding their molecular function and why loss-

of-function mutations cause certain specific clinical phenotypes and pathologies. In 

addition, several lines of study have demonstrated the protective activity of TLDc over-

expression, but whether this could be harnessed therapeutically warrants further 

investigation. The aim of this thesis is to address these two questions, combining new 

mouse genetic models with a range of molecular and cellular techniques, in order to gain 

further understanding of the TLDc family, and elucidate the family’s therapeutic potential in 

protecting against OS and neurodegeneration. The specific objectives of each chapter are 

listed below. 

The first results chapter will determine the effects of epilepsy-associated TBC1D24 in vivo, 

in order to further current understanding of the aetiology of epilepsy in patients. 

• Molecular characterisation and behavioural phenotyping of mouse knock-in mutants

representing pathogenic TBC1D24 mutations.
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The second results chapter will investigate the aetiology of the anaemic phenotype of 

TBC1D24 dysfunction, and to elucidate the role of Tbc1d24 in the haematological system. 

• Transcriptomic analysis and haematological studies of mouse models of TBC1D24

dysfunction.

The third results chapter will investigate neuroprotection by up-regulation of OXR1, both in 

vitro and in vivo. 

• Develop and validate a dual luciferase reporter-based cell assay to screen for

compounds that increase OXR1 expression in vitro. Validate lead compounds for further

testing in vitro.

• Use an in vivo model of genetic overexpression of OXR1 to investigate functional

compensation between OXR1 and TBC1D24 in a mouse model of Tbc1d24 dysfunction.
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 Materials and Methods 
2.1 Ethics Statement 

All experiments were conducted in adherence to UK Home Office regulations and 

guidelines. 

2.2 Animals, husbandry and housing 

Mouse lines were housed in the Mary Lyon Centre (MLC), at the MRC Harwell Institute. All 

lines were created or maintained on a C57BL/6J background. The day of birth was 

designated as P0. Mice received food and water ad libitum, and are housed in individually 

ventilated cages (IVCs) on a 12 hour on/off light cycle, 06:00 – 18:00. 

2.2.1 Generation of CRISPR/Cas9 mouse lines 

Three of the mouse models described in this thesis were generated using CRISPR/Cas9 

technology by the MRC Harwell CRISPR group (Teboul, L.) [123]. Single guide RNA 

(sgRNA) sequences were designed around the regions within Tbc1d24 containing the 

intended site to be altered. The web tool http://tefor.net/crispor/crispor.cgi [124] was used 

for design. Donor oligonucleotides (oligos) were designed with homology arms 60 

nucleotides in length flanking the site of the intended mutation.  

To generate each founder line, Cas9 and the sgRNA and donor oligo, suspended in 

microinjection buffer (10 mM Tris-HCl, 100 mM NaCl, 0.1mM EDTA, pH 7.5), were 

introduced into mouse embryos at the 1 cell stage by pronuclear microinjection. Embryos 

were implanted into pseudo-pregnant female hosts, which then littered the F1 progeny. Ear 

clips of F1 progeny were taken, and ddPCR copy counting experiments were performed to 

ensure that no additional insertions of the donor oligo had been made.  

2.2.1.1 Tbc1d24R360L 

The R360L point mutation in Tbc1d24 was introduced together with a silent mutation to 

prevent reprocessing of the engineered allele.  

http://tefor.net/crispor/crispor.cgi
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2.2.1.2 Tbc1d24P135L 

The P135L point mutation in Tbc1d24 was introduced together with two silent mutations to 

prevent reprocessing of the engineered allele. 

2.2.1.3 Tbc1d24INS2 

The null mouse model of Tbc1d24 expression was generated during the production of the 

Tbc1d24P135L mouse line by the MRC Harwell CRISPR group (Teboul, L.). Sequencing of 

one of the founder (F0) lines revealed a 2 nucleotide insertion that was predicted to 

introduce a frameshift, leading to an early stop codon within exon 3, after position 135 in 

the translated protein product.  

2.2.1.4 Tg(mPrnp-Oxr1) 

Mice expressing a full-length isoform of Oxr1 (Oxr1-FL) driven by a prion promoter [125] 

were imported from DPAG, Oxford, and rederived from sperm at the MLC, Harwell. 

Hemizygous mice were intercrossed with both the Tbc1d24R360L and Tbc1d24INS2 lines. 

2.2.2 Genotyping 

Genotyping was performed in house, by the author herself and with assistance from the 

MRC Harwell GEMS core group. For genotyping performed using a gel-based assay, this 

consisted of RedTaq ReadyMix PCR Reaction Mix (Sigma) (15 µl), primers (Table 2.1) (0.5 

µl of 5 pmol stock), genomic DNA (1 µl) and water (13.5 µl). Following PCR, DNA 

purification was performed using the QIAquick PCR purification kit (Qiagen) followed by 

enzyme digest (Table 1) and gel electrophoresis of the digested product, Sanger 

sequencing or presence/absence of the PCR product. As below, the mutant sequence 

contained the additional restriction enzyme site versus the wild-type sequence. 
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Table 2.1 Genotyping Primers 

Mouse line Primer sequence (5’-3’) Enzyme 

Tbc1d24R360L F: TGAGACGCACTTTCTAGGCTG 

R: AGGACGAGGCATGACTTACG 

SacI 

Tbc1d24P135L F: TCTCTGGGACCCACATAGGG 

R: CACAGTGTGGAAAAGCTGGC 

Sequencing 

required 

Tbc1d24INS2 F: GGAAAGTGTACCAGCGCCT 

R: CATCGCTGCCAGTCAGAGTAG 

BstXII 

Tg(mPrnp-Oxr1) 

 

F: GCCATTCCTGTAAAACGTTTG 

R: GCGTAATCTGGAACATCGTATG 

N/A 

 

2.2.3 Behavioural Phenotyping 

2.2.3.1 Home cage video tracking 

Mouse litters were housed in home cages placed into Home Cage Analyzer (HCA) units, 

which each contain a high-definition infrared video camera directed at the side of the IVC, 

enabling observation of behaviour and seizure pathology [126]. 12 hour on/off light cycling 

was maintained. Food and water was available ad libitum. Mice were recorded for 5 – 8 

days. Videos were manually analysed using Simple Video Coder [127], with 2 hours of 

footage scored per day, selecting the time slot during which mice displayed the highest 

activity level (between 19:00 – 21:00). 

2.2.3.2 Open Field 

Four arenas (44 x 44cm) in an enclosed room were used for open field testing, with 

overhead video camera and adjustable lighting set at 150-200 lux. Mice were separated by 

sex, and individually placed into arenas with a minimum of two mice tested at a time. 

Ethovision video tracking software was used to record mouse movements over a period of 

20 minutes. Arenas were divided into periphery, centre, and intermediate zones. 
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2.3 Histopathology 

2.3.1 Tissue collection 

Mice were euthanized by cervical dislocation at P16, and tissue (brain, liver or spleen) 

dissected.  

For embryo collection at E15.5 and E18.5, pregnant female mice were euthanized by 

cervical dislocation, and embryos removed into chilled PBS. Decapitation of embryos was 

performed to confirm death, and embryo tissue (brain or liver) dissected.  

For perfused tissue collection, mice were euthanized by anaesthetic overdose, followed by 

transcardial perfusion with either PBS alone or with PBS followed by 4% PFA in PBS. 

Perfusions were performed with assistance from the MRC Harwell Necropsy group. 

2.3.2 Immunohistochemistry 

Immunohistochemistry (IHC) was performed using embryonic brains fixed in 4% 

paraformaldehyde for 2 days, and embedded in wax then sectioned at 10 µm before 

mounting on bonding slides. Slides were dried for 1 hour at 37°C, followed by dewaxing by 

xylene and alcohol washes. Antigen retrieval was performed by boiling slides in 0.2% tri-

sodium citrate buffer at pH 6. Blocking was performed using blocking solution (5% NGS in 

PBS with 0.1% triton X-100) placed on slides for 1 hour at room temperature. Antibodies 

(Table 2.2) were diluted in blocking solution and placed onto slides at 4°C overnight. Slides 

were washed in PBS with 0.05% triton X-100. Secondary antibodies were diluted in blocking 

solution and placed onto slides for 2 hours at room temperature, in the dark. Slides were 

washed in PBS with 0.05% triton X-100 before mounting using ProLong Gold Antifade 

mountant (Invitrogen).  
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Table 2.2 Antibodies used for Immunohistochemistry 

Antibody Host species Concentration Product code 

Satb2 Mouse 1:200 Abcam ab51502 

Ctip2 Rat 1:400 Abcam ab18465 

Tbr1 Rabbit 1:400 Sigma AB10554 

NeuN Mouse 1:200 Sigma/Millipore MAB377 

Anti-Rat IgG H&L 
Alexa Fluor 594 

Goat 1:1000 Abcam ab150160 

Anti-Mouse IgG H&L 
Alexa Fluor 594 

Goat 1:1000 Invitrogen A-11032 

Anti-Rabbit IgG H&L 
Alexa Fluor 594 

Goat 1:1000 Invitrogen A-11012 

2.3.3 Nissl staining 

Brains were collected and mounted in OCT on dry ice for sagittal sectioning by cryostat and 

collection onto positively charged slides. Slides were subsequently fixed in 4% 

paraformaldehyde. Nissl staining was performed on slides following de-fat step by a 1:1 mix 

of chloroform and alcohol, and rehydration in decreasing concentrations of alcohol. Slides 

were immersed in Cresyl Violet solution for 5-10 minutes, followed by rinsing in water and 

dehydration by increasing concentrations of alcohol, and finally xylene, before mounting 

using DPX mountant (Sigma-Aldrich). 

2.3.4 DAB-enhanced Perls stain 

Spleens were collected and fixed in 4% paraformaldehyde for 2 days, and embedded in 

wax for sectioning at 14 µm and mounting on poly-L-lysine slides. Slides were dried at 37°C 

overnight, then dewaxed using xylene and rehydrated in decreasing concentrations of 

alcohol. The Prussian Blue staining kit (Abcam) was used according to manufacturer’s 

instructions: briefly, slides were incubated in a 1:1 mix of potassium ferrocyanide and 

hydrochloric acid solutions for 15 minutes at room temperature, then washed and incubated 

in DAB solution (20 mg 3,3′-Diaminobenzidine, 4 µl 30% hydrogen peroxide in 40ml PBS) 
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for 15 minutes at room temperature. Slides were washed in PBS and dehydrated using 

increasing concentrations of alcohol, and finally xylene, before mounting using DPX 

mountant (Sigma-Aldrich).  

2.4 Protein analysis 

2.4.1 Protein extraction 

Tissue was mechanically homogenized using bead homogenizer tubes, immersed in RIPA 

buffer (25mM Tris, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) 

with cocktail protease (cOmplete Protease inhibitor cocktail, Roche) and phosphatase 

(PhosSTOP, Roche) inhibitors, 1 tablet per 10 ml, shaken at 5,500 rpm for 30 sec using the 

Fast Prep FP120 instrument. Homogenate was then centrifuged for 10 minutes at 14000 x 

g, 4 °C, and supernatant transferred to an Eppendorf tube on ice. Protein concentration 

was quantified using DC Assay (BioRad), using bovine serum albumin (BSA) standards 

(New England BioLabs) to produce a standard curve ranging between concentrations of 

0.0625 – 1.4 mg/ml. Absorbance was measured at 750 nm using Epoch microplate 

spectrophotometer (BioTek). 

2.4.2 Western blotting 

Western blotting was performed on 4-12% NuPAGE Bis-Tris mini gels (ThermoFisher). 

Samples were loaded with NuPAGE LDS Sample Buffer 4x and NuPAGE Sample Reducing 

Agent (ThermoFisher) following denaturation at 90°C for 5 min. Electrophoresis was 

performed using MOPS SDS Running Buffer (ThermoFisher) at 200V for 45-60 minutes. 

Membrane transfer was performed using iBlot transfer system (ThermoFisher). Membranes 

were blocked in 10ml 4% skimmed milk (4g skimmed milk powder (Sigma-Aldrich), 100ml 

PBST) for 1-2 hrs before incubation with primary antibodies either overnight at 4°C or for 2 

hrs at room temperature (Table 2.3). Membranes were washed three times in PBST, then 

incubated in the dark with secondary antibodies, at room temperature for 1-2 hrs (see Table 

X for all antibody host animals and dilutions). Membranes were washed again twice in PBST 

and once in PBS, before they were left in the dark at room temperature until dry and 
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scanned using an Odyssey CLx scanner (Licor). Image Studio software (Licor) was used 

to obtain raw data for western blot quantification. 

2.4.3 Co-immunoprecipitation 

Co-immunoprecipitation was performed by ProteinCore, MRC Harwell (Hopestone, S.) 

using the Pierce Crosslink IP kit (ThermoFisher) according to manufacturer instructions, 

using a protein:antibody ratio of 1 mg:4 µg. 

2.4.4 Table of antibodies 

Table 2.3 Antibodies used for Western blotting 

Antibody Host species Concentration Product code 

Tbc1d24 Rabbit 1:500 NovusBio NBP1-82925 

Oxr1 Rabbit 1:1000 Proteintech 13514-1-AP 

Atp6v1b2 Rabbit 1:1000 Abcam ab73404 

Atp6v1a Rabbit 1:1000 Proteintech 17115-1-AP 

Atp6v1c Rabbit 1:1000 Proteintech 16054-1-AP 

Atp6v0d Mouse 1:1000 Abnova H00009114-M02 

Β-Actin Mouse 1:10,000 CST 3700S 

Anti-Rabbit IgG 
(H+L) 800CW 

Goat 1:10,000 Licor 926-32211 

Anti-Mouse 
IgG(H+L) 680RD 

Goat 1:10,000 Licor 926-68070 

 

2.5 RNA Analysis 

2.5.1 RNA extraction of large tissue 

Larger tissue (whole brain, liver) was mechanically homogenized using bead homogenizer 

tubes, immersed in QIAzol lysis reagent (Qiagen) shaken at 6,500 rpm for 30 sec using the 

Fast Prep FP120 instrument. Total RNA was purified using RNeasy lipid tissue mini kit spin 
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columns (Qiagen) and eluted into RNase-free water. Samples were treated with 

endonuclease DNase I (ThermoFisher) to digest single and double stranded DNA.  

2.5.2 RNA extraction of small tissue 

Smaller tissue (embryonic brain, subdissected brain structures) was processed using the 

Maxwell RSC extraction system (Promega). Tissue was mechanically homogenized using 

bead homogenizer tubes, immersed in homogenization solution (20 µl thioglycerol per 1 ml 

homogenization buffer), shaken at 6,500 rpm for 30 sec using the Fast Prep FP120 

instrument. Total RNA was purified using the Maxwell cartridge system (Promega), which 

includes an endonuclease step to digest single and double stranded DNA. 

2.5.3 Synthesis of cDNA 

Concentration and purity of RNA was assessed by spectrophotometry (Nanodrop) and RNA 

integrity was assessed using a Bioanalyzer (Agilent). RevertAid H Minus Reverse 

Transcriptase (ThermoFisher) was used for cDNA synthesis with 1.5µg RNA. 

2.5.4 RT-qPCR 

RT-qPCR was performed in 96 well plates using ABI 7500 fast qPCR system (Applied 

BioSystems), with a total volume of 10µl per well (5µl fast SYBR green master mix 

(ThermoFisher), 0.2µl F&R primers at 18µM, 4.8µl diluted cDNA at 10 ng per well). See 

Table 2.4 for primers. The following cycles were used: 1 cycle (20 sec at 95°C), 40 cycles 

(3 sec at 95°C, 30 sec at 60°C), followed by dissociation curve step. Individual gene cycle 

threshold (Ct) values obtained from qPCR were normalised to Ct values for S16 obtained 

on the same day, under the same conditions. 

2.5.5 Allele-specific RT-qPCR assay 

Allele-specific RT-qPCR was performed by GEMS (Williams, D.) using a previously 

described method [128]. Probes were specifically designed against mutant alleles 

Tbc1d24R360L and Tbc1d24P135L, and RT-qPCR was performed as above (2.5.4). 
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2.5.6 In situ hybridization 

Brains were collected and mounted in OCT on dry ice for storage at -80°C prior to sectioning 

by cryostat at 15 µm and mounting onto slides. In situ hybridisation (ISH) was performed 

under RNAse free conditions, using baked glassware and DEPC-treated and autoclaved 

water. RNAse-Zap (Sigma Aldrich) was used to regularly clean surfaces. Slides were 

acetylized by being placed into 0.1M triethanolamine hydrochloride solution and acetic 

anhydride was added dropwise. Slides were incubated for 10 minutes, then washed. Slides 

were incubated in hybridization solution (50% formamide, 200 μg/ml E. coli tRNA, 1× 

Denhardt's solution, 0.25% SDS,10% dextran sulfate, 10 mM Tris at pH 7.6, 600 mM NaCl, 

1 mM EDTA) for 1 hour at room temperature. Slides were then incubated in hybridization 

solution containing the DIG-labelled probe overnight at 65°C. Slides were then washed in 

a solution containing 30 mM NaCl and 3 mM sodium citrate. Slides were detected using 

DIG RNA labelling kit (Roche) according to manufacturer’s instructions: briefly, slides were 

incubated in blocking solution for 1 hour at room temperature, then incubated in blocking 

solution containing anti-DIG antibody at 1:5000 overnight at 4°C. Slides were then washed 

and incubated in buffers supplied by kit, before slides were incubated in detection solution 

in the dark at room temperature, and checked until staining was complete (12-24 hours). 

Slides were then washed and mounted in Aquamount (Sigma-Aldrich).   

2.5.7 Table of RT-qPCR primers 

All primers were designed to span two or more exons ensuring specific amplification of 

cDNA. 

Table 2.4 Primers used in RT-qPCR 

Target Forward (5’-3’) Reverse (5’-3’) 

Tbc1d24 GGAGATGAGAGACATTTGGTCC GCTTGCCTCCGAATTTAGTC 

Oxr1-C CCATAAATACACTCTGGTAGTGTCG TTTGGTCGGAAAGATTCAGG 

Alas2 CACCAGCGCAATGTCAAACA CGAGGCACAGTTGGGTAGTT 
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Hbb-bt TGATGCTGAGAAGGCTGCTG AAAGGTGCCCTTGAGGCTGT 

Hba-a2 CAGGTCAAGGGTCACGGCAA GGTGAAATCGGCAGGGTGGT 

Cntn3 TTGGAATGCTTCGCCCTGGG CCGCCCTCTCGCCACATTTT 

C-fos GAGAAACGGAGAATCCGAA TGGGCTGCCAAAATAAACTC 

Epb41 GACTCAAGCTCAGACCAGGCAA ACTTCGGTCTGTGGACTCAGCA 

Erdr1 CGTGGTCAAGATGTCTCTGCCATC GGGCATTTCTGTACGCAGTCAGGC 

Isg20 CAAGTACATCCGACCCGAGG AGTCGTGCTTCAGGTCATGG 

Tfr1 ATACGTTCCCCGTTGTTGAGG GGCGGAAACTGAGTATGGTTGA 

Ferritin  GCCCTGAAGAACTTTGCCAAAT TGCAGGAAGATTCGTCCACCT 

DMT1 GCTGAGCGAAGATACCAGCG TGTGCAACGGCACATACTTG 

Fpn1 TTCCGCACTTTTCGAGATGG TACAGTCGAAGCCCAGGACTGT 

S16 CCAAGCTTTCCTTTTCCGGT CGAAGACTTGAACGGACTGCA 

 

2.6 Transcriptomics 

Brains were subdissected on ice into cortex, cerebellum and hippocampus then placed into 

Eppendorf tubes on dry ice for fast freezing. RNA extraction was performed as for larger 

tissue (2.5.1) and concentration and purity of RNA was assessed by spectrophotometry 

(Nanodrop) and RNA integrity was assessed by Bioanalyzer. RNA was shipped on dry ice 

to Cambridge Genomic Services (CGS) for transcriptomics analysis. Both microarray and 

RNA-Sequencing (RNA-Seq) services were provided by CGS. 

2.7 Haematological analysis 

2.7.1 Blood and sera collection 

Mice were placed into a gas chamber and anaesthetized by inhalation of isofluorane. Once 

fully anaesthetized, a glass capillary tube was used to perforate the retro-orbital sinus and 

collect blood into EDTA coated or serum collection tubes (Starstedt). Following collection 
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of 50-150 µl blood, tubes were placed on a rotator and mice were euthanized by cervical 

dislocation. For serum preparation, blood was allowed to clot at room temperature for 30 

minutes, then centrifuged at 1000 xg for 10 minutes at 4°C. 

2.7.2 Clinical chemistry 

Haematological analysis was performed using the Advia 2120 analyser (Siemens). Assays 

were performed by Clinical Chemistry services at MRC Harwell. 

2.7.3 Giemsa staining 

Giemsa staining was performed on blood smears according to manufacturer instructions 

(Sigma): briefly, slides were incubated in May-Grünwald stain for 5 minutes at room 

temperature, then washed in PBS, and incubated in Giemsa stain diluted 1:20 in distilled 

water for 15 minutes at room temperature. Slides were washed briefly in deionized water 

and air dried before mounting using Aquamount (Sigma-Alrich).   

2.7.4 Serum analysis 

Analysis of the following serum parameters was performed using the Pentra C400 clinical 

chemistry analyser (Horiba): Glucose HK, Glucose PAP, Lactic Acid, Lactate 

Dehydrogenase, Ferritin and Transferrin. Specific calibrators and controls were used as 

required for each parameter. Serum samples were diluted 1:5 in distilled water. Assays 

were performed at DPAG, Oxford, under supervision by Dr Goran Mohammad. 

2.7.5 Heme assay 

Serum heme concentration was measured using a colorimetric heme assay kit (ab272734, 

Abcam), using serum samples diluted 1:10 in distilled water. Assay was performed in clear 

96 well plate, in triplicate, and absorbance measured using the Epoch microplate 

spectrophotometer at 400 nm. 

2.7.6 Glycine assay 

Serum glycine concentration was measured using a fluorometric glycine assay kit 

(ab211100, Abcam), using serum samples deproteinized using 10 kD spin columns 
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(Abcam) and diluted 1:20 using assay buffer. Assay was performed in flat bottomed black 

96 well plate, in triplicate, and fluorescence readings measured using the VarioSkan 

automated plate reader (ThermoFisher) at Ex/Em = 535/587 nm. 

2.8 Flow cytometry 

2.8.1 Erythroid cells 

Whole spleens were dissociated and passed through a 40-µm cell strainer prior to counting. 

A total of 1x106 cells / spleen were plated into a 96-well plate and washed with flow buffer 

(PBS + 2% FBS), then incubated for 15 minutes on ice with CD16/32 blocking antibody 

(dilution, 1:100) and LIVE/DEAD™ Fixable Near-IR Dead Cell Stain (dilution, 1:500; 

Invitrogen). Following washing with flow buffer, the cells were incubated with the following 

antibodies for 20 minutes on ice: Te119-PE (dilution, 1:200), CD44-APC (dilution, 1:200), 

CD71-FITC (dilution, 1:400). Lineage exclusion was performed using B220-APC-Cy7, 

Ly6C-APC-Cy7 and CD5 APC-Cy7 (dilution, 1:200). All antibodies were purchased from 

Biolegend. After washing off the antibody cocktail, cells were run through the flow cytometer 

in flow buffer. 

2.8.2 Hematopoietic progenitors 

Whole spleens were dissociated and passed through a 40-µm cell strainer prior to counting. 

Bone marrow was extracted from femurs using a centrifugation method [129]. A total of 

2.5x106 cells / sample were plated into a 96-well plate and washed with flow buffer (PBS + 

2% FBS), then incubated for 15 minutes on ice with CD16/32-PerCP-Cy5.5 (dilution, 1:200) 

and LIVE/DEAD Fixable Near-IR Dead Cell Stain (dilution, 1:500; Invitrogen). Following 

washing with flow buffer, the cells were incubated with the following antibodies for 20 

minutes on ice: Te119-PE (dilution, 1:200), Sca-1-PE-Cy7 (dilution, 1:200), CD71-APC 

(dilution, 1:200), c-kit-BV421 (dilution, 1:100), CD41-BV605 (dilution, 1:150) and CD34-

FITC (dilution, 1:400). Lineage exclusion was performed using B220-APC-Cy7, NK1.1-

APC-Cy7 and Gr1-APC-Cy7 (dilution, 1:200). All antibodies were purchased from 
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Biolegend. After washing of the antibody cocktail, cells were run through the flow cytometer 

in flow buffer. 

2.9 Generation and maintenance of cell lines 

2.9.1 Neuro2a cells 

Neuro2a (N2A) cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM-

GlutaMAX) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and 

1% Penicillin-Streptomycin solution (Invitrogen). Cells were passaged every 3-4 days and 

split in a 1:20 ratio. 

2.9.2 Cloning 

The conserved upstream human OXR1-C promoter sequence had previously been cloned 

into the vector pGL4.0[luc2] (Promega) by the Oliver lab, as well as the longer 1kb OXR1-

C promoter sequence. The plasmids were cut using Kpn1 and Xho1 enzymes, while the 

coincidence reporter vector pNLCol1[luc2-P2A-NlucP/Hygro] (GenBank ID: KM359771) 

was also cut at the two enzyme sites Kpn1 and Xho1. The promoters were then ligated into 

the coincidence reporter vector to produce two separate constructs. Both promoter-

constructs, and the empty vector, were used for transformation into bacteria, followed by 

colony picking, for miniprep in Lysogeny Broth (LB) with Ampicillin at 0.05mg/ml. Colonies 

were validated by enzyme digestion with Kpn1 and Xho1. The validated colonies were 

grown for maxiprep in LB with Ampicillin at 0.05mg/ml, sequence verified and stocks purified 

using the maxi plasmid DNA purification kit (QIAGEN).   

2.9.3 Transfection 

24 hours prior to transfection, cells were seeded in opaque-bottomed 96-well plates at a 

density of 1 × 104 cells per well, in OptiMEM (Invitrogen) supplemented with 5% FBS 

(Invitrogen) and 1% Penicillin-Streptomycin solution (Invitrogen). Cells were transfected 

with DNA constructs using Lipofectamine 3000 (ThermoFisher) according to manufacturer’s 

instructions. Cells were transfected with 40ng DNA construct per well. 
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2.9.4 Nano-Glo Dual Luciferase assay 

Transfected N2A cells were lysed and assayed for Firefly and Nano luciferase activity using 

the Nano-Glo Luciferase assay system (N1630, Promega), in an add-read-add-read 

method according to manufacturer’s instructions. Cells were incubated in luciferase 

reagents for 10 minutes before luminescence readings were taken using the VarioSkan 

automated plate reader (ThermoFisher). Each well was read for 1 second. All experiments 

were performed in duplicate at minimum (see results for individual experiment n numbers). 

2.9.5 Coincidence reporter validation 

Cells were seeded in opaque-bottomed 96-well plates, following the same method as for 

transfection, 24 hours prior to administration of selective inhibitor compounds at the 

following titrations ranges: PTC124 10-12 - 10-15 M, Cilnidipine 10-9 - 10-4 M. Luminescence 

reading using the Nano-Glo system was performed 24 hours later. Methods used according 

to Schuck et al [130]. 

2.9.6 Generation of stable cell lines 

Stable cell lines were generated according to the methodology described by Schuck et al 

[130], further described in Chapter Five. Briefly, promoter constructs were transfected into 

N2a cells, as above (2.9.3) and cells were passaged into growth media (DMEM-GlutaMAX 

(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% Penicillin-Streptomycin 

solution (Invitrogen)). GFP-transfected cells were used as a control. Growth media was 

replaced after 24 hours with growth media containing 800 µg/ml Hygromycin and cells were 

monitored until GFP-transfected cells were all dead, and construct-transfected cells were 

confluent for expansion. Cells were then split, taking polyclonal lines for expansion and 

using limited-dilution cloning to generate monoclones. Monoclones were allowed to grow 

until colony picking could be performed, then cells were picked under a microscope using 

a sterile pipette tip, and grown individually in wells of a 96 well plate. Validation was 

performed firstly using PCR to confirm expression of the construct, then by luciferase assay 
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to confirm sufficient luciferase expression. Monoclones were expanded for use in the 

compound screen.   

2.9.7 Compound Screen 

Screening of a small compound library was performed as described by Schuck et al [130] 

and in Chapter Five. Cells stably expressing the promoter construct were seeded in opaque 

bottomed 96 well plate. The PHARMAKON 1600 library (MicroSource Discovery Systems) 

was screened by application in triplicate at a concentration of 10 µM per well in OptiMEM 

media (Invitrogen) containing 0.1% DMSO. Luciferase assay was performed as described 

above (2.9.4) following incubation with test compounds 24 hours following cell seeding, for 

48 hours. Luminescence was read using a VarioSkan automated plate reader 

(ThermoFisher).  

2.9.8 CRISPRa 

For cloning into the gene activation vector, three independent double-stranded fragments 

were synthesized commercially (GeneWiz) each containing an individual gRNA 20-mer 

sequence adjacent to a PAM (NGG) triplet upstream of mOxr1-C first exon (mouse 

GRCm38.p5, Chr15:41830658-41830957; TCTGCAGTCACATGGGATCT / 

GTGCAACCTAACTTGAGCTT / CAGCTTTACAGTCTCCACTC). The total critical region 

synthesized for sub-cloning was 177bp between the BamHI and the Bsp1407I sites of 

pCas-Guide-GFP-CRISPRa and the DNA fragments were initially supplied in a general-use 

pUC-Kan vector (GeneWiz). Plasmid DNA from each individual pUC clone was digested 

with BamHI and Bsp1407I (Fast Digest, Thermofisher) and run on a 2% agarose gel for 

purification of the 177bp fragment (Qiaquick gel purification kit, Qiagen). In parallel, pCas-

Guide-GFP-CRISPRa DNA was digested with the same enzymes, followed by alkaline 

phosphatase treatment (FastAP, Thermofisher) and the larger plasmid band (10.5kb) gel 

purified. A 3:1 molar ratio of each individual insert to the plasmid (2.5ng to 50ng) was ligated 

overnight at 16oC (T4 DNA ligase, NEB). As a negative control, one reaction contained no 

insert. 10% of the ligation mix was transformed into TOP10 competent cells (Invitrogen) by 
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heat shock and plated onto ampicillin plates. Bacterial colonies were picked for mini-prep 

DNA purification from 5ml overnight cultures (Qiagen) and the plasmids sequenced using 

a primer 80bp upstream of the BamHI site of pCas-Guide-GFP-CRISPRa (5’ 

ACGATACAAGGCTGTTAGAGAG 3’). Endotoxin-free maxi-prep DNA was purified for 

sequence verified clones from 200ml overnight cultures (Qiagen) derived from the original 

mini-prep bacterial colony. 

Cells were transfected with DNA constructs using Lipofectamine 3000 (ThermoFisher) 

according to manufacturer’s instructions. Guide RNA was transfected 2 µg per well, with 

0.6 µg enhancer. Transfections were performed in 6 well plate format, with a total liquid 

volume of 2 ml. 

2.9.9 Statistical analysis 

 Analysis of results was performed using Excel 2016 and Prism version 7 (GraphPad 

Software Inc.). Data are presented as mean ± standard error of mean (SEM), with indicated 

values for ‘n’, as the number of independent samples within each group. Individual mice 

were considered ‘biological replicates’, and were controlled for age. Sample size is 

specified for individual results, and can be found in figures within each chapter. No 

biological replicates were excluded from analyses. 

The two tailed Student’s t test was performed to compare means between two groups, while 

one-way ANOVA was performed to compare means between three or more groups. Both 

tests were performed under the assumptions that data were continuous, independent and 

normally distributed, and there was similar variance between each group. For the two tailed 

Student’s t test it was also assumed that means between groups could be significantly 

different in either direction compared with the control range of values. Difference between 

means was determined to be significant if p < 0.05. 

Blinding could not be performed on behavioural analyses, as the phenotype of Tbc1d24 

mutants was striking. There were no procedures performed requiring randomization. 
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 Characterization of CRISPR mouse 
models of Tbc1d24 dysfunction 
3.1 Introduction 
3.1.1 Models of TBC1D24 dysfunction 

Mutations in TBC1D24 are associated with a pleiotropic spectrum of human 

diseases, including a variety of drug refractory epileptic disorders [99] also characterised 

by intellectual disability [105], neurodegeneration [131] and deafness, onychodystrophy, 

osteodystrophy, mental retardation and seizures (DOORS) syndrome [132]. Investigation 

into any possible interaction between disease phenotypes and the exonic locations and 

types of mutations has found no obvious correlation, although recessive loss-of-function 

mutations were generally found to produce more severe phenotypes [106]. Thus, it was 

predicted that the structure-function relationship of TBC1D24 would give further insight into 

genotype-phenotype correlation of deleterious mutations. 

Through the systematic study of TBC1D24 mutations, important roles of the gene 

have been uncovered in presynaptic function and neuronal development. Solving of the 

crystal structure of the Drosophila orthologue of TBC1D24, skywalker (sky), revealed a 

lipid-binding pocket, found to be conserved across TBC1D24 homologs [109]. It was found 

that conserved disease-causing mutations in this pocket disrupted synaptic vesicle 

trafficking in Drosophila, and led to epilepsy-like defects such as seizures and loss of 

coordination. Modelling TBC1D24 mutations associated with Rolandic epilepsy-exercise 

induced dystonia (RE-EID) in sky elucidated a link between the effect of mutations on 

protein stability within the TLDc crystal structure, and severity of disease mutation [133]. 

Disease-associated TBC1D24 mutations conserved in sky showed defects in synaptic 

vesicle trafficking, which were exacerbated by exposure to oxidative stress (OS) through 

H2O2 treatment, but rescued by antioxidant treatment, suggesting a role for TBC1D24 in 

OS-dependent vesicle trafficking. As such, work in Drosophila has provided some valuable 

insights into TBC1D24. However, studies using Drosophila provide only limited insight into 

complex disease mechanisms, such as those involved in epilepsy, due to differences 
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between fly and mammalian physiology, including the lack of a complex nervous system 

[134]. Further details of TBC1D24 modelling in the fly can be found in Introduction, Chapter 

One.  

Work in mammalian in vitro systems has furthered understanding of TBC1D24 in 

neuronal development. Expression of Tbc1d24 in mouse hippocampal neurons taken at 

E18.5 and cultured for 14 days in vitro, and in mouse whole brain at E15.5, correlates with 

terminal differentiation of neurons, and overexpression of Tbc1d24 protein increased the 

length of axons and number of neurites in primary culture of hippocampal neurons [105]. 

This suggests a role for TBC1D24 in brain development, and neuronal arborisation. 

Silencing of Tbc1d24 in rat cortical primary neurons led to defects in axonal specification 

and impaired endocytosis at the growth cone, suggesting that Tbc1d24 is required for 

membrane trafficking during neurodevelopment [135]. Studies in cultured mouse neurons 

(N2a) with total deletion of Tbc1d24 showed that cells were less viable, more sensitive to 

OS, and showed reduction in neurite outgrowth compared to wild type cells [136]. Acute 

viral knockdown of TBC1D24 in cultured mature hippocampal neurons caused significant 

reduction in the number of dendritic spines and excitatory synapses, indicating that 

TBC1D24 plays a role in maintaining synaptic function [137]. In the developing rat cortex, 

knockdown of Tbc1d24 leads to defects in neuronal migration and maturation, which was 

found to result from disruption in interaction between Tbc1d24 and ADP ribosylation factor 

6 (ARF6), which is a small GTPase protein required for membrane trafficking in the 

endolysosomal pathway [138]. Mutations within a different ARF6-interacting gene, IQ motif 

and Sec7 domain ArfGEF 2 (IQSEC2), are associated with drug-resistant epilepsy, autism 

and severe intellectual disability [139]. Studies of mutations in IQSEC2 support a role of 

ARF6 in neurodevelopment, in that mutations modelled in mice lead to the aberrant 

activation of Arf6, causing disrupted neuronal signalling in vitro and formation of immature 

neuronal networks in vivo [140]. Overall, these data support a key role for TBC1D24 at the 

synapse, both in neurodevelopment and in regulating neuronal excitability. 
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A mouse model of Tbc1d24 haploinsufficiency, Tbc1d24tm1b, harbours one copy of 

a disrupted allele of Tbc1d24, in exons 3-5 are removed due to expression of a ubiquitous 

cre-recombinase, leading to an early stop codon at position 380 in the Tbc1d24 protein 

sequence. This mouse expresses approximately half of wild-type Tbc1d24 at both the RNA 

and protein levels, and shows defects in neuronal growth and increased sensitivity to OS 

in primary cortical neurons; although no overt defects in neuronal migration were observed 

through quantification of cortical layer markers [136]. Investigation of synaptic physiology 

in vitro showed a reduction of excitatory neurotransmission in hippocampal neurons. It was 

also found that haploinsufficient neurons had larger and denser endosomal-like 

compartments, consistent with results found when the orthologue Sky was mutated in 

drosophila [109], which suggests a role for TBC1D24 in synaptic vesicle recycling and the 

maintenance of excitatory nerve terminals. No seizures were observed in Tbc1d24tm1b mice, 

nor were there any signs of neurodevelopmental delay despite the synaptic defects 

observed in the mutant, consistent with findings in human carriers of loss-of-function 

mutations in TBC1D24, who did not experience seizures [136]. However, the disease 

mechanism of mutations in TBC1D24 was yet to be uncovered.   

In summary, at the start of this project, the data was consistent with a role for 

TBC1D24 in synaptic vesicle trafficking and neuronal development. However, due to the 

lack of correlation between genotype and clinical phenotype, there was still a limited 

understanding regarding role of TBC1D24 in neurological disease. Furthermore, no 

mammalian models of TBC1D24 dysfunction had been generated which showed seizures, 

thus the understanding of the in vivo effects of mutations in TBC1D24 was limited. Studies 

in Drosophila, despite providing interesting structural and electrophysiological data, could 

not be extrapolated into understanding of the function of TBC1D24 in a complex nervous 

system. 

Therefore, the aim of this project was to generate new in vivo knock-in mouse 

models to study the functional and physiological consequences of TBC1D24 disruption. 
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While the importance of TBC1D24 mutations in epilepsy had already been demonstrated, 

the insight into the potential role of TBC1D24 in disease mechanisms of epilepsy would 

depend on the phenotypes observed. 

3.1.2 CRISPR Models of TBC1D24 dysfunction: R360L, P135L and INS2 
Mouse models are invaluable tools for investigating the molecular mechanisms 

involved in pathogenic mutations. To investigate the functional consequences of disrupted 

Tbc1d24 in vivo, mouse lines harbouring human disease mutations were generated using 

CRISPR-mediated methods. Three mouse lines in total were generated, each to provide 

different insight into TBC1D24 function: Tbc1d24R360L, Tbc1d24P135L and Tbc1d24INS2 

(Figure 3.1).  

The first mutant to be generated was the Tbc1d24R360L mouse line, containing the knock-

in mutation R360L, which is an arginine to leucine missense mutation within the TLDc 

domain of Tbc1d24 (Figure 3.1). The R360 residue in the Drosophila orthologue of 

Tbc1d24 forms part of a salt bridge, with residue R425; mutation in either residue was 

predicted to cause a mild effect on protein stability [133]. The arginine amino acid residue 

at position 360 is conserved across human and mouse, with 95% sequence conservation 

between the two species of the 10 residues either side of R360 (Figure 3.2) [141]. This 

mutation is directly associated with epilepsy in humans, causing a recessive form of PME 

Figure 3.1 Mutation schematic for Tbc1d24R360L, Tbc1d24P135L and Tbc1d24INS2 mutant mouse 
models. Mutants generated for the study of Tbc1d24 dysfunction. The Tbc1d24R360L mutant line 
contains an Arginine to Leucine missense mutation at position 360, which is in the TLDc domain of 
Tbc1d24 protein. The Tbc1d24P135L mutant line contains a Proline to Leucine missense mutation at 
position 135, which is the in the RabGAP-TBC domain of Tbc1d24. The Tbc1d24INS2 mutant line 
contains an early stop codon at position 135 of Tbc1d24, causing early truncation of the protein. 
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with neurodegeneration, enabling particular focus on the pathogenic consequences of 

disruption in the TLDc domain, with its links to OS [142], and cerebellar degeneration [143]. 

Of note, it had been shown in primary mouse cortical cells that transfection with a TBC1D24 

construct containing the R360L mutation led to significantly reduced neurite outgrowth 

[106]. This finding suggested promise that an in vivo mouse model of this mutation would 

display a neurological phenotype, enabling study of the potential molecular mechanisms 

involved in human disease. 

Figure 3.2 Sequence alignment between human TBC1D24 and mouse Tbc1d24 
protein. TBC1D24 is predicted to be 94.2% conserved across human and mouse, including at key 
mutation sites P135 (orange) and R360 (yellow). Ten residues either side of mutation sites show 
sequence conservation of 100% (P135) and 95% (R360). Alignment performed using UniProt.org. 

Given that the association between genotype and phenotype in TBC1D24 mutations 

is poorly understood, it is useful to investigate mutations representing disruption in both of 

the major domains in TBC1D24. The Tbc1d24P135L mutant mouse line containing a knock-

in mutation P135L, a proline to leucine missense mutation within the RabGAP-TBC domain 

of TBC1D24 (Figure 3.1). The proline amino acid residue at position 135 is conserved 

across human and mouse, with 100% sequence conservation between the two species of 

the 10 residues either side of P135 (Figure 3.2) [141]. At the time of mutant mouse line 
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selection, this mutation had been shown to cause tonic-clonic and myoclonic epilepsy, with 

an autosomal dominant pattern of inheritance [144]. Thus we were interested to determine 

whether this apparent gain-of-function mechanism could recapitulated in vivo in the mouse. 

Furthermore, a patient carrying compound heterozygous mutations P135L in tandem with 

an arginine to cysteine mutation (R360C) is associated with epilepsy, intellectual disability, 

Parkinsonism and psychosis, producing a more severe neurological syndrome than the 

P135L mutation alone [144]. Therefore, we were interested in investigating the 

R360L/P135L compound heterozygous if that was possible. 

During the production of the Tbc1d24P135L mouse line, one of the founder (F0) lines was 

found when sequenced to contain a 2 nucleotide insertion, introducing an early stop codon 

after position 135 in Tbc1d24, producing an null model of Tbc1d24 (named here 

Tbc1d24INS2). This mutant is predicted to be a complete null or loss-of-function model with 

no full-length protein expression. It was not known whether homozygous mutants would be 

viable at this stage; although preliminary studies on the Tbc1d24tm1b allele had suggested 

that it would be homozygous lethal postnatally. In humans, a truncation mutation in 

TBC1D24 with a predicted protein product 42% shorter than wild-type TBC1D24 is 

associated with severe, lethal epileptic encephalopathy [131].  

The aim for this chapter is to phenotypically and pathologically characterize the three 

Tbc1d24 mouse mutants, in order provide insight into the aetiology of epilepsy in human 

patients through the study of Tbc1d24 dysfunction, and thus help to elucidate the molecular 

functions of TBC1D24. 

3.2 Characterization of the Tbc1d24R360L/R360L mouse 
3.2.1 Phenotype of Tbc1d24R360L/R360L 
3.2.1.1 Description of phenotype through video tracking analysis 

A human patient with the homozygous R360L mutation in TBC1D24 was found to 

experience progressive myoclonic epilepsy (PME), characterized by myoclonus, tonic-

clonic seizures and progressive neurological damage including cerebellar degeneration 

[142]. Following generation of founder F0/F1 CRISPR positive carrier R360L lines, 
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intercrossing was performed to generate wild type, heterozygous and homozygous 

offspring. In the first litters produced by intercross, some offspring were found dead at P16 

and P17, which were subsequently genotyped and identified as homozygous for the R360L 

mutation. Home cage video tracking was then performed to look for behavioural signs to 

explain the early death, through which a hyperactive episode was observed in a mouse at 

P17. The mouse later died, during the dark phase of the video recording, and genotyping 

revealed it to be homozygous for the R360L mutation. In accordance with Home Office 

guidance, the humane end-point for the mutant was then determined to be P16. The ratio 

of homozygous mice across litters was determined to follow Mendelian inheritance, at 

approximately 1 in 4, suggesting that no overt prenatal lethality is caused by the mutation. 

Furthermore, both male and female mice were observed to experience seizures.  

The Tbc1d24R360L/R360L mutant mouse exhibits seizures from P15 onwards, which 

become fatal from P17.  As observed through video-tracking analysis, the seizure 

phenotype of Tbc1d24R360L/R360L consists of three stereotypic phases: a period of intense 

hyperactivity, followed by seizure (known as the ictal phase), then a period in which the 

mouse enters a postictal state. In the earlier disease stage, between P15 – P16, mice are 

observed to recover from shorter (30 second) myoclonic seizures, however, from P17 

onwards, mice do not recover following postictal state (Home Office licence restrictions 

prevented a longitudinal survival study). It was noted that movement of the cage or handling 

could instigate ‘jumpy’ behaviour prior to a hyperactive episode from P15 in some cases. 

This phenotype has been observed both in light phase and in dark phase using video-

tracking cages. Mice heterozygous for the R360L mutation show no seizures or apparent 

deleterious effects of the mutation, and exhibit survival comparable to wild type littermates 

(not shown). Given the pronounced and stereotypic character of the seizure presentation 

in the Tbc1d24R360L/R360L mutant, especially considering the hyperactive period preceding 

the ictal phase, seizure confirmation by a secondary method (such as EEG or IHC of seizure 

markers) was not deemed necessary (Home cage analysis (HCA) was performed on 
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offspring from the Oxr1Prnp x Tbc1d24R360L cross, and survival and seizure incidence data 

reported in Chapter Five).  

3.2.1.2 Open Field shows no changes in Tbc1d24R360L/R360L behaviour 
Behavioural analysis of the Tbc1d24R360L/R360L mutant was performed using the open 

field (OF) test, to potentially quantify hyperactive behaviour observed through home cage 

video tracking. The OF test, during which mice are individually placed in an open arena, 

can be used to measure a range of behaviours, and assess motor function in mice. Due to 

the instinctive aversion of mice to open spaces, anxiety-like behaviour can be assessed 

according to the number of times a mouse enters the centre of the arena (frequency to 

centre), the time taken for the mouse to first enter the centre (latency to arena), and the 

percentage of time the mouse spends in the centre overall (percentage time in centre) [19]. 

As shown by Figure 3, there was no significant difference in any of these parameters across 

Tbc1d24+/+, Tbc1d24+/R360L and Tbc1d24R360L/R360L mice, although the Tbc1d24R360L/R360L  

mutant appeared to show decreased latency to centre, with a mean decrease of 42.1% 

compared with Tbc1d24+/+ (p = 0.193) and 20.1% compared with Tbc1d24+/R360L (p = 

0.809). Tbc1d24+/R360L showed an intermediary latency to centre between the other two 

genotypes. 

Parameters measuring total distance moved and overall velocity also give insight into 

locomotor activity [145]. There was no significant difference between Tbc1d24+/+, 

Tbc1d24+/R360L and Tbc1d24R360L/R360L mice for either total distance moved (p = 0.529) or 

velocity (p = 0.635). However, for both total distance moved and velocity, there were 

increases in Tbc1d24R360L/R360L compared with Tbc1d24+/+, with an intermediary result in 

Tbc1d24+/R360L. This suggests a potential dose-dependent effect of the mutation, although 

the results were not statistically significant. Overall, open field behavioural analysis suggest 

no detrimental effect of the R360L mutation on either anxiety-like behaviour or locomotor 

activity. Decreased latency to centre may indicate a lower level of anxiety in the 

Tbc1d24R360L/R360L mutant, although the effect is not statistically significant [146]. One 

Tbc1d24R360L/R360L mouse was observed to experience a hyperactive episode, followed by 
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seizure, during OF testing (Figure 3.3, demarcated by▲). This mouse was not identified 

as an outlier within any of the parameters tested, although latency to centre was measured 

as 572.96 seconds, which is 2.9 fold higher than the mean latency to centre for 

Tbc1d24R360L/R360L. As stated above, an increase in this parameter may indicate increased 

anxiety, which may relate to the subsequent seizure experienced by the mouse.  

3.2.2 Expression studies of Tbc1d24R360L/R360L  
3.2.2.1 The Tbc1d24R360L/R360L mutant shows decreased Tbc1d24 expression 

To investigate the effect of the R360L mutation on the expression of Tbc1d24 protein, 

Western blotting was performed using protein extracted from whole brains of Tbc1d24+/+, 

Figure 3.3 Open Field behavioural testing shows no significant changes in behaviour of the 
Tbc1d24R360L/R360L mouse mutant. Tbc1d24+/+, Tbc1d24+/R360L and Tbc1d24R360L/R360L mice were 
individually placed into the Open Field arena test, and their movement was tracked over twenty 
minutes using EthoVision tracking software. Analysis was performed to calculate frequency to 
centre, latency to centre, percentage time spent in centre, total distance moved, and velocity. The 
data point for one mouse which experienced a hyperactive seizure episode is demarcated by a 
symbol: ▲. One way ANOVA with Tukey’s multiple comparisons test was performed. However, no 
significant changes were observed. (Testing performed on male and female mice at P16, Tbc1d24
+/+ N = 18, Tbc1d24+/R360L N = 20, Tbc1d24R360L/R360L N  = 10). 
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Tbc1d24R360L/R360L mice at P16. Surprisingly, as shown by Figure 3.4, the Tbc1d24R360L/R360L 

mutant showed a dramatic decrease in expression of Tbc1d24, with a mean decrease of 

90.8% compared to Tbc1d24+/+ (p < 0.0001). Decreased protein expression may indicate 

either a reduction in transcription of mRNA, or post-translational degradation of the protein 

itself.  

3.2.2.2 Expression and stability of the mutant Tbc1d24R360L allele 
To investigate whether decreased expression of Tbc1d24 is observed at the mRNA 

level, RT-qPCR was performed using mRNA extracted from whole brains of Tbc1d24+/+, 

Tbc1d24+/R360L and Tbc1d24R360L/R360L mice at P16. As shown by Figure 3.5, there was no 

difference in expression between the three genotypes, Tbc1d24R360L/R360L, Tbc1d24+/R360L 

and Tbc1d24+/+ (p = 0.1206). 

Of note, RNA sequencing (RNA-Seq) was later performed using mRNA extracted 

from the prefrontal cortex of Tbc1d24R360L/R360L, using Tbc1d24+/+ littermate controls (see 

Chapter Four). Concordantly with RT-qPCR findings, no difference in expression of 

Tbc1d24 was observed (FDR = 0.9756). 

To further investigate the expression of Tbc1d24 mRNA in the Tbc1d24R360L/R360L 

mutant, a separate RT-qPCR assay was developed to specifically amplify either the wild 

type or R360L mutant transcript of Tbc1d24. The results confirmed the specificity of the 

Figure 3.4 The Tbc1d24R360L/R360L mutant shows knock down in protein levels. Western 
blotting was performed using protein extracted from whole brains of Tbc1d24+/+ and 
Tbc1d24R360L/R360L mice at P16. (A) Representative western blot showing bands at 63kDa for 
Tbc1d24 and at 42kDa for β-Actin. (B) Quantification of Tbc1d24 protein levels normalized to β-
Actin. Student’s t test was performed. Graph shows mean ± SEM (n = 4). 
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Figure 3.5 Tbc1d24R360L/R360L shows no difference in expression of Tbc1d24 mRNA 
compared with Tbc1d24+/+. RT-qPCR was performed using mRNA extracted from male and 
female Tbc1d24+/+ (blue), Tbc1d24+/R360L (green) and Tbc1d24R360L/R360L (red) whole brains at P16. 
Expression of the gene Tbc1d24 was measured. One way ANOVA with Tukey’s multiple 
comparisons test was performed using ΔCT values. Values show mean ± SEM (n = 4 - 5). 

mutant and wild type probes, indicating that expression of the Tbc1d24+ allele in the 

Tbc1d24+/R360L mice was approximately half that in the Tbc1d24+/+ mice, and expression of 

the Tbc1d24R360L allele in the Tbc1d24+/R360L mice was approximately half that in the 

Tbc1d24R360L/R360L mice (Figure 3.6), indicating that both wild type and R360L mutant alleles 

are expressed at similar levels. This suggests that the R360L mutation leads to post-

translational alterations in expression. 

Figure  3.6 Expression analysis by RT-qPCR indicates similar expression of Tbc1d24+ 
and Tbc1d24R360L alleles. Allele specific RT-qPCR was performed using specific probes for 
Tbc1d24+ (wild type allele, blue) and Tbc1d24R360L (mutant allele, red). mRNA was extracted 
from whole brains of male and female mice at P16. RQ values were plotted for individual mice, 
with Tbc1d24+/+ (WT), Tbc1d24+/R360L (Het) and Tbc1d24R360L/R360L (Hom) showing specificity of 
the probes. RQ values of the probes were calculated independently. Student’s t test was 
performed using ΔCT values. Values show mean ± SEM (n = 3 - 4). Allele-specific RT-qPCR 
experiment (excluding analysis) was performed by D. Williams, MRC Harwell. 
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3.2.2.3 In situ hybridisation of Tbc1d24 in the Tbc1d24R360L/R360L mutant 
Previous studies of Tbc1d24 have shown by in situ hybridisation (ISH) that wild type 

Tbc1d24 mRNA is expressed throughout the adult mouse brain, including the cerebral 

cortex and cerebellum, with particularly strong expression in the hippocampus [147]. In 

order to observe any potential differences in Tbc1d24 spatiotemporal expression caused 

by the R360L mutation, ISH was performed using sagittal sections of Tbc1d24+/+ and 

Tbc1d24R360L/R360L brains at P16. As shown in Figure 3.7, expression of Tbc1d24 mRNA is 

comparable between Tbc1d24+/+ and Tbc1d24R360L/R360L. Tbc1d24 is visibly expressed in 

the cortex and hippocampus of the Tbc1d24R360L/R360L mutant, with no discernible 

differences in expression compared with Tbc1d24+/+. This is consistent with findings by RT-

qPCR and RNA-Seq, that Tbc1d24 mRNA does not undergo significant nonsense mediated 

decay in the Tbc1d24R360L/R360L mutant and that the significant protein level reduction is a 

post-transcriptional event. 

Many forms of epilepsy are associated with alterations in brain morphology, such 

as a decrease of hippocampal volume in mesial temporal lobe epilepsy (MTLE) [148], and 

increased brain volume and increased cortical width demonstrated across several models 

of heritable epilepsy in rats [149]. Interestingly, patients with homozygous loss-of-function 

variants of the TLDc family-member OXR1 display neurological disease including seizures, 

Figure 3.7 In situ hybridisation of Tbc1d24 shows similar expression between Tbc1d24+/+ 
and Tbc1d24R360L/R360L. Representative images showing Tbc1d24 expression in cortex and 
hippocampus of Tbc1d24+/+ and Tbc1d24R360L/R360L mice. ISH was performed using sagittal sections 
of brains of male mice at P16. 

3.2.3 Neuropathology of Tbc1d24R360L/R360L 
3.2.3.1 Gross brain morphology 
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and show marked cerebellar atrophy resulting in shrinkage of the cerebellum [150]. In order 

to visualise gross morphology of the Tbc1d24R360L/R360L brain, sagittal sections of Tbc1d24+/+ 

and Tbc1d24R360L/R360L brains were Nissl stained. As shown in Figure 3.8, the 

Tbc1d24R360L/R360L brain at P16 is comparable to the Tbc1d24+/+ brain, with no difference in 

appearance of the cerebellum, hippocampus, cortex or midbrain. No striking 

neuropathological alterations are observed either on a gross morphology level, or in cortical 

layers at higher magnifications. More detailed neuropathology is being carried out by the 

Oliver laboratory. 

Figure 3.8 Comparable gross morphology between Tbc1d24+/+ and Tbc1d24R360L/R360L brain 
shown by Nissl staining. Representative images of Nissl-stained brains of male mice at P16. Top: 
sagittal sections of whole brains, showing comparable structural morphology between Tbc1d24+/+ 
(left) and Tbc1d24R360L/R360L (right) brains. Bottom: Cortical layers at greater magnification. 

3.2.3.2 C-Fos as a marker of neuronal activity 
The immediate early gene (IEG) c-fos is a transcription factor that regulates 

neuronal excitability, and is used as an indicator of neuronal activation and seizure-related 

neuronal excitation [151] [152]. Expression of c-Fos at the mRNA level can therefore be 

utilised as a proxy for seizure-like activity. Therefore, in order to determine whether the 
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seizure phenotype of the Tbc1d24R360L/R360L mutant could be observed at a molecular level, 

ISH was performed using a riboprobes against c-fos on coronal sections of Tbc1d24+/+ and 

Tbc1d24R360L/R360L brains. As shown in Figure 3.9, expression of c-Fos is markedly 

upregulated in the Tbc1d24R360L/R360L brain, in the piriform cortex (PC), which is thought to 

be crucial in seizure initiation in epilepsy, and the area of the cortex most susceptible to 

epileptogenic stimulation [153, 154]. Upregulation of c-fos in this region provides a clear 

indication that there is epileptiform activity in the Tbc1d24R360L/R360L mutant. Upregulation of 

c-fos is also visible in the anterior cingulate area (ACA). Studies have described the

proliferation of electrical activation from the PC to the ACA in patients with focal epilepsies, 

interpreted as electrical discharge spreading from the PC between seizure events [155].  

In summary, the Tbc1d24R360L line is characterized by a large and significant reduction in 

abundance of Tbc1d24 protein expression. No gross pathological changes were observed 

in the brain of the mutant, although molecular indications of seizures were observed through 

the upregulation of c-fos in brain areas pertinent to seizure pathology, including the piriform 

cortex. 

Figure 3.9 Upregulation of c-fos in the piriform cortex of the Tbc1d24R360L/R360L mutant. 
Representative images showing ISH performed using a riboprobes against the IEG c-fos on 
coronal sections of Tbc1d24+/+ (left) and Tbc1d24R360L/R360L (right) brains of male mice at P16. 
Labels show areas of staining in the piriform cortex (PC) and anterior cingulate area (ACA). 
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3.2.4 Functional studies of the V-ATPase in Tbc1d24R360L/R360L 
The V-ATPase is a large protein complex involved in vesicle acidification, using 

hydrolysis of ATP to generate energy to act as a proton pump, and consists of 

transmembrane (V0) and cytosolic (V1) subunits [156]. The initial indication that the function 

of Tbc1d24 may be tied to the action of the V-ATPase arose from a mass spectrometry 

screen in 2014, which identified subunits of the V-ATPase as common binding partners with 

all members of the TLDc family (Finelli, M. – Oliver lab, unpublished). Mutations in V-

ATPase subunits, such as ATP6V1A, have been reported to cause epilepsy, associated 

with decreased stability of the V-ATPase complex and disrupted lysosomal acidification 

[157]. Transfection of hippocampal neurons with ATP6V1A mutant constructs resulted in a 

reduction of excitatory synapses, highlighting the importance of V-ATPase function in 

neuronal development. Furthermore, fibroblasts of patients with epilepsy-related de novo 

missense mutations in ATP6V1A show lysosomal acidification defects and decreased 

expression of lysosomal-associated membrane protein-1 (LAMP1), indicating lysosomal 

impairment [158]. Additionally, compound heterozygous variants in the V-ATPase subunit 

ATP6V0A1 show progressive myoclonic epilepsy (PME) and ataxia [159]. Stable 

expression of these mutants in Neuro2a cell lines resulted in decreased lysosomal 

acidification compared to a cell line expressing wild type ATP6V0A1. A mouse line 

homozygous for a knock-in human mutation, R741Q, in ATP6V01A showed embryonic 

lethality, providing further evidence for the essential role of the V-ATPase [160]. Missense 

mutations in ATP6V0C affecting proton transport and complex assembly are associated 

with febrile seizures and epilepsy [161]. 

Mutations in ATP6V1B2 have been described in dominant deafness-

onychodystrophy (DDOD) syndrome [162], which is highly similar to DOORS syndrome, 

associated with certain mutations in TBC1D24 [132]. Both syndromes include sensorineural 

deafness and onychodystrophy. In addition, a truncating variant of ATP6V1B2 has recently 

been identified in patients with DOORS syndrome [163]. Furthermore, the V-ATPase 

subunit ATP6V0C and TBC1D24 are deleted from one copy of chromosome 16 in a 16p13.3 
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microdeletion syndrome recently reported to cause epilepsy, intellectual disability and 

skeletal abnormalities [164] [165]. This overlap between rare disease phenotypes of 

mutations in V-ATPase subunits and TBC1D24 indicates shared functional significance 

between the two proteins. 

Co-immunoprecipitation was performed to confirm the interaction between V-

ATPase subunits and Tbc1d24, using protein extracted from Tbc1d24+/+ and 

Tbc1d24R360L/R360L whole brain at P16. The antibody for Tbc1d24 was produced in-house 

for use in co-immunoprecipitation. As shown by Figure 3.10, a clear interaction is observed 

between wild type Tbc1d24 protein and the V-ATPase cytoplasmic subunits Atp6v1b2, 

Atp6v1a and Atp6v1c, as shown by specific bands at 57 kDa, 68 kDa and 44 kDa, 

respectively, in the Tbc1d24+/+ immunoprecipitate (IP) lanes. Interestingly, no band was 

observed at 38 kDa in the IP lane when blotted with an antibody against Atp6v0d, indicating 

that Tbc1d24 does not interact with this subunit, which forms part of the membrane-bound 

V0 domain of the V-ATPase. 

No bands were visible for Atp6v1b2, Atp6v1a or Atp6v1c in the Tbc1d24R360L/R360L 

IP lane (Atp6v0d was not tested in this mutant) (Figure 3.10). The severe reduction in 

expression of Tbc1d24 protein in the Tbc1d24R360L/R360L mutant is evident, in that no band 

is visible at 63 kDa in the IP lane when blotted with an antibody for Tbc1d24. Therefore, the 

apparent lack of interaction between Tbc1d24 and V-ATPase subunits in the 

Tbc1d24R360L/R360L mutant is not surprising, given the low level of expression of Tbc1d24 

protein. It is unclear, therefore, whether the R360L mutation itself disrupts interaction with 

the V-ATPase. 
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Figure 3.10 Confirmation of the interaction between Tbc1d24 and v-ATPase 
subunits, demonstrated by co-immunoprecipitation. Co-immunoprecipitation was performed 
using protein extracted from Tbc1d24+/+ and Tbc1d24R360L/R360L whole brains of male mice at P16. 
Western blotting was performed using input, IgG control, and immunoprecipitate (IP) protein, 
blotted using antibodies for Atp6v1b2, Atp6v1a, Atp6v1c and Atp6v0d. Co-immunoprecipitation 
and western blotting were performed by Protein Core, MRC Harwell.    

3.2.5 Summary of findings in the Tbc1d24R360L/R360L mutant 
The R360L mutation in Tbc1d24 leads to a form of childhood-onset epilepsy in humans, 

which is mirrored by seizures in the Tbc1d24R360L/R360L mouse. Furthermore, the mutation 

shows the same recessive pattern of inheritance in mice as reported in humans, with 

Tbc1d24+/R360L mice showing no visible seizures, and comparable survival with wild type, 

Tbc1d24+/+, mice. Although the open field test indicated normal locomotor function, the early 

death of Tbc1d24R360L/R360L mice at P17 limits more complex cognitive behavioural analysis. 
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Expression studies of the Tbc1d24R360L/R360L mutant reveal a 90.9% decrease in protein 

expression, but no significant decrease in mRNA expression, which suggests that post-

translational degradation of the mutant protein may occur. Co-immunoprecipitation confirms 

the interaction between Tbc1d24 and V1 subunits of the V-ATPase, supporting a functional 

role for Tbc1d24 in vesicle acidification. Further evidence is needed to understand the 

importance of this interaction, and its potential links with the aetiology of epilepsy in the 

Tbc1d24R360L/R360L mutant.  

3.3 Characterization of the Tbc1d24P135L/P135L mutant 
3.3.1 Phenotype of Tbc1d24P135L/P135L  

In humans, the Tbc1d24P135L/P135L mutation shows an autosomal dominant pattern 

of inheritance associated with tonic-clonic and myoclonic epilepsy [144]. Therefore, it was 

interesting to ascertain whether a phenotype would be observed in the heterozygous carrier 

mice. Indeed, the founder F0/F1 CRISPR positive P135L carrier lines used to establish the 

colony had no breeding issues or early, unexpected fatalities. Subsequently, a small cohort 

of heterozygous mice, Tbc1d24+/P135L, were aged to 12 months, and no adverse effects 

were observed. The intercrosses were also established, and in very similar circumstances 

to the R360L mutant, pups were found dead at P17, which were genotyped to be 

homozygous. The homozygous Tbc1d24P135L/P135L mutants also showed the same seizure 

profile as Tbc1d24R360L/R360L mutants in live mice at P16, displaying a hyperactive phase 

preceding seizures, followed by post-ictal recovery or death. P16 was determined to be the 

humane end point for mice homozygous for the P135L mutation. Seizures were observed 

in both male and female Tbc1d24P135L/P135L mutants. 

In summary, these data are contrary to the original P135L mutation described that 

is autosomal dominant, with the patient heterozygous for the mutation experiencing 

epileptic seizures [144]. Unfortunately, due to time constraints, no further behavioural or 

pathological analysis was performed on the Tbc1d24P135L/P135L mutant. 
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3.3.2 Expression studies in the Tbc1d24P135L/P135L mutant 
3.3.2.1 Tbc1d24P135L/P135L mutant shows decreased Tbc1d24 protein expression 

To investigate the effect of the P135L mutation on Tbc1d24 protein levels, Western 

blotting was performed using protein extracted from whole brains of Tbc1d24+/+, 

Tbc1d24+/P135L and Tbc1d24P135L/P135L mice. As shown in Figure 3.11, Tbc1d24 protein 

expression in the Tbc1d24P135L/P135L mutant was 94.2% decreased compared to Tbc1d24+/+ 

(p < 0.0001), and 89.4% decreased compared to Tbc1d24+/P135L (p = 0.0002). Tbc1d24+/P135L 

showed intermediary protein expression between Tbc12d4+/+ and Tbc1d24P135L/P135L, with a 

45.5% reduction in expression compared with Tbc1d24+/+ (p = 0.0002). The P135L mutation 

appears to cause near-total knockdown in expression of Tbc1d24 protein, similar to the 

level seen in Tbc1d24R360L/R360L mice. 

3.3.2.2 Expression and stability of the mutant Tbc1d24P135L allele 
To investigate expression of Tbc1d24 in the Tbc1d24P135L/P135L mutant at the mRNA 

level, RT-qPCR was performed using mRNA extracted from frontal cortex of Tbc1d24+/+ 

and Tbc1d24P135L/P135L mice at P16. As shown in Figure 3.12A, no difference was observed 

in the expression of Tbc1d24 mRNA between Tbc1d24+/+ and Tbc1d24P135L/P135L. Allele-

specific RT-qPCR, using probes designed to specifically amplify either the wild type or 

Figure 3.11 The Tbc1d24P135L/P135L mutant shows knock down in protein levels. Western 
blotting was performed using protein extracted from whole brains of Tbc1d24+/+, Tbc1d24+/P135L 

and Tbc1d24P135L/P135L male and female mice at P16. (A) Representative western blot showing 
bands at 63kDa for Tbc1d24 and at 42kDa for β-Actin. (B) Quantification of Tbc1d24 protein levels 
normalized to β-Actin. One way ANOVA with Tukey’s multiple comparisons test was performed. 
Graph shows mean ± SEM (n = 3 – 4). 
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P135L mutant transcript of Tbc1d24, indicating that both wild type and P135L mutant alleles 

are expressed at similar levels (Figure 3.12B).  

3.3.3 Summary of findings in the Tbc1d24P135L/P135L mutant 
The P135L mutation in Tbc1d24 leads to epilepsy in humans, and recurrent seizures 

are observed in the Tbc1d24P135L/P135L mutant, although the mouse shows a different pattern 

of inheritance from that reported in humans. The mutation shows autosomal dominant 

inheritance in patients, but appears to show recessive, loss-of-function inheritance in the 

mouse mutant, with Tbc1d24+/P135L mice showing no seizures but a significant decrease in 

Tbc1d24 protein expression, with no significant decrease in Tbc1d24 mRNA expression, 

similarly to the Tbc1d24R360L/R360L mutant. This model suggests that protein expression level 

may be driving the seizures in the two loss-of-function mouse models. 

3.4 Characterization of the Tbc1d24INS2/INS2 mutant 
The Tbc1d24INS2/INS2 mutant contains an insertional null allele that leads to an early stop 

codon in Tbc1d24. Given the predicted disruption caused by this mutation on the protein 

product, it was not known whether homozygous embryos would be produced. In the initial 

intercrossing of mice heterozygous for the mutation, litters were produced containing mice 

Figure 3.12 Expression analysis by RT-qPCR shows similar expression of Tbc1d24 mRNA 
in Tbc1d24P135L/P135L and Tbc1d24+/+. A - RT-qPCR to measure expression of Tbc1d24 was 
performed using mRNA extracted from Tbc1d24+/+ (blue), and Tbc1d24P135L/P135L (red) whole brains 
of male and female mice at P16 (n = 5-6). B - Allele specific RT-qPCR was performed using 
specific probes for Tbc1d24+ (wild type allele, blue) and Tbc1d24P135L (mutant allele, red). mRNA 
was extracted from frontal cortex at P16. RQ values were plotted for individual mice, with 
Tbc1d24+/+ (WT) and Tbc1d24R360L/R360L (Hom) showing specificity of the probes (n = 5 - 6). 
Allele-specific RT-qPCR (excepting analysis) was performed by D. Williams, MRC Harwell. Values 
show mean ± SEM. 
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that were found dead at P0, which were subsequently genotyped to be homozygous for the 

INS2 mutation, Tbc1d24INS2/INS2.  No homozygous mice survived to weaning age 

(approximately P21), which is when genotyping is routinely performed. Embryo harvesting 

was performed at E15, and several embryos were found to be homozygous. Later, a live 

birth was observed of mice subsequently genotyped to be Tbc1d24INS2/INS2 mutants; these 

pups were responsive to touch. Therefore, the INS2 mutation was determined to cause 

early postnatal death, at approximately P0. The Tbc1d24INS2/INS2 embryo exhibits pallor 

suggestive of anaemia from E14.5, which is explored in depth in Chapter Four. 

Heterozygous Tbc1d24+/INS2 mice show survival comparable to wild type Tbc1d24+/+ 

littermates, and do not exhibit pallor. 

3.4.1 Expression studies of Tbc1d24INS2/INS2  
3.4.1.1 The Tbc1d24INS2/INS2 mutant shows significant reduction in abundance of 
Tbc1d24 protein expression 

To investigate the effect of the INS2 mutation on Tbc1d24 protein levels, Western 

blotting was performed using protein extracted from whole brains of Tbc1d24+/+, 

Tbc1d24+/INS2 and Tbc1d24INS2/INS2 mice at E18.5. As shown in Figure 3.13, Tbc1d24 protein 

expression in the Tbc1d24INS2/INS2 mutant was 93.5% decreased compared to Tbc1d24+/+ (p 

< 0.0001), and 82.8% decreased compared to Tbc1d24+/INS2 (p = 0.0116). Given the severity 

of the mutation, which prevents expression of a full-length Tbc1d24 protein produce, it is 

likely that the knockdown in protein expression is closer to 100% in the Tbc1d24INS2/INS2 

mutant, and that the small level of signal measured is due to background. Tbc1d24+/INS2 

showed intermediary protein expression between Tbc1d24+/+ and Tbc1d24INS2/INS2, with a 

61.8% reduction in expression compared with Tbc1d24+/+ (p = 0.0004). The INS2 mutation 

thus causes dramatic reduction in abundance of Tbc1d24 protein, therefore, loss of 

Tbc1d24 expression is incompatible with life. 
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Figure 3.13 Reduced abundance of Tbc1d24 protein in the Tbc1d24INS2/INS2 mutant. Western 
blotting was performed using protein extracted from whole brains of Tbc1d24+/+, Tbc1d24+/INS2 and 
Tbc1d24INS2/INS2 male and female mice at E18.5. (A) Representative western blot showing bands at 
63kDa for Tbc1d24 and at 42kDa for β-Actin. (B) Quantification of Tbc1d24 protein levels normalized 
to β-Actin. One way ANOVA with Tukey’s multiple comparisons test was performed. Graph shows 
mean ± SEM (n = 3). 

3.4.1.2 Partial knockdown of Tbc1d24 mRNA expression inTbc1d24INS2/INS2 
To investigate expression of Tbc1d24 mRNA in the Tbc1d24INS2/INS2 mutant, RT-

qPCR was performed using mRNA extracted from whole brains of Tbc1d24+/+, 

Tbc1d24+/INS2 and Tbc1d24INS2/INS2 at E15.5. As shown in Figure 3.14, RT-qPCR showed 

decreased expression of Tbc1d24 mRNA in Tbc1d24INS2/INS2, with a mean decrease of 

55.9% compared with Tbc1d24+/+ (p < 0.0001), and mean decrease of 33.6% compared 

with Tbc1d24+/INS2 (p = 0.0004). Tbc1d24+/INS2 showed an intermediary expression of 

Figure 3.14 Expression of Tbc1d24 mRNA is decreased in Tbc1d24INS2/INS2 compared with 
Tbc1d24+/+. RT-qPCR was performed using mRNA extracted from cortex of male and female 
Tbc1d24+/+ (blue), Tbc1d24+/INS2 (green) and Tbc1d24INS2/INS2 (red) mice at E18.5. Expression of the 
gene Tbc1d24 was measured. One way ANOVA with Tukey’s multiple comparisons test was 
performed using ΔCT values. Values show mean ± SEM (n = 4). 
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Tbc1d24 mRNA between Tbc1d24+/+ and Tbc1d24INS2/INS2, with a mean decrease of 33.6% 

compared with Tbc1d24+/+ (p < 0.0001).  

Of note, RNA-Seq was also performed using mRNA extracted from Tbc1d24INS2/INS2 

and Tbc1d24+/+ brain cortices at E18.5 (see Chapter Four). Expression of Tbc1d24 was 

shown to be decreased in Tbc1d24INS2/INS2, with a fold change of 0.58 (FDR = 6.7 x 10-84), 

which is consistent with the results of RT-qPCR. 

3.4.1.3 In situ hybridization of Tbc1d24 in the Tbc1d24INS2/INS2 mutant 
Expression of Tbc1d24 has been demonstrated in the developing mouse brain, 

where expression increases over time, and in cultured E18.5 mouse hippocampal neurons, 

which also show increasing Tbc1d24 expression after culturing in vitro [105]. In order to 

visualise Tbc1d24 expression in the Tbc1d24INS2/INS2 mutant as demonstrated by RT-qPCR 

of whole brain and RNA-Seq of prefrontal cortex, ISH was performed using sagittal sections 

of mouse embryonic brains. As shown in Figure 3.15, Tbc1d24 is widely expressed in the 

Tbc1d24+/+ brain at E18.5, particularly in the outer layers of the cerebral cortex. At E16.5, 

Figure 3.15 Decreased expression of Tbc1d24 in the developing Tbc1d24INS2/INS2 
brain. Representative images showing Tbc1d24 expression in the developing mouse 
brain. Top: expression of Tbc1d24 in sagittal section of male Tbc1d24+/+ embryonic head at 
E18.5. Bottom: expression of Tbc1d24 in coronal sections of Tbc1d24+/+ (left) and Tbc1d24INS2/

INS2 (right) brains at E16.5. 
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expression of Tbc1d24 is visible in the cortex of Tbc1d24+/+ embryo. However, a visible 

reduction in Tbc1d24 expression is observed in the Tbc1d24INS2/INS2 cortex compared to 

Tbc1d24+/+, which is consistent with the qPCR and RNA-seq expression data. 

3.4.2 Neuropathology of Tbc1d24INS2/INS2 
Increasing levels of Tbc1d24 expression at E18.5 is correlated with terminal 

neuronal differentiation [105], which is crucial for the maturation of electrophysiological 

properties and the formation of functional neural networks [166]. Expression of TBC1D24 

constructs with pathological mutations leads to neurite outgrowth defects in mouse cortical 

culture in vitro, compared with transfection with wild type TBC1D24, suggesting that 

TBC1D24 is required for  neuronal maturation [106]. Therefore, loss of Tbc1d24 expression 

in the Tbc1d24INS2/INS2 mutant may disrupt this key process. 

3.4.2.1 Gross anatomy of the Tbc1d24INS2/INS2 mutant brain 
In order to visualise gross anatomy of the brain in the Tbc1d24INS2/INS2 mutant, Nissl 

staining was performed using sagittal sections of embryonic heads at E18.5, with 

Tbc1d24+/+ littermate controls. As shown in Figure 3.16, Tbc1d24+/+ and Tbc1d24INS2/INS2 

brains show no striking differences in morphology of the developing cortex, cerebellum, 

hippocampus or midbrain.  
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3.4.2.2 Cortical layer disruption in Tbc1d24INS2/INS2 mutant 
In addition to its effects on neurite outgrowth [106] and presynaptic function [136], 

Tbc1d24 has been shown to play an important role in cranial neural crest (CNC) cell 

migration, through its interaction with ephrinB2, mediated by Dishevelled (Dsh) [167]. 

Disruption of this interaction leads to defective CNC migration. Knockdown of Tbc1d24 in 

rat cerebral cortical neurons in vivo was demonstrated to impair axonal projections, 

including callosal projections connecting the two cerebral hemispheres [135]. In order to 

examine cortical layer patterning in the Tbc1d24INS2/INS2 mutant, immunohistochemistry 

(IHC) was performed on coronal sections of Tbc1d24+/+ and Tbc1d24INS2/INS2 brains at 

E18.5, using antibodies against cortical layer markers Satb2 (Layers 2 - 4), Ctip2 (Layer 5) 

and Tbr1 (Layer 6). Measurements were taken of the cortical layer widths, and the distance 

from the outer edge of each layer to the edge of the developing cortex. As shown in Figure 

3.17, no difference between the Tbc1d24+/+ and Tbc1d24INS2/INS2 brains was observed in the 

Figure 3.16 Comparable gross morphology between Tbc1d24+/+ and Tbc1d24INS2/INS2 
brain shown by Nissl staining. Representative images of Nissl-stained embryonic heads at 
E18.5. Top: sagittal sections of heads, showing comparable structural morphology between 
male Tbc1d24+/+ (left) and Tbc1d24INS2/INS2 (right) brains at E18.5. Bottom: Dorsal and medial 
pallium at greater magnification. The dorsal and medial pallium develop into the cerebral 
cortex and hippocampus, respectively. 
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widths of any of the cortical layers. Interestingly, a decrease in the distance from layer to 

cortex edge was observed for both Ctip2 (p = 0.0002) and Tbr1 (p = 0.0071), suggesting a 

potential disruption in cortical layer patterning caused by the INS2 mutation in Tbc1d24. 

3.4.3 Summary of findings in the Tbc1d24INS2/INS2 mutant 
The INS2 mutation in Tbc1d24, which causes an early stop codon in Tbc1d24, is 

postnatally lethal in Tbc1d24INS2/INS2 mutant mice. Expression studies of the mutant reveal 

that expression of Tbc1d24 protein is decreased by 88.0% compared with Tbc1d24+/+ mice, 

and Tbc1d24 mRNA is decreased by 55.9%. In addition, ISH shows general knockdown in 

Tbc1d24 expression, including in the cortex. The heterozygous Tbc1d24+/INS2 mice do 

survive to birth, although they show 33.6% decrease in Tbc1d24 mRNA expression 

compared with Tbc1d24+/+ littermates. 

Figure 3.17 Disruption in patterning of the developing cortex in the Tbc1d24INS2/INS2 mutant. 
IHC staining of layer markers Satb2 (L2-4), Ctip2 (L5) and Tbr1 (L6) was performed using coronal 
sections of male and female Tbc1d24+/+ and Tbc1d24INS2/INS2 brains at E18.5. A – Representative 
images of developing cortex of Tbc1d24+/+ (top) and Tbc1d24INS2/INS2 (bottom), at 20x magnification. 
From left to right, Satb2, Ctip2 and Tbr1 markers in red showing stained neurons. All markers 
counterstained with Hoescht 33342 in blue. Scale bar of 100 µm. Arrows marked on Tbc1d24+/+ 
showing measurements taken. B – Measurements were made of layer width (top, corresponding to 
top arrows in A) and distance from layer to cortex edge (bottom, corresponding to bottom arrows in 
B). Student’s t-tests performed between biological groups (N = 3, measurements in triplicate). 
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Neuropathological studies of the Tbc1d24INS2/INS2 mutant show disruption in the 

organisation of developing cortical layers, with layer 5 and layer 6 markers closer to the 

outer edge of the developing cortex, suggesting defects in neuronal migration. Overall, the 

Tbc1d24INS2/INS2 mutant supports a crucial role for Tbc1d24 in neurological function and 

development. 

3.5 Discussion 
3.5.1 The phenotypes of Tbc1d24 mutant mouse lines 

In this chapter, three mouse models of Tbc1d24 mutations have been characterized, 

which has provided insight into the function of Tbc1d24 and the pathogenic consequences 

of its dysfunction. Two human pathological mutations in TBC1D24 have been modelled, 

and both the Tbc1d24R360L and Tbc1d24P135L mouse lines successfully display recurrent 

seizures, similar to the epileptic phenotype observed in human patients. These models 

show promise for use in future preclinical testing of AEDs, as they exhibit recurrent, 

spontaneous seizures within predictable timeframes. The Tbc1d24INS2 mouse model has 

provided a useful null model of Tbc1d24, and its embryonic lethal phenotype has 

highlighted the critical importance of functional Tbc1d24 expression, while still providing a 

tool that can be used for the generation of primary cell cultures.   

Despite the original report that the epilepsy-associated P135L mutation shows an 

autosomal dominant pattern of inheritance in patients – hence the initial choice of the 

mutant - [144], an autosomal recessive pattern of inheritance of the same clinical mutation 

has been described more recently. Sequencing of a patient presenting with epilepsy and 

deafness revealed the P135L mutation was inherited as a compound heterozygous 

mutation with another TBC1D24 mutation, R227W. No clinical features were identified in 

the carrier P135L parent, arguing against dominant inheritance for the mutation; this is also 

consistent with the loss-of-function recessive inheritance observed in the Tbc1d24P135L 

mouse. It is unclear why the mutation was originally reported as showing dominant 

inheritance [144], although one explanation is differing genetic backgrounds of the two 

clinical populations.   
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Some mouse models of epilepsy exhibit variable severity based on genetic 

background, for example, the Scn2aQ54 transgenic mouse, which enabled the identification 

of the epilepsy modifier gene Cacna1g through RNA-Seq analysis [168].  While all of the 

Tbc1d24 mutants characterized in this chapter are maintained of a C57BL/6J background, 

the Tbc1d24R360L mouse line was intercrossed onto a DBA/2J background in order to 

investigate the effect of genetic background on phenotypic severity. The offspring of this 

intercross showed the same pattern of survival shown by the Tbc1d24R360L mouse line of 

C57BL/6J background, with early death from P18 exhibited in homozygous 

Tbc1d24R360L/R360L mice (data not shown). The same genetic background, C57BL/6J, was 

also used to model the Tm1b, F251L and S324Tfs*3 mutations, enabling comparison 

between the mutations [136] [137] [169]. 

During this project, several mouse models of mutations in TBC1D24 were 

generated, providing some invaluable insight into the function of TBC1D24, and the wide-

ranging consequences of its dysfunction. Comparison between all known mouse models of 

Tbc1d24 mutations is shown in Table 3.1. The addition of Tbc1d24R360L, Tbc1d24P135L and 

Tbc1d24INS2 mouse lines builds on a growing body of research into the function and 

dysfunction of TBC1D24. The TBC1D24 mutation F251L, associated with epilepsy in 

humans, causes spontaneous seizures and early death in mice, which was shown to be 

associated with destabilization of Tbc1d24 protein and reduced synaptic density [137]. 

Similarly, the human TBC1D24 mutation S324Tfs*3, which leads to a premature stop codon 

in a splice variant of TBC1D24, is associated with early infantile epileptic encephalopathy, 

and, when modelled in mice, causes spontaneous seizures from P15, and early death [169]. 

Somewhat surprisingly, mouse models of TBC1D24 mutations associated with deafness in 

humans did not show any hearing loss, but some of these homozygous mutations led to 

seizures and early death [170]. It was determined in the same study  (contrary to earlier 

published work) that TBC1D24 is expressed in the hair cells of the inner ear in humans, but 
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surprisingly not in mice [170]. This highlights that recapitulating all the pleotropic aspects of 

TBC1D24 dysfunction using the mouse may not be possible. 

Mouse models of Tbc1d24 dysfunction show striking similarity in the seizure 

phenotypes displayed, with near identical timing across all models; mice display seizures 

from approximately P15, and show early mortality at around P20 [94, 137, 170, 169]. The 

timing of the seizure phenotype of the S324Tfs*3 mouse mutant was originally ascribed to 

the alternate splicing of the mutant exon, as the appearance of the exon carrying the 

mutation was found to correlate with the onset of seizures [169]. However, this does not 

explain the seizure time course of other mutations, at different exonic locations within 

Tbc1d24. Rather, the timing of seizures may relate to key neurodevelopmental milestones, 

such as the dramatic increase in brain volume that takes place in mice between P7 and 

P20 [171]. This is supported by increasing expression of Tbc1d24 in mouse hippocampal 

neurons during culturing in vitro for 14 days, correlating with the terminal differentiation of 

neurons [105]. 

Also consistent across mouse models of Tbc1d24 dysfunction is the significant 

reduction in abundance of protein expression, which is seen in the Tbc1d24R360L, 

Tbc1d24P135L and Tbc1d24INS2 mutants, in addition to the Tbc1d24F251L model [105] (protein 

expression was not measured in the Tbc1d24S324Tfs*3 mouse, nor in any of the deafness-

associated mutants) [169, 170] (Table 3.1). Mutations across both the TBC and TLDc 

domains of Tbc1d24 can therefore cause reduction in abundance of protein expression, 

coincident with similar phenotypes, indicating that these mutations are loss-of-function. This 

is in line with findings from a small number of patient fibroblasts that have been tested, 

where a significant decrease in expression of TBC1D24 protein was observed, with no 

significant decrease in TBC1D24 mRNA expression [172]. That point mutations within 

Tbc1d24 lead to dramatic decrease in Tbc1d24 protein levels likely indicates that the 

mutations cause functional disruption of the protein. The recent solving of the TLDc crystal 

structure of human NCOA7-B revealed that the arginine residue disrupted by the R360L 
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mutation is involved in a salt-bridge interaction with another highly conserved residue, 

Glu139 [173]. Mutations at either residue were predicted to break this interaction, causing 

destabilization of a crucial long loop within the tertiary structure of the TLDc domain. It is 

probable that loss-of-function mutations of Tbc1d24 cause similar destabilization of its 

protein structure, resulting in severe phenotypic consequences as seen in the Tbc1d24 

mouse mutants.  

Misfolded proteins are degraded in the cell through several mechanisms, including 

the ubiquitin-proteasome system (UPS) and the autophagy-lysosome system [174]. In UPS, 

ubiquitin is activated by an enzyme cascade involving three enzymes – E1, E2 and E3 – 

and then binds to a protein targeted for degradation. The protein is then able to be 

recognised by the 26S proteasome, a multimeric protease enzyme with a proteolytic core, 

which then catalyses the degradation of the protein [175]. In the autophagy-lysosome 

system, proteins targeted for degradation are encapsulated within a vesicle, which fuses 

with lysosome in which both the denaturing acidic environment and the presence of 

hydrolase enzymes causes degradation of the protein cargo [176]. Both UPS and 

autophagy have been shown to mediate degradation of misfolded tau protein, involved in 

the pathogenesis of Alzheimer’s disease [177]. However, disruption in the interaction 

between Tbc1d24 and the V-ATPase may lead to dysfunctional lysosomal acidification 

(further discussed in this chapter and later in thesis), therefore it may be predicted that the 

reduction in abundance of Tbc1d24 protein in the mutant mice is primarily due to 

degradation by the UPS. 

Studies of the behavioural effects of mutations in Tbc1d24 have been limited by 

phenotypic severity. However, acute knockdown of Tbc1d24 by hippocampal injection with 

Tbc1d24-shRNA has been shown to cause behavioural changes. Mice with Tbc1d24 

knockdown showed increased travel distance in OF testing, indicating hyperactivity, with 

increased anxiety-like behaviour indicated by preference for the peripheral zones of the 

arena [137]. These mice also showed reduced fear learning behaviours in the fear 
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conditioning test. Interestingly, mice heterozygous for the F251L mutation, which displayed 

normal survival (unlike homozygous mice), showed the same reduction in fear learning, 

suggesting that impaired expression of Tbc1d24 causes impaired synaptic function, 

although no increase in hyperactivity was observed [137]. The effect of Tbc1d24 protein 

expression on hyperactivity may therefore be dose-dependent. Importantly, despite the 

appearance of ataxia in patients harbouring TBC1D24 mutations [106], in addition to 

patients with loss-of-function mutations in the TLDc gene OXR1 [178] and the Oxr1 

knockout mouse, bella [143], this has not been studied in loss-of-function Tbc1d24 mouse 

mutants. Ataxia can be studied in mice using phenotyping tests such as gait analysis and 

the Locotronic motor coordination test, although many phenotyping tests are designed for 

use on adult mice [179]. Therefore, a conditional loss-of-function mouse mutant may be 

needed to study the effect of knockdown of Tbc1d24 expression on ataxia (see Chapter 

6). In addition, more detailed studies of neuropathology of the cerebellum in the mouse 

models is warranted, given the multiple examples of cerebellar atrophy across TBC1D24-

associated disorders [131, 132, 106, 180]. Importantly, the Oxr1 null model exhibits 

significant apoptosis in the granule cell (GC) layer of the cerebellum from P18 onwards, 

with signs of neuroinflammation [143]. However, there is no indication of activation of either 

apoptotic or neuroinflammatory pathways shown by microarray of the Tbc12d4R360L mutant 

(Chapter Four). One possible explanation for this is that the end point of the Tbc12d4R360L 

mutant at P16 may be too early to detect such markers.  

Electrophysiological studies using the Tbc1d24R360L mouse line have recently shed 

light on additional features of the brain that may underlie the seizure activity (D. Rial, T. 

Soares, Oliver group, unpublished). Single cell and local field potential recordings in L5 

cortical neurons in the Tbc1d24R360L/R360L mutant at P16 show an elevated baseline spike 

frequency, confirming neuronal hyperexcitability. Interestingly, this is not detected in the 

hippocampus or striatum. One further experiment was to investigate the potential role of 

glutamate as a key excitatory neurotransmitter, and whether transport via the glutamate 
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transporter 1 (GLT-1) was playing a role. GLT-1 is responsible for clearing the excitatory 

neurotransmitter glutamate from the synaptic cleft, and maintaining a low level of 

extracellular glutamate prevents excitotoxicity [30]. Pharmacological blocking of Glt-1 using 

DL-threo-beta-benzyloxyaspartate (DL-TBOA) showed a lower saturation threshold in

Tbc1d24R360L/R360L neurons compared with wild type control, indicating decreased 

functionality, formation or expression of Glt-1 in the mutant mouse, which was confirmed 

by Western blot. Thus, the epileptic phenotype and hyperexcitability of the 

Tbc1d24R360L/R360L mutant may in part be related to decreased astrocytic glutamate 

clearance. 

Earlier models of human pathological Tbc1d24 mutations demonstrated alterations 

in neuronal morphology and neurite outgrowth. Knockdown of Tbc1d24 expression in N2a 

culture led to reduced neurite outgrowth [136]. However, the effects of altered neuronal 

morphology on anatomical organisation of the brain have not been previously quantified in 

a mouse model of Tbc1d24 dysfunction. The Tbc1d24INS2/INS2 mutant shows a reduction in 

distance between the edge of the developing cortex and layers 5 and 6, indicating disruption 

in cortical layer patterning as a result of knockdown in Tbc1d24 expression. Cortical 

lamination defects are observed in mice lacking the protein p35, which is needed to activate 

a neuronal specific kinase, cdk5. The p35-deficient mice also show seizures and early 

lethality, although the cortical defects are more severe than those observed in the 

Tbc1d24INS2/INS2 mutant, with general disorganization throughout the cortex and enlarged 

ventricles [181]. Network alterations have been shown to cause seizures in patients of 

temporal lobe epilepsy (TLE), due to disruption in functional connections within the cortical 

network leading to increased seizure susceptibility [182]. Tbc1d24 has been shown to form 

a complex with the cell-surface signalling ligand EphrinB2, mediated by the scaffold protein 

Dishevelled (Dsh), with this complex regulating contact inhibition of locomotion (CIL) during 

neural crest migration [167]. Morpholino oligonucleotide (MO) silencing of Tbc1d24 causes 

defects in CNC migration in tailbud stage Xenopus embryos, due to the disruption of CIL 
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and subsequent invasion of neural crest tissue into other neural crest tissue. The cortical 

patterning defects observed in the Tbc1d24INS2/INS2 mutant, which shows reduction in 

expression of Tbc1d24 mRNA and protein, may result from disruption of the interaction 

between Tbc1d24 and ephrinB2.  



79 

Table 3.1 Mouse models of human pathological mutations in Tbc1d24 to date. 
Tbc1d24 
Mutation 

Human disease and 
inheritance 

Mouse phenotype Tbc1d24 
expression 

Associated findings Ref 

Tm1b 
(Heterozygous 
expression of 
tm1b allele, 
early stop 
codon at 380) 

N/A None 50% expression of 
protein.  
50% expression of 
mRNA. 

Reduced neurite growth in 
hippocampal, cortical neurons. 
Increased sensitivity to OS. 
Reduced mEPSP frequency at 
excitatory synapses. 
Reduced endocytosis and SV 
recycling in primary neurons. 
Increased endosomal volume. 

[136] 

F251L 
(Within TBC 
domain) 

Epilepsy 
Intellectual disability. 
Autosomal recessive 

Spontaneous seizure 
Early death (P21) 

Adult het memory 
defect  

>50% decrease in 
protein 
expression. 
No change in 
mRNA. 

Increased neuronal excitability. 
Dendritic spine defects. 
Reduced synapse density. 

[105] 
[137] 

Acute viral 
knockdown of 
Tbc1d24 in 
hippocampus 

N/A Memory defect.  
Anxiety-like 
behaviour. 

>50% decrease in 
protein 
expression. 
No change in 
mRNA. 

Dendritic spine defects. [137] 

S324Tfs*3 
(frameshift with 
early stop 
codon) 

Early infantile 
epileptic 
encephalopathy 
(EIEE). 
Autosomal recessive 

Spontaneous (tonic 
clonic) seizure from 
P15 
Early death (P21) 

Not measured. Tbc1d24 localization at TGN and 
hippocampal synapses (sites of 
endocytosis). 
No expression of Tbc1d24 in 
mouse hair cells, contrary to 
findings in humans. 

[169] 

Asp70Tyr 
(Within TBC 
domain) 

Deafness DFNB86 No deafness  Not measured [170] 

Ser178Leu 
(Within TBC 
domain) 

Deafness DFNA65 No deafness Not measured Ser178 residue critical for 
stabilization of the TBC domain 
fold. 

[170] 

Ser324Thrfs*3/ 
His336GInfs*12 
(No predicted 
domain) 

N/A  
(Predicted DOORS or 
EIEE16 with deafness) 

No deafness 
Spontaneous seizure 
Early death (P20) 

Not measured [170] 

R360L 
(Within TLDc 
domain) 

Progressive 
myoclonic epilepsy 
(PME),  
Neurodegeneration. 
Autosomal recessive 

Spontaneous seizure 
from P15 
Early death (P17) 

90.8% decrease in 
protein 
expression. 
No change in 
mRNA 

Disrupted interaction with v-
ATPase subunits. 
Hyperexcitability of neurons. 
Reduced neurite outgrowth in 
hippocampal cultures. 

[132] 
[106] 

P135L 
(Within TBC 
domain) 

Epilepsy. 
Likely autosomal 
recessive 

Spontaneous seizure 
from P15 
Early death (P17) 

94.2% decrease in 
protein 
expression 
No change in 
mRNA 

[144] 
[183] 

INS2 
(Nonsense early 
stop codon 
within TBC 
domain) 

N/A Postnatal lethal 93.5% (to 100%) 
decrease in 
protein 
expression. 
55.9% decrease in 
mRNA expression 

Cortical layer marker disruption 
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3.5.2 The interaction between the TLDc family and the V-ATPase 
 Functional synaptic transmission relies on the packaging of neurotransmitters into 

vesicles, followed by their release at the appropriate place and time. Providing the 

electrochemical gradient for concentration of neurotransmitters into vesicles, the v-ATPase 

plays a vital role in neurotransmission [184]. Endocytosis and SV recycling require 

lysosomal acidification by the v-ATPase, and disrupted acidification is associated with 

neurological diseases such as AD, ALS and Parkinson’s disease (PD) [185]. As shown in 

the Tbc1d24tm1b mouse model, disruption of Tbc1d24 expression results in impaired 

endocytosis and recycling of synaptic vesicles [147]. In the Tbc1d24S324Tfs*3 model, 

immunogold electron microscopy was used to investigate Tbc1d24 localization, which 

revealed that the protein associates with clathrin-coated vesicles of the trans-Golgi network 

and at synapses of hippocampal neurons, providing evidence for the role of TBC1D24 in 

vesicle trafficking and synaptic transmission. Furthermore, proteomic analysis of v-ATPase 

interactions has now revealed that members of the TLDc family, including TBC1D24, OXR1 

and NCOA7, in addition to the TLDc domain itself, interact with the v-ATPase, suggesting 

a new role for the TLDc family as v-ATPase regulatory proteins [186]. Interestingly, certain 

deleterious TLDc mutations associated with neurological disease in humans, such as 

G376A in TBC1D24, were found to correspond to regions of the TLDc domain required for 

binding with the v-ATPase, indicating the severe pathological consequences of disruption 

of this interaction. Alternatively, this mutation may result in reduced protein abundance, as 

seen in the Tbc1d24R360L and Tbc1d24P135L mutants, resulting in loss-of-function due to 

post-translational events, rather than as a result of the site of the G376A mutation itself. 

Described in this chapter is the reduction of Tbc1d24 protein expression caused by the 

R360L mutation, such that no interaction is observed between Tbc1d24 and V1 subunits, 

as shown by co-immunoprecipitation. Given the importance of v-ATPase function in both 

synaptic transmission and SV recycling, the impairments in both processes observed in 

mouse models of human TBC1D24 mutations suggests the functional importance of the 

interaction between Tbc1d24 and the v-ATPase.  
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 Differences in phenotypic severity between the Tbc1d24R360L/R360L and 

Tbc1d24INS2/INS2 mutants may be explained by the strength of disruption in the interaction 

between Tbc1d24 and the v-ATPase. While the R360L mutation causes loss of Tbc1d24 

protein expression, the INS2 mutation is upstream of the TLDc domain, at position 135, 

thus any protein product of the Tbc1d24INS2 allele would be made up of only the first 135 

amino acids of Tbc1d24. RNA expression of Tbc1d24 is detected in the Tbc1d24INS2/INS2 

mutant, therefore a short Tbc1d24 protein product is possible, although unlikely due to post-

transcriptional modification. Confirmation of this could be obtained using a C-terminal 

antibody. Moreover, the loss of the TLDc domain is likely to prevent any interaction with the 

V-ATPase. It is possible that some interaction with the V-ATPase is maintained in the 

Tbc1d24R360L/R360L mutant, for example, at other amino acid residues or at different subunits.  

 A mouse model of Ncoa7 deletion was used to demonstrate the interaction between 

Ncoa7 and the V1 complex of the v-ATPase, and regulates the assembly of the V1/V0 

complex. In primary cortical neurons, subcellular fractionation experiments showed that 

deletion of Ncoa7 led to a significant reduction in V1 subunits in the membrane, despite no 

alteration in protein levels of V1 subunits overall, indicating that the V-ATPase complex 

assembly is disrupted by deletion of Ncoa7 [187]. Deletion of Ncoa7 was found to cause 

defects in lysosomal homeostasis in neurons, and led to a reduction in inhibitory contacts. 

The study found no changes in expression of either Tbc1d24 or Oxr1, suggesting a lack of 

compensatory mechanism amongst the TLDc family, which is consistent with the findings 

in this chapter. NCOA7 was shown by protein-lipid overlay assay to interact with membrane-

associated phosphoinositides (PIPs) [187]. Similarly, solving of the crystal structure of the 

TBC1D24 orthologue Sky revealed a pocket within the TBC domain which enables bindings 

with PIPs [109]. PIPs have been shown to interact with the V-ATPase, and regulate activity 

through assembly of the complex [188, 189]. The interactions of TBC1D24 and NCOA7 

with both the V-ATPase and membrane-bound PIPs provides evidence for the role of the 

TLDc family in anchoring the V-ATPase at vesicle membranes. The expectation that all 
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TLDc proteins share common functional interactions with the V-ATPase has been 

challenged by very recent cryo-EM studies that will be discussed further in Chapter 6.  

It is now evident that disruption in function of the V-ATPase is involved in a wide 

range of neurological disorders, including epilepsy. The clinical overlap between V-ATPase 

mutations and TLDc family mutations supports a shared functional significance. 

Furthermore, there is a growing body of evidence for the role of the TLDc family in regulating 

v-ATPase function, supported by the association between mutations in proteins of this

family, particularly TBC1D24, and epilepsy. However, further research is required to 

understand the link between lysosomal acidification defects and epileptic seizures. The 

potential mechanism may include the disruption of glutamate uptake, given the decrease in 

Glt-1 expression in the Tbc1d24R360L/R360L, and the importance of glutamate-induced 

excitotoxicity in the aetiology of epileptic syndromes [190]. The vesicular glutamate 

transporters (VGLUT) transports glutamate into vesicles for neurotransmission, using the 

electrochemical gradient produced by proton transport of the V-ATPase [191]. Inhibition of 

the v-ATPase may prevent the concentration of glutamate into vesicles for release in 

neurotransmission. This could instead lead to increased intracellular glutamate, with 

deleterious consequences. Interestingly, the v-ATPase is inhibited by increased OS, as 

shown by H2O2 treatment of purified bovine synaptic vesicles, which also caused the 

inhibition of glutamate uptake [192]. Further research into the TLDc family and its interaction 

with the V-ATPase should, therefore, include study of neurotransmitters such as glutamate. 

3.5.3 Concluding Remarks 
In this chapter, three mouse models of Tbc1d24 dysfunction been characterized: 

Tbc1d24R360L, Tbc1d24P135L and Tbc1d24INS2. 

Surprisingly, the same phenotype is observed in both the Tbc1d24R360L and 

Tbc1d24P135L mutant models. However, both models display a very similar level of 

knockdown of Tbc1d24 protein expression, likely due to post-transcriptional events. It is 

likely that knock-down of Tbc1d24 protein drives the onset of seizures in these models, with 
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seizures prevented in mice heterozygous for either mutation due to sufficient protein 

expression.  

Recurrent seizure phenotypes in the two viable models of epilepsy-related 

mutations in TBC1D24 have provided useful in vivo tools that are now undergoing detailed 

electrophysiological analysis and could be used in future for testing of AEDs. Confirmation 

of the interaction between Tbc1d24 and V-ATPase subunits from tissue suggests an 

important mechanistic for further study. 
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 Exploring the functional effects of 
disruption of Tbc1d24 on the haematological 
system
4.1 Introduction 
4.1.1 Anaemia and Erythropoiesis 

Anaemia is a haematological disease characterised by decreased capacity of red 

blood cells (RBCs) to transport oxygen to body tissues, which affects approximately one 

third of the global population [193]. There is a wide range of anaemia subtypes, all with 

subtly different causes and pathology. For example, iron deficiency anaemia - representing 

half of all anaemia cases worldwide [194] - occurs when there is insufficient iron available 

to associate with haemoglobin [195]. Iron deficiency anaemia can be categorized as either 

absolute iron deficiency, when total body iron stores are depleted (for example due to diet), 

or functional iron deficiency, when iron is present in body stores but unable to reach sites 

of erythropoiesis such as the bone marrow [194].  Aplastic anaemia is caused by failure of 

stem cells in the bone marrow to produce blood cells of all types, which can be an inherited 

disease or acquired as a result of immune deficiency [196]. Haemolytic anaemias are 

caused by aberrant destruction of RBCs, which can occur due to enzyme deficiency [197], 

autoimmune attack [198], and unstable haemoglobin, as is the case in sickle cell anaemia 

[199]. Due to the wide variety of causes within anaemia, understanding of specific aetiology 

is required for effective treatments to be developed and for haematological dysfunction to 

be addressed.  

The clinical diagnosis of anaemia is based on the concentration of the oxygen-

carrying molecule haemoglobin [200]. Haemoglobin is made up of four globin subunits, 

each of which carries a molecule of heme. Heme contains iron, which is able to bind to 

oxygen (O2) due to its variable transition state. Each heme molecule carries one oxygen 

molecule, and haemoglobin therefore transports up to four molecules of O2 [201]. 

Haemoglobin is synthesised during erythropoiesis, when the combination of erythropoietin 

release from the kidneys, in tandem with the bioavailability of iron, stimulates the synthesis 
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of heme by an eight step enzymatic cascade in the mitochondria and cytosol, and for which 

δ-aminolevulinic acid synthase 2 (ALAS2) is the first and rate-limiting enzyme [202]. 

Disruption of Alas2 expression in mouse embryonic stem cells prevents the induction of the 

seven other heme synthetic pathway enzymes, in addition to globin proteins, indicating that 

Alas2 is vital for the formation of functional haemoglobin, and viable erythrocytes [203]. The 

accumulation of heme induces the transcription and translation of globin genes, which then 

associate with heme to form haemoglobin [204]. Both excess heme and excess globin are 

toxic. Diamond Blackfan anaemia (DBA) is caused by insufficient globin production leading 

to excess heme accumulation and the accumulation of reactive oxygen species (ROS), 

which causes cell death and the failure of erythropoiesis [205]. While in β-thalassemia, 

impaired production of β-globin results in the accumulation of α- globin, leading to the 

formation of globin aggregates which cause apoptosis [206]. Therefore, the careful 

regulation of both heme and globin synthesis is essential both for the production of 

haemoglobin and the prevention of accumulation of toxic species.    

4.1.2 Aetiological links between anaemia and oxidative stress 
The pathology of anaemia is inextricably linked with oxidative stress (OS). Iron 

deficiency anaemia, the most common form of anaemia, is associated with an increase in 

OS following the degradation of heme and the generation of reactive oxygen species (ROS) 

[207], in addition to a decrease in antioxidant defence by the enzyme glutathione 

peroxidase (GPx) [208]. Fanconi anaemia, the most common form of aplastic anaemia, 

involves the failure of bone marrow to produce all types of blood cells, caused by 

hypersensitivity to the oxidant species generated as part of normal metabolism [209]. ROS 

also play key roles in expansion of hematopoietic stem cells (HSCs), so that more HSCs 

proliferate in oxygenated environments, and production of platelets, as elevated levels of 

ROS lead to megakaryocyte (MK) fragmentation, which generates platelets [210]. 

Iron, which is essential for the oxygen-carrying function of haemoglobin, is highly 

susceptible to the generation of OS due to its variable oxidation state, existing as either 

ferrous (Fe2+) or ferric (Fe3+) iron. The transport and storage of iron are therefore tightly 
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controlled in order to prevent circulation of free iron, which could enter a state of redox 

cycling, leading to the unbridled generation of ROS. Iron is stored by ferritin, which is made 

up of H-ferritin and L-ferritin subunits; H-ferritin in particular is responsible for regulating 

cytosolic iron [211]. Ferritin has an antioxidant function, as it sequesters iron to prevent 

redox cycling. The gene FTH, encoding H-ferritin, is activated by the antioxidant response 

element (ARE) under conditions of OS [212].  

4.1.3 Iron homeostasis, the endolysosomal pathway, and Tbc1d24 
Iron homeostasis involves the careful regulation of iron uptake, storage and 

excretion, such that sufficient iron is available for the daily synthesis of billions of 

erythrocytes, while circulating iron is tightly modulated, and bound during transport to 

prevent toxicity caused by redox cycling due to the variable transition state of iron [213] 

[214]. Iron uptake occurs in the duodenum, where divalent metal transporter 1 (DMT1) 

transports iron across enterocyte plasma membranes [215]. The iron transporter ferroportin 

(SLC40A1, also known as FPN1) is responsible for all iron extrusion, including at the 

enterocyte basolateral membrane, and is regulated by the hormone hepcidin in a delicate 

balance of the ferroportin/hepcidin axis [216]. Once it enters the circulation, iron is 

transported in the circulation by the iron carrier transferrin, which binds ferrous iron (Fe2+). 

Iron can then be utilised in erythropoiesis, metabolism and other key cellular processes, or 

stored inertly in the liver and spleen by the iron storage protein ferritin. To enter 

erythroblasts for erythropoiesis, iron-bound transferrin binds to Transferrin Receptor-1 

(TfR1, also known as CD71), which is followed by endocytosis. Fe2+ is freed from the 

transferrin/receptor complex in the endosome due to the acidic environment generated by 

the V-ATPase proton pump. Iron can then be transported by DMT1, which uses the pH 

gradient of the endosome to cotransport Fe2+ and H+ into the cytosol or mitochondria, 

allowing iron to then be utilized in haemoglobin synthesis, metabolic processes, or storage 

by ferritin [217] [218].  

The endocytosis and subsequent intracellular release of iron is essential for the 

synthesis of haemoglobin, and dependent upon acidification of the endosome by the V-
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ATPase [219]. Inhibition of the V-ATPase leads to functional iron deficiency, activation of 

hypoxia-inducible factor-1α (HIF-1α), and decreased mitochondrial respiration [220]. 

Therefore, molecular mechanisms that modulate V-ATPase functionality in the 

haematopoiesis system are likely to have a profound influence on blood cell development. 

Importatly, the V-ATPase interacts with the TLDc protein family, including Tbc1d24 [221]. 

As discussed in Chapter Three, dysfunction of Tbc1d24 leads to severe neurological 

phenotypes, which is believed to be in-part due to the disruption of the interaction between 

Tbc1d24 and the V-ATPase. Interestingly, mutations in either TBC1D24 or subunits of the 

V-ATPase can cause a subset of rare syndromes with highly specific clinical presentations

including DOORS (deafness, onchyodystrophy, intellectual disability and seizures) 

syndrome [222]  and epilepsy [223] [224].  

The emerging role of Tbc1d24 in the endolysosomal pathway posits a novel link 

with iron homeostasis and anaemia. The aims of this chapter are to understand the 

aetiology of the anaemic phenotype of Tbc1d24 dysfunction, and to elucidate the role of 

Tbc1d24 in the haematological system.   

4.2 Haematological studies in the Tbc1d24INS2/INS2 mutant 
As introduced in Chapter Three, the Tbc1d24INS2/INS2 mutant contains an insertional null 

allele that leads to an early stop codon in Tbc1d24, causing decreased RNA expression 

and a total knockdown in expression of Tbc1d24 protein. This mutation is postnatally lethal, 

with some homozygous mice observed to reach P0.  

4.2.1 Visible anaemia in the embryonic mutant 
In the Tbc1d24INS2/INS2 mouse model, it was observed that mutant embryos of both 

sexes were visibly paler than Tbc1d24+/+ littermates from E14.5, with barely visible 

developing vascular networks (Figure 1). The phenotype is consistent between litters, 

although there is some variation observed by eye. From multiple embryos dissections, 

heterozygous embryos do not show any overt alteration in body pigmentation (data not 

shown). Interestingly, E14.5 is critical for mouse haematopoiesis, as it moves from 
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occurring predominantly in the yolk sac and placenta to the embryonic liver [225]. The 

anaemic appearance of this mutant persists to E18.5 (Figure 4.1).   

4.2.2 Peripheral blood smears of Tbc1d24INS2/INS2 exhibit haemolytic anaemia 
The pallid appearance of the Tbc1d24INS2/INS2 mice suggest strong haematological 

phenotype and severe anaemia.  Peripheral blood smears enable the visualisation of blood 

cell morphology and are used in the diagnosis of haematological diseases [226]. Peripheral 

blood smears were taken from Tbc1d24INS2/INS2 mice and wild type littermates at E18.5 and 

subjected to Giemsa staining, a method that marks cellular components according to pH, 

staining nucleic acids blue and basic organelles, such as cytoplasmic granules, red [227]. 

Compared to Tbc1d24+/+ mice, the blood smears from Tbc1d24INS2/INS2 embryos exhibit 

anisocytosis (varying sizes within RBC population) and poikilocytosis (varying shapes of 

RBCs), with many ghost erythrocytes indicating haemolytic anaemia (Figure 4.2). 

Increased central pallor within RBCs, known as hypochromia, signifies a disproportionate 

reduction in haemoglobin content of the cells [228].  The phenotype of polychromasia, 

described as varying colour of stained RBCs, is to be expected in a blood smear from mice 

at E18.5, due to high levels of erythropoietic activity and circulating erythroblasts [229]. 

Polychromasia is seen in blood smears from both Tbc1d24INS2/INS2 and Tbc1d24+/+. Overall, 

the blood smears of the Tbc1d24INS2/INS2 mutant confirm severe haematological disruption, 

A B 

Figure 4.1 Anaemia is visible in embryonic Tbc1d24INS2 mutant – 
Representative Tbc1d24INS2/INS2 embryo compared with wild type littermate at Embryonic Day 14.5 
(A) and 18.5 (B) (unknown sex). The Tbc1d24INS2/INS2 mutant (A,B – right) is visibly paler than 
Tbc1d24+/+(A,B – left), without the visible vascular networks that are seen clearly in Tbc1d24+/+. 
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affecting the haemoglobin content and cellular integrity of erythrocytes, which likely 

contributes to the  lethal phenotype of this mutant, as the oxygen-carrying capacity of the 

erythrocytes is likely decreased. 

4.3 Expression studies in loss-of-function Tbc1d24 mouse mutants 
4.3.1 RNA-Sequencing in the Tbc1d24INS2/INS2 mutant 

Having ascertained that the INS2 mutation in Tbc1d24 leads to haematological 

disruption, transcriptomics (RNA-Seq) was performed in order to identify genetic alterations 

that might contribute to the anaemic phenotype of the mutant as well as other molecular 

pathways that might be informative regarding neurodevelopment. Due to the role played by 

Tbc1d24 in neurological development, and electrophysiological findings of hyperexcitability 

in the cortex of Tbc1d24R360L/R360L mutant mice (discussed in Chapter Three), RNA was 

extracted from the sub-dissected cortices of sex-matched, male Tbc1d24+/+  and 

Tbc1d24INS2/INS2 mice at E18.5 (n = 5). Cambridge Genomic Services (CGS) performed 

RNA-Seq experiments using the extracted RNA. Of 12,092 genes detected in the tissue 

samples, 37 genes were identified as differentially expressed between genotypes with false 

discovery rate-adjusted P (FDR) value below 0.05, and 26 of these had FDR values below 

0.01 (Table 7.1).  Figure 4.3 shows a volcano plot of the RNA-Seq results, annotated with 

Figure 4.2 Peripheral blood smears of INS2 mutant mice show haemolytic 
anaemia. Representative bright field images of Giemsa-stained blood smears from Tbc1d24+/+ 
(left) and Tbc1d24INS2/INS2 (right) mice at E18.5. Tbc1d24INS2/INS2 blood smears exhibit haemolytic 
anaemia, with hypochromia (H), anisocytosis (A), poikilocytosis (P), and many visible ghost 
erythrocytes (G). Images taken at 40x magnification. Scale bar shows 50 µm. Smears were analysed 
from both male and female mice at E18.5. Representative images from female mice. 
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the top ten genes by FDR value. From most significant to least, these are: Tbc1d24, Alas2, 

Terminal nucleotidyltransferase 5C (Tent5c), Monocarboxylate transporter 4 (Slc16a3, also 

known as Mct4), Haemoglobin beta adult t chain (Hbb-bt), Haemoglobin beta adult s chain 

(Hbb-bs), Ferroportin (Slc40a1), Heme oxygenase 1 (Hmox1), Enolase 1 (Eno1) and 

Lactate dehydrogenase A (Ldha). The top gene by FDR value is Tbc1d24 (FDR = 6.7 x 10-

84), with a fold change of 0.58. This indicates a significant downregulation in Tbc1d24 

expression in the Tbc1d24INS2/INS2 mutant, which is consistent with qPCR expression data 

in discussed in Chapter Three.  

Figure 4.3 RNA Sequencing shows significant upregulation of key haematological genes in 
the Tbc1d24INS2/INS2 cortex. Volcano plot produced using plotly showing gene expression changes, 
with logFC on the x-axis plotted against significance level (-log(adjusted p value)) on the y-axis. RNA 
was extracted from Tbc1d24INS2/INS2 cortex, and analysed against Tbc1d24+/+ littermate controls. 
Male mice were used.  The top ten genes by FDR value are labelled, and all genes with FDR ≤ .5 
highlighted as ‘TRUE’ (blue) as opposed to ‘FALSE’ (red). 

Strikingly, the genes encoding all four haemoglobin subunits – Hba-a1 (FDR = 

0.000174), Hba-a2 (FDR = 0.000829), Hbb-bs (FDR = 4.38 x 10-9) and Hbb-bt (FDR = 6.15 

x 10-11) – and the haemoglobin synthesis gene Alas2 (FDR = 4.83 x 10-28), are all 

significantly upregulated in the Tbc1d24INS2/INS2 cortex, indicating transcriptional de-

regulation of haemoglobin synthesis caused by the INS2 mutation. Haemoglobin is made 

up of α-type and β-type globin subunits, which, in mice, are encoded by Hba-a1, Hba-a2, 
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Hbb-bt and Hbb-bs. The globin subunits associate with heme, which is produced through 

the heme biosynthetic pathway for which the first, rate-limiting enzyme is Alas2 [230]. The 

upregulation in expression of all four haemoglobin subunits and Alas2 indicates a potential 

molecular shift in gene expression to drive haemoglobin synthesis in the Tbc1d24INS2/INS2 

mutant. 

Enrichment analysis was performed firstly using the web-based application GOrilla, 

which identifies enriched gene ontology terms from ranked lists of genes, (in this case, the 

Figure 4.4 Enrichment analysis indicates iron homeostasis, glucose metabolism and 
embryonic development as enriched biological processes in the Tbc1d24INS2/INS2 mutant. The 
web-based tool GOrilla was used to analyse the top 37 hits (FDR < 0.05) from RNA-Seq data from 
the Tbc1d24INS2/INS2 mutant, shown here as a hierarchy of enriched gene terms, colour coded 
ac
10

c
-5).
or

 
ding to significance level of the observed enrichment (WHITE: P > 10-3, YELLOW: 10-3 ≤ P <
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37 genes identified by RNA-Seq of Tbc1d24INS2 with FDR < 0.05), to produce maps of the 

functional hierarchies of altered genes [231] [232]. Using GOrilla to analyse the 

Tbc1d24INS2/INS2 RNA-Seq data identified a number of key processes predicted to be 

significantly altered by the INS2 mutation, especially cellular iron ion homeostasis, glucose 

metabolic processes and in utero embryonic development (10-3 ≤ P < 10-5) (Figure 4.4).  

Secondly, functional enrichment analysis was performed using the g:Profiler web 

server to map gene enrichment alterations to databases of known functional information 

[233]. Using the web-based analysis tool g:GOSt, the top 37 hits from RNA-Seq data from 

the Tbc1d24INS2/INS2 mutant were mapped against the Gene Ontology Databases of 

molecular function, biological processes, and cellular component; the Kyoto Encyclopedia 

of Genes & Genomes (KEGG) database; Reactome; and the Human Phenotype Ontology 

database (Figure 4.5). Enrichment analysis against the Gene Ontology molecular function 

database demonstrated gene term enrichment in a range of functions highly relevant to 

anaemia, including haemoglobin binding, oxygen binding, and oxygen carrier activity, 

indicating a possible effect of the INS2 mutation on haemoglobin function (Figure 4.5A). 

Analysis against the Gene Ontology cellular component database similarly highlighted the 

haptoglobin-haemoglobin complex and the haemoglobin complex as enriched terms, in 

addition to the cytosol (Figure 4.5C). Interestingly, analysis against the biological process 

database highlighted pyruvate metabolism as the most significantly enriched process (-

log10(Padj) = 6.65), together with other significantly enriched biological processes including 

oxygen transport and erythrocyte homeostasis (Figure 4.5B). Enrichment analysis against 

the Reactome database highlighted both pyruvate metabolism and glycolysis as 

differentially expressed pathways, in addition to multiple erythrocytic processes involving 

O2/CO2 exchange (Figure 4.5D). Differentially regulated KEGG database pathways 

identified by g:GOst include the Hypoxia Inducible Factor (HIF)-1 signalling pathway, 

Glycolysis/Gluconeogenesis, and Ferroptosis pathways (Figure 4.5E). HIF-1 is an oxygen-

sensitive transcription factor which regulates the cellular response to hypoxia, inducing 



93 

transcription of genes related to angiogenesis, anaerobic metabolism and erythropoiesis 

[234]. Finally, enrichment analysis against human disease phenotypes from the Human 

Phenotype Ontology database highlighted enrichment in pathways related to three types of 

anaemia: hypochromic microcytic anaemia, nonspherocytic haemolytic anaemia and Heinz 

body anaemia (Figure 4.5F).  

Figure 4.5 Functional enrichment analysis of the Tbc1d24INS2/INS2 mutant indicates differential 
expression of genes in pathways relating to anaemia. The web-based tool g:Profiler was used 
to analyse RNA-Seq data from the Tbc1d24INS2/INS2 mutant, using the programme g:GOst to compare 
differentially expressed genes in the Tbc1d24INS2/INS2 mutant against  databases of gene ontology. 
The databases are as follows: GO Molecular Function (A), GO Biological Process (B), GO Cellular 
Component (C), Reactome (D), Kyoto Encyclopaedia of Genes & Genomes (E), and Human 
Phenotype Ontology (F).   

Enrichment analysis using both GOrilla and g:Profiler indicates differentially 

expressed genes within pathways in common, including iron homeostasis, hypoxia and 

glycolysis. Furthermore, these pathways relate to anaemia, providing transcriptomic 

evidence for haematological disruption as a result of mutation in Tbc1d24.   

4.3.2 Microarray studies in the Tbc1d24R360L/R360L mutant 

The Tbc1d24R360L/R360L mutant (introduced in Chapter Three) models a recessive 

epilepsy syndrome; mice homozygous for the mutation experience seizures from P16, 

which become fatal from P18. Prior to the RNA-seq experiment above and generation of 

the Tbc1d24INS2/INS2 line, transcriptomic analysis using microarrays was performed in order 

to potentially find clues relating to the seizure phenotype. However, consistent with the 
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anaemic phenotype of the Tbc1d24INS2/INS2 mutant, differential expression was almost 

exclusively observed in genes relating to the haemoglobin synthesis, supporting a role for 

Tbc1d24 in the haematological system. 

Microarray analysis uses a set of nucleic acid hybridization probes to measure 

genome-wide expression in a given biological sample [235]. Due to the interesting 

neurological phenotype of the Tbc1d24R360L/R360L mutant, RNA was extracted from brain 

subdissected into cortex, cerebellum and hippocampus, from Tbc1d24R360L/R360L mice at 

P16, with sex-matched Tbc1d24+/+ littermate controls. Cambridge Genomic Services (CGS) 

performed microarray experiments using the Affymetrix assay, and performed quality 

controls and bioinformatics analysis. Note that these experiments were carried out before 

the RNA-seq analysis above. 

Figure 4.6 shows volcano plots obtained from RNA-Seq of the sub-dissected cortex 

(Figure 4.6A), cerebellum (Figure 4.6B) and hippocampus (Figure 4.6C). Across the three 

brain regions, only a small selection of genes were shown to be differentially expressed in 

the Tbc1d24R360L/R360L mutant. The same six genes were identified as significantly 

upregulated in the cortex and cerebellum (adjusted p-value < 0.05): Hba-a1, Hba-a2, Hbb-

bs, Hbb-bt, Alas2 and Interferon Stimulated Exonuclease Gene 20 (Isg20). In the 

hippocampus, only Hbb-bs and Hbb-bt were significantly upregulated (adjusted p-value < 

0.05). As explained previously, Hba-a1, Hba-a2, Hbb-bs, Hbb-bt are the four genes for the 

haemoglobin subunits expressed in mouse, and Alas2 is the first enzyme in the heme 

biosynthetic pathway. However, Isg20 is an interferon-stimulated RNA exonuclease that 

functions as an antiviral factor by blocking translation of non-self genetic material [236]. 

Isg20 is upregulated in the cortex (adjusted p-value = 0.0147), cerebellum (adjusted p-value 

= 0.0269) and hippocampus (adjusted p-value = 0.0691) of Tbc1d24R360L/R360L. 
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A 

B 

C 

Figure 4.6 Microarray of Tbc1d24R360L/R360L mutant shows upregulation of key haematology 
genes across cortex, cerebellum and hippocampus. Volcano plots produced using plotly showing 
gene expression changes, with logFC on the x-axis plotted against significance level (-log(adjusted 
p value)) on the y-axis. RNA extracted from Tbc1d24R360L/R360L cortex (A), cerebellum (B) and 
hippocampus (C), and analysed against Tbc1d24+/+ littermate controls. Male mice were used. 
Significant genes according to adjusted p-value are labelled, all genes with adjusted p-value < 0.05 
highlighted as ‘TRUE’ (blue) as opposed to ‘FALSE’ (red). 



96 

Based on these results, primers were designed for validation by RT-qPCR (See 

3.4). Additionally, a further three genes were chosen for primer design based on raw p-

values, especially when consistent between brain regions, and biologically relevant to the 

epileptic and anaemic phenotypes of the Tbc1d24R360L/R360L mutant. These genes are: 

Contactin 3 (Cntn3), Erythrocyte Membrane Protein Band 4.1 (Epb41) and Erythroid 

Differentiation Regulator 1  (Erdr1) (Figure 4.7). Cntn3 was shown to be downregulated in 

the cerebellum of the Tbc1d24R360L/R360L mutant. Cntn3 is involved in cell adhesion and 

specifically plays a role in neural interactions during brain development [237]. Epb41, 

upregulated in both the cortex and hippocampus of the Tbc1d24R360L/R360L mutant, encodes 

Epb41, a key protein complex in the erythrocyte cytoskeletal network. Mutations in this 

protein lead to defects in erythrocyte morphology [238]. Finally, Erdr1, upregulated in both 

the cerebellum and hippocampus of the Tbc1d24R360L/R360L mutant, encodes Erdr1, which 

controls the differentiation of hematopoietic progenitors, especially as a response to cellular 

stress [239]. These three genes – Cntn3, Epb41 and Erdr1 – were therefore chosen for 

further validation, due to their potential biological relevance. 

4.3.3 RNA-Sequencing in the Tbc1d24R360L/R360L mutant 
Further transcriptomic analysis was performed on the Tbc1d24R360L/R360L mutant, 

following electrophysiological studies which identified cortical layer 5 (L5) as a key region 

Figure 4.7 - Genes chosen for primer design based on microarray of Tbc1d24R360L/R360L cortex, 
cerebellum and hippocampus. Venn diagram showing in which brain region(s) genes were found 
to be significantly differentially expressed (p < 0.05). Genes were chosen for primer design based 
on significance across brain regions, and biological relevance.   
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of hyperexcitability in the mutant; random bursts of excitation consistent with epileptiform 

activity and a lower excitation threshold are detected from ex-vivo electrophysiology at P16 

(Rial, D. – Oliver lab, unpublished). A 3mm-wide region of the frontal cortex was 

subdissected from Tbc1d24R360L/R360L mice and wild type littermate controls at P16, and sent 

to CGS for RNA-Seq analysis. A comparatively larger selection of genes were determined 

to be differentially expressed compared to RNA-Seq ofTbc1d24INS2/INS2 tissue, likely due to 

the precise region of subdissection of the Tbc1d24R360L/R360L cortex that is known to be a 

focal point of hyperexcitability and likely contributes to the increase in selection of significant 

hits. Of 11,797 genes detected, a total of 302 genes were differentially expressed, with FDR 

values under 0.05, and 150 of these had FDR values below 0.01 (shown in Table 7.2); the 

haemoglobin genes Alas2, Hba-a1, Hba-a2, Hbb-bs and Hbb-bt were in the top fifteen of 

these hits when sorted by FDR value (highest to lowest significance) (Figure 4.8). 

Therefore, transcriptomic studies of the Tbc1d24R360L/R360L mutant, both through microarray 

of cortex, cerebellum and hippocampus, and RNA-Seq of subdissected prefrontal cortex, 

show significant upregulation of crucial haematology genes including all four haemoglobin 

subunits and the primary enzyme in heme synthesis.  

Of note, RNA-Seq also revealed the upregulation of critical immediate early genes, 

including c-fos (also known as Fos), in Tbc1d24R360L/R360L (Table 2). As discussed in 

Chapter Three, immediate early genes are markers of neuronal activity, and c-fos can be 

used as a proxy to indicate seizure activity [151] [152]. Fos showed a 2.8-fold increase in 

expression in the Tbc1d24R360L/R360L mutant (FDR = 3.48 x 10-5). As shown by Figure 4.9, 

principle component analysis (PCA) shows variability, with some mutant (R360L) data-

points clustering separately from wild type (WT) data points, while some cluster together 

with the wild type dataset. This likely reflects the seizure prone status of individual animals. 

Furthermore, variability is evident within the wild type data set, suggesting that seizure 

status is not the only source of variation in the mutant set. Rather, the time course of gene 

expression changes may be responsible for differences between individual mice, which 
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PCA is sensitive to. However, differential expression within haemoglobin-related genes, 

such as Alas2 and the haemoglobin subunits, shows less variability. These data, related to 

variability within the mutant group, will be discussed in more detail in Chapter Six, 

Discussion. 

Figure 4.8 RNA Sequencing shows significant upregulation of key haematological genes in 
the Tbc1d24R360L/R360L prefrontal cortex. Volcano plot produced using VolcaNoseR showing gene 
expression changes, with logFC on the x-axis plotted against significance level (-log10(FDR)) on the 
y-axis. RNA extracted from Tbc1d24R360L/R360L prefrontal cortex, and analysed against Tbc1d24+/+ 
littermate controls. Key haematological genes are labelled, which represent 5 of the 150 differentially 
expressed genes with FDR value < 0.01. In total, 302 genes were significantly differentially 
expressed (FDR value < 0.05).

Figure 4.9 Prinicpal component analysis (PCA) of RNA-Sequencing of Tbc1d24R360L/R360L 

compared to wild type controls. PCA reveals variability within the Tbc1d24R360L/R360L biological 
group. 
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4.3.4 A comparison of the transcriptomic studies of the two Tbc1d24 mutants 

The two mutant models, Tbc1d24INS2/INS2 and Tbc1d24R360L/R360L, both model 

disruption in the levels of Tbc1d24 protein expression.  As indicated by the transcriptomic 

studies in this chapter, both models also experience haematological disruption, with key 

haematological genes differentially expressed in each. Ten differentially expressed genes 

in total overlap between the two Tbc1d24 mutants based on the same statistical threshold 

of FDR value < 0.05 (Figure 4.10), of which four encode haemoglobin subunits and one 

encodes Alas2, the primary heme synthesis enzyme; these five genes were all upregulated 

in both mutants. A further two upregulated genes, Vegfa and Flt1, encode vascular 

endothelial growth factor (Vegfa) and its receptor (Vegfr1), which are involved in 

angiogenesis and blood vessel morphogenesis [240] [241]. Von Willebrand factor (vWF) is 

a large glycoprotein that regulates platelet adhesion during vascular injury, and is 

Figure 4.10 Comparison of differentially expressed genes between two Tbc1d24 mutants. 
RNA Sequencing was performed on two Tbc1d24 mutants, using RNA extracted from 
Tbc1d24INS2/INS2 cortex at E18.5, and from Tbc124R360L/R360L frontal cortex at P16. Both experiments 
were performed using age- and sex-matched wild type controls. RNA Sequencing was 
performed by Cambridge Genomics Services. A – Venn diagram showing the overlap between 
differentially expressed genes in Tbc1d24INS2/INS2 (INS2) and Tbc124R360L/R360L (R360L). 10 
genes in total were found to be differentially expressed in both mutants. B – Table showing 
the number of genes tested in each mutant, and number of which genes were differentially 
expressed according to false discover rate-adjusted p-value (FDR). 
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upregulated in both Tbc1d24 mutants. Slc13a4 is a transmembrane cotransporter of 

sodium and sulphate, believed to play a key role in postnatal brain development [242], 

which is downregulated in both mutants. Finally, Slfn5 is involved in cell differentiation, 

although its role is largely unknown and appears to be dependent on cell type [243]; the 

gene is upregulated in the Tbc1d24R360L/R360L mutant but downregulated in the 

Tbc1d24INS2/INS2 mutant. Overall, the two Tbc1d24 mutants’ expression profiles show 

significant upregulation of fundamental haemoglobin synthesis genes.   

4.3.5 Validation of transcriptomics confirms drive towards haemoglobin synthesis 

Transcriptomic analysis of the two Tbc1d24 mutants identified significant 

upregulation in expression of critical haematological genes. Furthermore, microarray of the 

Tbc1d24R360L/R360L mutant showed differential expression of genes according to brain 

region, such as Cntn3, Epb41 and Erdr1. To validate these findings of the transcriptomics 

data, RT-qPCR was performed using an independent set of RNA, extracted from the 

Tbc1d24R360L/R360L mutant cortex, cerebellum and hippocampus at P16, with Tbc1d24+/+ 

controls (Figure 4.11). Genes were selected for primer design as described previously, with 

one each of the alpha and beta haemoglobin subunits selected for validation (Hba-a2 and 

Hbb-bt).  

Concordantly with the transcriptomic studies, expression of Alas2 was dramatically 

upregulated, showing a 72 fold increase in Alas2 expression in the cortex (p = 0.0008) and 

5x increase in the cerebellum (p = 0.049), although the increase in expression in the 

hippocampus did not reach significance (p = 0.174) (Figure 4.11). Similarly, Hbb-bt was 

also dramatically upregulated, showing a 24x increase in expression in the cortex (p = 

0.00007) and a 5 fold increase in the cerebellum (p = 0.034). Again, expression in the 

hippocampus was not significantly increased (p = 0.206).  

Surprisingly, RT-qPCR showed no significant difference in the expression of Hba-

a2, as shown in Figure 10, although there is an apparent increase in expression in the 

Tbc1d24R360L/R360L cerebellum (p = 0.12), despite this gene having been consistently shown 
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to be upregulated in Tbc1d24 mutants, through microarray and RNA-Seq.  This result is 

unexpected, and may result from individual variation between biological groups.  

The gene Cntn3, involved with neuronal migration, was found by microarray to be 

downregulated in the Tbc1d24R360L/R360L cerebellum. In agreement, RT-qPCR showed a 16 

fold decrease in Cntn3 expression in the cortex (p = 0.000088), in addition to a 20% 

decrease in expression in the cerebellum (p = 0.002) (Figure 4.11).  

As Figure 4.11 shows, RT-qPCR showed no difference across any of the brain 

regions tested in the expression of the genes Epb41, involved in erythrocyte morphology, 

and Erdr1, involved with erythrocyte differentiation and the induction of haemoglobin 

synthesis, in Tbc1d24R360L/R360L compared with wild type mice. This result is not surprising, 

given that microarray data did not show that either Epb41 or Erdr1 were differentially 

expressed across brain regions. Finally, RT-qPCR showed significant upregulation in Isg20, 

the exonuclease enzyme with antiviral properties, across cortex, cerebellum and 

hippocampus of the Tbc1d24R360L/R360L mutant compared with wild type. The cortex showed 

Tbc1d24+/+

Tbc1d24R360L/R360L

Figure 4.11 Validation of expression changes in critical haematological genes as a result of 
Tbc1d24 mutation. RT-qPCR was performed using mRNA extracted from subdissected cortex, 
cerebellum and hippocampus of male and female Tbc1d24R360L/R360L mutants (red) at P16, with 
Tbc1d24+/+ controls (blue). Expression of haematology genes Alas2, Hba-a2 and Hbb-bt, erythrocyte 
development genes Epb41 and Erdr1, antiviral gene Isg20 and neuronal migration gene Cntn3, were 
measured by RT-qPCR. T tests were performed using ΔCT values. Graphs show mean ± SEM, n = 
4 for each genotype. 
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a 16x increase in Isg20 expression (p = 0.00006), the cerebellum, a 4x increase (p = 0.033) 

and the hippocampus, a 2x increase (p = 0.016).  

4.3.6 In situ hybridization of haematology markers 

In order to determine whether the bulk tissue expression changes from RNA-Seq 

were as a result of regional or cell-specific differential expression, in situ hybridization (ISH) 

was performed. Probes against Alas2, Hba and Hbb were tested on parasagittal sections 

of whole brains from Tbc1d24R360L/R360L and Tbc1d24+/+ mice at P16. The upregulation in 

expression of both Hba and Hbb in the Tbc1d24R360L/R360L mutant was clear, with a 38% 

increase in expression of Hba in whole brain (p = 0.023) and a 63% increase in expression 

of Hbb (p = 0.0014), where expression is indicated by integrated density (Figure 4.12). In 

the Tbc1d24R360L/R360L mutant, expression of Hba is significantly increased in cerebellum (p 

= 0.0039) and hippocampus (p = 0.0066). Upregulation of Hba in the cortex does not reach 

significance (p = 0.178), however, there is no apparent regional specificity in expression of 

Hba in the mutant. Similarly, expression of Hbb is significantly increased in the cortex (p = 

0.0003), cerebellum (p = 0.002) and hippocampus (p = 0.001) of the Tbc1d24R360L/R360L 

mutant. The increase in expression of both Hba and Hbb is not specific to any brain region, 

indicating that both genes are upregulated generally throughout the brain; these data are 

likely to indicate a vascular origin for the upregulation of haematological genes, rather than 

a neuronal origin.  

Although ISH was also performed using an RNA probe against Alas2, it appears 

that this was unsuccessful, as there is no clear difference in expression across whole brains 

of Tbc1d24R360L/R360L compared with Tbc1d24+/+ mice.  
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Figure 4.12 In situ hybridization of Tbc1d24R360L/R360L shows visible upregulation of 
Haemoglobin subunits. Sagittal sections of male and female Tbc1d24+/+ (blue) and 
Tbc1d24R360L/R360L (red) brains at P16 were incubated with riboprobes against Alas2, Hba and Hbb 
(n = 4). Analysis was performed using ImageJ to measure raw integrated density, and T tests 
performed between genotypes, with graphs showing mean ± SEM. 

4.3.7 Saline perfusion confirms vascular origin of expression changes in the 
Tbc1d24R360L/R360L mutant 

Haemoglobin synthesis predominantly occurs in erythroblasts, prior to removal of 

organelles and development into mature erythrocytes that are capable of transporting 

oxygen around the body. However, all cells containing mitochondria are capable of 

synthesising haemoglobin, including neurons, where production of haemoglobin has been 

linked to cellular stress and neurotoxicity [244]. This is in contrast with neuroglobin, a heme-

binding globin specific to neurons, which has been shown to provide neuroprotection during 

hypoxia and ischaemia [245]. The brain is highly vascular, with a complex network of blood 

vessels that supply all regions of the brain with sufficient oxygen and nutrients to meet its 

high energetic demands. Therefore, it was necessary to determine the origin of increased 

expression of haemoglobin synthesis genes. Mice at P16 were perfused with saline to 
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remove blood from the brain’s vascular network, then cerebellum and brain were 

subdissected and RNA extraction was performed, followed by RT-qPCR. As shown in 

Figure 4.13, Alas2, Hba and Hbb showed no significant difference in expression between 

Tbc1d24+/+ and Tbc1d24R360L/R360L mice when blood was removed from brain tissue by 

saline perfusion. Therefore, changes in expression of these haemoglobin synthesis genes 

were determined to originate from the blood, suggesting a vascular origin for upregulation 

in the Tbc1d24R360L/R360L mutant (Figure 4.12).  

Figure 4.13 Saline perfusion of Tbc1d24R360L/R360L removes upregulation of haematological 
genes. RT-qPCR was performed using mRNA extracted from cerebellum of Tbc1d24R360L/R360L (red) 
and Tbc1d24+/+ (blue) male and female mice at P16. Expression of haematology genes Alas2, Hba-
a2 and Hbb-bt was measured by RT-qPCR. T tests were performed using ΔCT values. Graphs show 
mean ± SEM, n = 4 for each genotype. 

4.4 Haematological studies in the Tbc1d24R360L/R360L mutant 

4.4.1 Peripheral blood smears appear normal  

As previously, for the Tbc1d24INS2/INS2 mutants, visualisation of blood cell 

morphology was important to gain insight into type and severity of anaemia present in the 

Tbc1d24R360L/R360L mutant. Peripheral blood smears were taken from Tbc1d24R360L/R360L 

mice and wild type controls and Giemsa stained. However, in contrast with the 

Tbc1d24INS2/INS2 mutant, no obvious changes in blood cell morphology were observed 

(Figure 4.14). Erythrocytes appear normal in size and shape, with no increase in central 

pallor compared with wild type blood smears. Blood smears were taken at P16, at which 
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time point circulating erythroblasts exist widely in circulation in wild type mice [229], and 

accordingly, a mixture of red-stained and blue-stained cells are observed in peripheral 

blood smears taken from both genotypes. This finding suggests that the anaemic 

phenotype of the Tbc1d24R360L/R360L mutant is less severe than that of the Tbc1d24INS2/INS2 

mutant, which may reflect the degree of disruption in Tbc1d24 expression in each mutant.  

4.4.2 Clinical chemistry shows reduced haemoglobin and erythrocyte volume 

To further investigate the haematological phenotype of the Tbc1d24R360L/R360L 

mutant, blood was collected by retro-orbital bleed at P16, and haematological testing was 

performed using the Advia 2120 analyser. The analyser uses flow cytometry, staining and 

colorimetric tests to provide a full panel of haematological measurements, including RBC 

count and size data, haemoglobin parameters, WBC counts, and platelet count and size 

data [246]. 

As shown in Figure 4.15, RBC count showed a 24.3% increase in number of RBCs 

in the Tbc1d24R360L/R360L mutant compared with wild type (p = 0.0052), however, the mean 

corpuscular volume (MCV) was 11.4% lower in the Tbc1d24R360L/R360L mutant (p = 0.0005). 

RBC distribution width was 9.92% higher in the Tbc1d24R360L/R360L mutant compared with 

Tbc1d24+/+ mice (p < 0.0001), indicating higher variation in volume and size of erythrocytes 

Figure 4.14 Peripheral blood smears of Tbc1d24R360L/R360L mice show no obvious 
differences compared with Tbc1d24+/+. Representative bright field images of Giemsa-stained blood 
smears from Tbc1d24+/+ (left) and Tbc1d24R360L/R360L (right) mice at P16. There are no obvious 
differences between genotypes. Images taken at 40x magnification. Smears were analysed from both 
male and female mice at E18.5. Representative images from female mice. Scale bar shows 50 µm. 
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in the mutant. Hematocrit, which measures the relative volume of RBCs compared with full 

blood volume, showed no significant difference between the two genotypes (p = 0.1341), 

although mean haematocrit was 5.0% higher in Tbc1d24R360L/R360L compared with 

Tbc1d24+/+ mice. Overall, analysis of RBC parameters indicate an increase in number of 

RBCs in Tbc1d24R360L/R360L, in addition to a decrease in RBC size. Smaller erythrocytes are 

an indication of microcytic anaemia. 

Figure 4.15 The Tbc1d24R360L/R360L mutant shows smaller erythrocyte volume with higher cell 
count, indicative of microcytic anaemia. Haematological testing of red blood cell (RBC) 
parameters was performed using the Advia 2120 analyzer to measure RBC count (top left), 
haematocrit (top right), mean corpuscular volume (bottom left) and RBC distribution width (bottom 
right). The Tbc1d24R360L/R360L mutant showed increased number of RBCs compared with Tbc1d24+/+, 
with smaller RBC volume and a higher distribution width. Hematocrit was not significantly different 
between the genotypes. Blood collected from both male and female mice. Graphs show mean ± 
SEM, (n = 7-10). T tests were performed. 

Strikingly, all parameters measured relating to haemoglobin content within the blood 

show significant decreases in the Tbc1d24R360L/R360L mutant compared with Tbc1d24+/+ 

(Figure 4.16). Mean haemoglobin concentration, by colorimetric measurement, is 6.9 g/dL 
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in Tbc1d24R360L/R360L, which is significantly lower compared with 8.8 g/dL in Tbc1d24+/+ (p = 

0.0218). The cellular haemoglobin concentration mean (CHCM), measured by light scatter, 

is 18.8 g/dL in Tbc1d24R360L/R360L and 24.2 g/dL in Tbc1d24+/+ (p < 0.0001). Mean 

corpuscular haemoglobin (MCH) by mass is also significantly lower in the mutant (p = 

0.0004), with 10.1 pg in Tbc1d24R360L/R360L compared with 15.4 pg in Tbc1d24+/+. Finally, 

mean corpuscular haemoglobin concentration (MCHC), which is determined from the 

values for haemoglobin concentration and hematocrit, is predictably significantly lower in 

the mutant (p = 0.0039), with 19.5 g/dL in Tbc1d24R360L/R360L compared with 26.8 g/dL in 

Tbc1d24+/+. Decreased haemoglobin in the Tbc1d24R360L/R360L mutant indicates an anaemic 

phenotype, consistent with expression data.  

Figure 4.16 Haemoglobin concentration is decreased in Tbc1d24R360L/R360L. 
Haematological testing of haemoglobin concentration was performed using the Advia 2120 
analyser to measure haemoglobin (top left), cellular haemoglobin concentration mean 
(CHCM) (top right), mean corpuscular haemoglobin (MCH) (bottom left) and mean 
corpuscular haemoglobin concentration (MCHC) (bottom right). The Tbc1d24R360L/R360L mutant 
showed decreased levels of haemoglobin compared with Tbc1d24+/+ consistently across all 
measurements. Blood collected from both male and female mice. Graphs show mean ± SEM, (n 
= 7-10). T tests were performed. 
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Platelet parameters are measured by high and low angle light scatter, which give 

accurate measurements of platelet count and properties including size (Figure 4.17). 

Interestingly, although platelet count is not significantly different between the two genotypes 

(p = 0.309), the Tbc1d24R360L/R360L mutant shows a higher mean platelet volume (MPV) of 

10.7 fL, compared with 7.7 fL in Tbc1d24+/+ (p < 0.0001). Platelet distribution width (PDW) 

is also higher in Tbc1d24R360L/R360L, with 81.9% distribution width compared with 47.0% in 

Tbc1d24+/+ (p < 0.0001). This finding is consistent with an increase in large platelets, which 

is seen in Tbc1d24R360L/R360L with a large platelet count of 48.2 x 10-3 cells/µl, compared with 

4.4 x 10-3 cells/µl in Tbc1d24+/+ (p < 0.0001). Large platelets are classified as having a 

diameter greater than 4 µm [247]. Microcytic anaemias characterised by small or 

Figure 4.17 Large platelets are observed in the Tbc1d24R360L/R360L mutant. 
Haematological testing of platelet parameters was performed using the Advia 2120 analyser to 
measure platelet count (top left), mean platelet volume top right), platelet distribution width 
(bottom left) and large platelet count (bottom right). The Tbc1d24R360L/R360L mutant increased mean 
platelet volume, platelet distribution width, and large platelet count compared with Tbc1d24+/+. Blood 
collected from both male and female mice. Graphs show mean ± SEM, (n = 7-10). T tests were 
performed. 
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fragmented erythrocytes can give rise to false readings of large platelets or platelet clumps 

[248].  

White blood cells (WBCs) are measured using two different methods: the 

peroxidase method and the basophil method. The peroxidase method stains white cells 

with peroxidase, and the cells are counted based on staining and size. However, this 

method is known to give artificially high readings in samples containing platelet clumps, or 

abnormally large platelets, which are mistakenly counted as WBCs. The basophil method, 

which counts nuclei following removal of WBC cytoplasm, is more accurate [249]. As shown 

in Figure 4.18, there is no significant difference in WBC count between Tbc1d24R360L/R360L 

and Tbc1d24+/+ when measured using the basophil method. However, WBC count using 

the peroxidase method showed a significant increase in the number of WBCs in the 

Tbc1d24R360L/R360L mutant (p < 0.0001), with a mean of 23.75 x 103 cells/µl in 

Tbc1d24R360L/R360L compared with only 3.43 x 103 cells/µl in Tbc1d24+/+. This reading is likely 

to be falsely inflated by platelet clumping, consistent with the high large platelet count in the 

mutant (Figure 4.17), and the basophil method therefore gives the more accurate reading. 

Figure 4.18 The basophil and peroxidase methods of white blood cell counting 
give conflicting readings for the Tbc1d24R360L/R360L mutant. WBC counts performed using the 
Advia 2120 analyzer, using the basophil method (left), and the peroxidase method (right). The 
peroxidase method is known to give falsely high readings for WBC count in samples where 
platelet clumping is present. Blood collected from both male and female mice. Graphs show mean 
± SEM (n = 8), T tests were performed. 
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4.5 Investigating iron homeostasis 

4.5.1 Iron marker mRNA expression changes in the Tbc1d24R360L/R360L and 
Tbc1d24INS2/INS2 liver 

Iron plays a vital role in the transportation of oxygen around the body by 

haemoglobin, and is involved in the aetiology of many types of anaemia, such as β-

thalassemia [250] and iron deficiency anaemia [194]. Iron is required for the maintenance 

of erythropoiesis, which takes place throughout life, although there are dynamic changes in 

the location of erythropoiesis between embryonic, postnatal and later stages of 

development. In mice, primitive erythropoiesis takes place in the liver during embryonic 

development, and then shifts to the spleen and bone marrow from E17.5 [229]. The liver 

retains erythropoietic function until P9, and then continues to contribute to iron homeostasis 

[213].  

Transcriptomics analysis of the Tbc1d24INS2/INS2 showed differentially expressed 

genes in pathways involving iron homeostasis, and the upregulation of Slc40a1, encoding 

ferroportin, supporting a potential a link between Tbc1d24 and iron transport (Table 7.1). 

Furthermore, the transferrin receptor Tfrc was shown by RNA-Seq to be downregulated in 

the Tbc1d24R360L/R360L mutant by 0.74 fold (FDR = 7.02 x 10-8) (Table 7.2). The decrease in 

haemoglobin shown by haematological analysis in the Tbc1d24R360L/R360L mutant also 

indicates dysfunction in haemoglobin biosynthesis, where iron plays a crucial role.  

To therefore measure key markers of iron homeostasis, expression analysis was 

performed using RNA extracted from livers of Tbc1d24R360L/R360L and Tbc1d24INS2/INS2 

mutants, with wild type controls. Primers were designed to measure expression of 

transferrin (Tfr1), ferritin heavy chain (Ferritin H), DMT1 (Dmt1) and ferroportin (Fpn1), in 

addition to haemoglobin synthesis enzyme Alas2 and haemoglobin subunits Hba-a2 and 

Hbb-bt. Due to the shift in location of erythropoiesis during early development, it was 

expected that expression data may show differences in iron homeostasis in the liver of the 

Tbc1d24INS2/INS2 mutant at E18.5, compared with the Tbc1d24R360L/R360L mutant at P16. 
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As shown in Figure 4.19, there is no significant difference in expression of Alas2 in 

the Tbc1d24INS2/INS2 mutant compared with Tbc1d24+/+ (p = 0.7919). Alas2 expression is 

known to increase during erythropoiesis, however, expression of Alas2 has been shown by 

transcriptomic data to be low in the fetal liver [251]. Additionally, at E17.5, erythropoiesis 

moves from the liver to the spleen and bone marrow. Surprisingly, expression of Hba-a2 is 

decreased by 47.4% in Tbc1d24INS2/INS2 compared with Tbc1d24+/+ (p = 0.0348), although 

there is no difference in expression of Hbb-bt between the two genotypes (p = 0.4142). 

Expression of both Hba-a2 and Hbb-bt is known to be very low in the liver at E18, in fact, 

expression of both genes is higher in the brain at this timepoint [252]. This may explain the 

difference between expression analysis by RT-qPCR of liver mRNA, and findings from 

transcriptomics analysis of expression in the Tbc1d24INS2/INS2 cortex.  

Figure 4.19 Increased expression of markers of iron homeostasis in the liver of 
Tbc1d24INS2/INS2. RT-qPCR was performed using mRNA extracted from livers of Tbc1d24INS2/INS2 
mutants (red) and Tbc1d24+/+ controls (blue) at E18.5. Expression of haematology genes Alas2, 
Hba-a2 and Hbb-bt, and iron homeostasis markers Tfr1, Ferritin H, Dmt1 and Fpn1, was measured 
by RT-qPCR. T tests were performed using ΔCT values. Blood collected from both male and 
female mice. Graphs show mean ± SEM, n = 4 for each genotype. 
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Mean expression of Tfr1 is upregulated by 85.5% in the Tbc1d24INS2/INS2 mutant (p 

= 0.0006). An increase in expression of Tfr1 may indicate an increase in circulating iron, 

requiring transferrin for transport. Ferritin H mean expression is also upregulated in 

Tbc1d24INS2/INS2 by 11.4% compared with Tbc1d24+/+ (p = 0.0343), which may indicate an 

increase in iron for storage. There is no significant difference in expression of either Dmt1 

(p = 0.8545), which relates to iron uptake, or Fpn1 (p = 0.2614), relating to iron extrusion, 

between Tbc1d24INS2/INS2 and Tbc1d24+/+. 

Expression of haemoglobin synthesis and iron homeostasis genes in the 

Tbc1d24R360L/R360L mutant was measured at the later timepoint of P16 (Figure 4.20). 

Predictably, based on transcriptomic data and expression analysis in the brain, the 

haemoglobin biosynthesis enzyme Alas2 was significantly upregulated in the 

Figure 4.20 Increased expression of haemoglobin synthesis markers and decreased 
expression of iron homeostasis markers in the liver of the Tbc1d24R360L/R360L mutant. RT-qPCR 
was performed using mRNA extracted from livers of Tbc1d24R360L/R360L mutants (red) and Tbc1d24+/+ 
controls (blue) at P16. Expression of haematology genes Alas2, Hba-a2 and Hbb-bt, and iron 
homeostasis markers Tfr1, Ferritin H, Dmt1 and Fpn1, was measured by RT-qPCR. T tests were 
performed using ΔCT values. Blood collected from both male and female mice. Graphs show mean 
± SEM, n = 5 for each genotype. 
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Tbc1d24R360L/R360L mutant, with a 2.24 fold increase in expression (p = 0.0009). The 

haemoglobin subunits were also upregulated, with a 3.69 fold increase in expression of 

Hba-a2 (p = 0.0001) and a 3.40 fold increase in expression of Hbb-bt (p = 0.00008). 

Mean expression of Tfr1 is downregulated by 42.6% in the Tbc1d24R360L/R360L mutant 

(p = 0.0038), conversely to the Tbc1d24INS2/INS2 mutant. Mean DMT1 expression is also 

downregulated in Tbc1d24R360L/R360L by 36.6% compared with Tbc1d24+/+ (p = 0.0384), 

which may lead to a reduction in uptake of iron from the duodenum, or reduced release of 

iron into the cytoplasm following endocytosis. There is no significant difference in 

expression of either Ferritin H (p = 0.4117), or Fpn1 (p = 0.5448) between Tbc1d24INS2/INS2 

and Tbc1d24+/+.  

4.5.2 Serum analysis of Tbc1d24R360L/R360L reveals disrupted iron homeostasis 

To determine serum levels of ferritin, transferrin, and iron, in addition to metabolic 

indicators glucose, lactic acid and lactic dehydrogenase (LDH), spectrophotometric 

analysis was performed using a Pentra C400 analyser (Figure 4.21). Mice heterozygous 

for the R360L mutation, Tbc1d24+/R360L, were included in this analysis to determine whether 

the mutation induces dose-respondent effects on serum parameters.  

The three measurements relating to iron homeostasis each give useful and distinct 

information. Ferritin predominantly exists in the liver and spleen where it stores up to 4500 

Fe3+ ions per molecule of ferritin, with a small amount of ferritin circulates in serum, where 

it can be used to indicate level of iron storage [253]. An increase in ferritin concentration is 

observed in Tbc1d24R360L/R360L serum, with an increase in mean concentration of 27.8% 

compared with Tbc1d24+/+ (p = 0.0307) and 60.6% compared with Tbc1d24+/R360L (p = 

0.0002). This suggests that iron storage is higher in the Tbc1d24R360L/R360L mutant, and may 

indicate iron loading anaemia. However, no increase in ferritin expression is observed in 

Tbc1d24R360L/R360L liver by RT-qPCR, which may indicate that increased expression occurs 

at an earlier time-point than P16, to produce an increase in serum ferritin. Transferrin is 

responsible for transport of iron in the circulation, where each molecule of transferrin carries 
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up to two Fe3+ ions, and facilitates the cellular uptake of iron through binding to transferrin 

receptors [254]. Serum concentration of transferrin was not significantly different between 

Tbc1d24+/+, Tbc1d24+/R360L and Tbc1d24R360L/R360L (p = 0.9250), indicating that transport of 

iron by transferrin is as normal in the Tbc1d24R360L/R360L mutant. Iron, as quantified by the 

Pentra analyser, includes measurement of iron in both ferric and ferrous states, except for 

iron bound to heme. Strikingly, a dramatic increase in serum iron concentration was 

observed in the Tbc1d24R360L/R360L mutant, which showed a mean increase of 101.0% 

compared with Tbc1d24+/+ (p < 0.0001) and 120.0% compared with Tbc1d24+/R360L serum 

concentration (p < 0.0001). Increased iron is a likely indicator of iron overload, which is 

clinically termed hemochromatosis. Hemochromatosis is usually associated with increase 

in both ferritin and transferrin [255]. However, high ferritin and normal transferrin levels are 

observed in ferroportin disease, which is caused by mutation in Slc40a1 that leads to 

impaired iron export [256]. 

Glucose concentration was analysed by both the glucose oxidase (PAP) and 

hexokinase (HK) methods. Both methods found glucose concentration to be reduced in 

Tbc1d24R360L/R360L serum compared with Tbc1d24+/+, with glucose concentration for 

Tbc1d24+/R360L at an intermediary level between the two. Mean serum concentration of 

glucose (PAP) in Tbc1d24+/+ is 17.0% higher than in Tbc1d24+/R360L (p = 0.0393), and 31.6% 

higher than in Tbc1d24R360L/R360L (p = 0.0006). Similarly, mean serum concentration of 

glucose (HK) in Tbc1d24+/+ is 17.0% higher than in Tbc1d24+/R360L (p = 0.0647), and 34.8% 

higher than in Tbc1d24R360L/R360L serum (p = 0.0023). Lactic acid concentration shows a 

trend towards increase in the Tbc1d24R360L/R360L serum, showing a mean increase of 16.6% 

(p = 0.1755) compared with Tbc1d24+/+ and 31.7% (p = 0.0106) compared with 

Tbc1d24+/R360L serum. However, there was no significant difference between means of LDH 

concentration in serum of any of the three genotypes (p = 0.2105). A decrease in glucose 

and increase in lactic acid are consistent with increased glycolysis, which occurs under 

conditions of reduced oxygen [257]. There is no significant difference in lactic acid 
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concentration, or LDH concentration, between Tbc1d24+/+ and Tbc1d24R360L/R360L, which 

suggests there is no significant increase in lactate fermentation, which occurs under 

extreme hypoxia.  

4.5.3 Concentration of circulating free heme is reduced in the Tbc1d24R360L/R360L 
mutant 

Heme is released from erythrocytes following haemolysis, and free heme is toxic 

due to its inclusion of iron, which has variable transition states and is therefore capable of 

generating ROS [258]. Furthermore, increased levels of circulating heme induces platelet 

activation [259].  To determine the presence or absence of haemolysis, and thereby help 

to ascertain the aetiology of anaemia in the Tbc1d24R360L/R360L mutant, the circulating 

concentration of free heme was measured in blood serum by colorimetric assay (Figure 

Figure 4.21 Serum analysis of the Tbc1d24R360L/R360L mutant shows an increase in 
iron concentration and a decrease in glucose concentration. Spectrophotometric 
analysis was performed on serum from Tbc1d24+/+ (blue), Tbc1d24+/R360L (green) and 
Tbc1d24R360L/R360L (red) mice using the Pentra C400 analyser. Measurements were taken of 
Ferritin, Transferrin, Iron, Glucose (PAP – glucose oxidase method), Glucose HK (hexokinase 
method), Lactic Acid and Lactate Dehydrogenase (LDH). Serum collected from both male and 
female mice. Graphs show mean ± SEM, N = 12-14 (except for Glucose HK, where N = 9-13). 
One way ANOVA was performed with Tukey’s multiple comparisons test. 
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4.22). The concentration of heme in Tbc1d24R360L/R360L was found to be decreased by 33.9% 

compared with Tbc1d24+/+ (p = 0.0241). In addition, the concentration was decreased by 

33.0% in Tbc1d24+/R360L compared with Tbc1d24+/+ (p = 0.0355). This data is consistent with 

observations from peripheral blood smears of the Tbc1d24R360L/R360L mutant, which showed 

no apparent haemolysis. Together, these data are sufficient to exclude haemolytic anaemia 

[260].  
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Figure 4.22 Concentration of free heme is decreased in the Tbc1d24R360L/R360L mutant. 
Colorimetric assay was performed using serum samples taken from Tbc1d24+/+ (blue), 
Tbc1d24+/R360L (green) and Tbc1d24R360L/R360L (red), in order to determine concentration of circulating 
free heme. One way ANOVA was performed, with Tukey’s multiple comparisons test. Serum 
collected from both male and female mice. Graph shows mean ±SEM (N = 8-12). 

4.5.4 Glycine assay shows increased glycine, may indicate Alas2 dysfunction 

Glycine is required for the synthesis of heme, through the reaction catalysed by 

Alas2 in the first step of the heme synthesis pathway [202]. Given that expression of Alas2 

is increased in both Tbc1d24 mutants, a reduction in glycine concentration may be 

expected due to increased consumption by the Alas2 enzyme. A fluorometric assay was 

used to measure the concentration of glycine in blood serum of Tbc1d24+/+, Tbc1d24+/R360L 

and Tbc1d24R360L/R360L (Figure 4.23). The concentration was found to be increased by 

70.1% in the Tbc1d24R360L/R360L mutant compared with Tbc1d24+/+ (p = 0.0013). 

Concentration of glycine in Tbc1d24+/R360L appears to be at an intermediate level between 
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Tbc1d24+/+ and Tbc1d24R360L/R360L, with a 32.7% increase in glycine concentration 

compared with Tbc1d24+/+ (p = 0.0528), and 28.2% lower concentration than 

Tbc1d24R360L/R360L (p = 0.0545). Contrary to prediction, the increased concentration of 

glycine in the Tbc1d24R360L/R360L mutant does not suggest increased Alas2 activity. An 

increase in glycine concentration may in fact suggest a decrease in Alas2 activity, especially 

together with the finding that heme concentration is decreased in the Tbc1d24R360L/R360L 

mutant. However, glycine is biologically active in several other pathways, including 

synthesis of the ATP-regenerating metabolite creatine [261], inhibitory neurotransmission 

[262] and synthesis of the antioxidant glutathione [263]. Elevated glycine in the
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Figure 4.23 Glycine concentration is increased in the Tbc1d24R360L/R360L. Flurorometric 
assay was performed using serum samples taken from Tbc1d24+/+ (blue), Tbc1d24+/R360L 
(green) and Tbc1d24R360L/R360L (red), in order to determine concentration of circulating free 
heme. One way ANOVA was performed, with Tukey’s multiple comparisons test. Serum 
collected from both male and female mice. Graph shows mean ±SEM (N = 3-5). 

Tbc1d24R360L/R360L mutant may therefore indicate an alteration in metabolism, 

neurotransmission or antioxidant defence.  

4.5.5 Iron staining of the Tbc1d24R360L/R360L mutant spleen indicates iron loading 
anaemia 

Dysfunctional iron homeostasis and increased levels of serum iron and ferritin in the 

Tbc1d24R360L/R360L mutant are indicative of iron loading anaemia. Though it can have 
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different acquired or genetic causes, overall, iron loading anaemia is characterized by 

dysfunctional erythropoiesis and excessive uptake of iron, leading to the harmful 

accumulation of stored iron [264].  

DAB-enhanced Perls staining is used to visualise iron outside of heme, and 

preferentially stains ferric iron (Fe3+), in which state iron is stored within ferritin, over ferrous 

iron (Fe2+); iron is stained brown, enabling visualisation of iron deposits [265]. As shown in 

Figure 4.24, DAB-enhanced Perls staining detected a significant increase in iron deposits 

in the Tbc1d24R360L/R360L spleen, which was found to be higher by a mean of 85.0% 

compared to Tbc1d24+/+ (p = 0.0181). This strongly supports an iron loading anaemia 

phenotype in the Tbc1d24R360L/R360L mutant. 

4.6 Erythropoietic changes in Tbc1d24R360L/R360L 

4.6.1 Splenomegaly indicates stress erythropoiesis 

Stress erythropoiesis can occur in response to hypoxia, and takes place mainly in 

the murine spleen. This can lead to enlargement of the spleen, or splenomegaly, caused 

by increased proliferation of erythroid progenitors [266]. Of note, stress erythropoiesis in 

humans predominantly occurs in the bone marrow, although splenic enlargement in mice 

A B 

Figure 4.24 Increased iron deposits in the Tbc1d24R360L/R360L spleen indicates iron loading 
anaemia. DAB-enhanced Perls staining was used to visualise iron deposits in spleens of 
Tbc1d24+/+ and Tbc1d24R360L/R360L mice at P16. (A) Representative images of DAB-enhanced 
Perls-stained spleens in Tbc1d24+/+ (left) and Tbc1d24R360L/R360L (right). Spleens were fixed in 
paraformaldehyde and embedded in paraffin wax before sectioning and staining. (B) Integrated 
density was calculated using ImageJ. Spleens collected from both male and female mice. Graph 
shows mean ± SEM, N = 4. 



119 

is often used as an indicator of anaemia [267]. As discussed previously, haematological 

analysis indicates an increase in the number of RBCs in the blood of the Tbc1d24R360L/R360L 

mutant (Figure 4.16). As shown in Figure 4.25, Tbc1d24R360L/R360L mice show enlarged 

spleens compared with Tbc1d24+/+. Spleen weight normalised against body weight was 

increased by a mean of 94.9% in Tbc1d24R360L/R360L mice compared with Tbc1d24+/+ mice 

(p < 0.0001) and by a mean of 73.6% compared with Tbc1d24+/R360L mice (p < 0.0001). The 

dramatic increase in spleen weight strongly indicates the presence of stress erythropoiesis 

in the Tbc1d24R360L/R360L mutant.  

A B 

Figure 4.25 Splenomegaly is observed in the Tbc1d24R360L/R360L mutant. (A) Spleens dissected 
from male and female Tbc1d24+/+ (blue), Tbc1d24+/R360L (green) and Tbc1d24R360L/R360L (red) mice 
were weighed and normalised to individual mouse body weight. Graph shows mean ± SEM (N = 4-
7). One way ANOVA was performed with Tukey’s multiple comparisons test. (B) Representative 
image of spleens dissected from both male and female Tbc1d24+/+ (left) and Tbc1d24R360L/R360L (right) 
mice. 

4.6.2 Flow cytometry indicates stress erythropoiesis in the Tbc1d24R360L/R360L 
mutant 

At P16, which is the end-point for the Tbc1d24R360L/R360L mutant mouse, 

erythropoiesis primarily occurs in the spleen, with no erythropoietic activity in the liver, and 

the beginnings of erythropoiesis in the bone marrow [229]. To investigate the effect of the 

haematological changes in the Tbc1d24R360L/R360L mutant, flow cytometry was performed in 

collaboration with the Wetherall Institute of Molecular Medicine (WIMM). A flow system 

employing CD44 and forward scatter was used to define stages of erythroblast maturity in 

the spleen, corresponding to basophilic (stage II), polychromatic (stage III) and 
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orthochromatic (stage IV) erythroblasts, and enucleated cells (stage V) [268]. Splenic stress 

erythropoiesis in the Tbc1d24R360L/R360L mutant was indicated by a 2.8 fold increase in 

number of early erythroblasts at stage III compared with Tbc1d24+/+ littermates (p = 0.0100), 

and a 3.5 fold increase at stage II, although this did not reach significance (p = 0.0918) 

(Figure 4.26A). Furthermore, a 1.4 fold increase in reticulocytes was observed in the 

Tbc1d24R360L/R360L mutant compared with Tbc1d24+/+ (p = 0.0220) (Figure 4.26B), which is 

consistent with stress erythropoiesis. Considering each erythroid progenitor stage as a 

proportion of all erythroid cells (Ter119+), no significant block of erythroid development is 

evident (data not shown). These data suggest that the increase in RBC number in 

peripheral blood of the Tbc1d24R360L/R360L mutant is not driven by an erythroid 

developmental defect. Rather, it is likely that low haemoglobin content, resulting in poor 

oxygen delivery, induces stress erythropoiesis. This is consistent with splenomegaly, 

described above (4.6.1).  

As shown by clinical chemistry data (4.5.2), peripheral blood of the 

Tbc1d24R360L/R360L mutant shows large platelet size. This phenotype can be associated with 

developmental defects earlier in haematopoiesis, for example, the production of 

megakaryocyte-erythroid progenitor cells (MEPs) [269]. To investigate this possibility, 

specific surface markers for hematopoietic stem cells (HSCs), common myeloid progenitors 

(CMPs), granulocyte-monocyte progenitors (GMPs) and MEPs,  were used to identify 

hematopoietic progenitor populations by flow cytometry in both spleen and bone marrow 

(Figure 4.26C & D). No difference was observed in absolute progenitor numbers between 

the Tbc1d24R360L/R360L mutant and Tbc1d24+/+, in either spleen or bone marrow.  
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4.7 Discussion 

4.7.1 Expression and haematological studies confirm that loss-of-function in 
Tbc1d24 results in anaemia 

This chapter presents strong evidence, by way of transcriptomic studies, expression 

analyses, haematological measurements and cellular assays, for the novel role of Tbc1d24 

in the haematological system. Loss of Tbc1d24 results in severe anaemia, as demonstrated 

by the Tbc1d24INS2/INS2 mutant, which exhibits haemolytic anaemia, and the 

Tbc1d24R360L/R360L mutant, which exhibits iron loading anaemia with stress erythropoiesis. 

Figure 4.26 Flow cytometry indicates splenic stress erythropoiesis in the Tbc1d24R360L/R360L 
mutant. Flow cytometry was performed to investigate erythropoiesis in the Tbc1d24R360L/R360L mutant 
(red) compared to Tbc1d24+/+ littermate controls (blue). A – Increases in erythroblast stages II and 
III are observed in the mutant. B – Increased reticulocytes are observed in the mutant. A and B 
indicate splenic stress erythropoiesis (spleens dissected at P15). C and D – No differences are 
observed in surface specific markers between Tbc1d24R360L/R360L and Tbc1d24+/+ in either spleen (C) 
or bone marrow (D). C and D indicate there is no effect of the R360L mutation on progenitor numbers 
(spleens and bone marrow dissected at P16). A, C & D 2 way ANOVA with Šídák’s multiple 
comparisons test was performed. B – Student’s t test was performed. Flow cytometry and analysis 
performed in collaboration with Alexandra Preston, WIMM. Both male and female mice were used. 
Graphs show mean ± SEM, (N = 3-7). 
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The many lines of evidence described in this chapter are consistent in their indications of 

haematological dysfunction in the Tbc1d24 mutants, and also describe metabolic 

alterations corresponding to anaemia and hypoxia. Importantly, TBC1D24 has been found 

in the proteome of human erythroblasts, by mass spectrometry-based proteomics [270]. 

Transcriptomic studies consisting of RNA-Seq of both the Tbc1d24INS2/INS2 and 

Tbc1d24R360L/R360L mutants, and microarray of the Tbc1d24R360L/R360L mutant, highlight the 

upregulation in expression of Alas2 and each of the Hba and Hbb globin subunits. This 

indicates increased drive towards haemoglobin synthesis, however, low haemoglobin 

content is measured in the blood of Tbc1d24R360L/R360L and indicated in peripheral blood 

smears of Tbc1d24INS2/INS2. The Tbc1d24INS2/INS2 mutant experiences a more severe 

anaemic phenotype than the Tbc1d24R360L/R360L mutant, evidenced by the visible pallor of 

Tbc1d24INS2/INS2 mutant embryos, and clear haemolysis visible in blood smears.  

RNA-Seq of Tbc1d24INS2/INS2 revealed significant upregulation of 12 genes with FDR 

< 0.01 (Table 1) with links to anaemia, including Tent5c, Slc40a1, Hmox1, Slc16a3, Ldha 

and Eno1. The protein Tent5c is a nucleotidyl transferase enzyme involved in stabilization 

of mRNA [271]. Interestingly, Tent5c has been suggested to control erythrocyte 

proliferation, and Tent5c knockout mice experience anaemia [272]. Slc40a1 encodes 

ferroportin, an iron transporter which is essential for iron homeostasis, and thus, 

haemoglobin synthesis; reduced ferroportin expression leads to iron accumulation and 

anaemia [273]. The upregulation of Slc40a1 in the Tbc1d24INS2/INS2 mutant may indicate 

disruption in iron homeostasis, and a compensatory mechanism to increase iron uptake. 

Conversely, Hmox1 encodes Heme oxygenase 1 which catabolizes free heme into carbon 

monoxide, ferrous iron (Fe2+) and biliverdin, and is upregulated under hypoxic conditions in 

a response mediated by hypoxia-inducible factor 1α (HIF-1α) [274]. Hmox1 is also inducible 

under cellular stress, including OS [275].  Heme itself is pro-oxidant, and dysregulation in 

the levels of heme leads to OS and cytotoxicity. Given that haemolysis is visible in 
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Tbc1d24INS2/INS2 blood smears, the upregulation of Hmox1 in the Tbc1d24INS2/INS2 mutant 

may indicate a cytoprotective response to an excess of heme. 

The genes Slc16a3, Ldha and Eno1 all relate to lactate metabolism and glycolysis. 

The enzyme lactate dehydrogenase A, encoded by Ldha, converts the end product of 

glycolysis, pyruvate, into lactate when oxygen is depleted. Slc16a3 encodes 

Monocarboxylate Transporter 4 (MCT4), which preferentially transports lactate across the 

plasma membrane following glycolysis [276]. While MCT4 is most strongly expressed in 

glycolytic tissues such as white muscle, it is systemically upregulated under hypoxic 

conditions by HIF-1α [277], which also transcriptionally regulates both Ldha and Eno1 [278] 

[279]. Eno1 encodes the enzyme Enolase 1, which catalyses the final step of glycolysis, 

and has been shown to be upregulated in Fanconi anaemia [280]. In aerobic conditions, 

pyruvate, which is the end product of glycolysis, is metabolised to lactate and bicarbonate; 

pyruvate metabolism has been shown to be enriched in a mouse model of iron-deficiency 

anaemia, and is indicative of hypoxia [281]. In both Tbc1d24 mutants, expression analyses 

indicates the metabolic transition from oxidative phosphorylation to glycolysis. Remodelling 

to favour glycolytic metabolism has been reported in models of iron deficiency anaemia, 

due to the reduction in oxygen available for oxidative phosphorylation [281]. The 

upregulation of Ldha, Eno1 and Slc16a3 in the Tbc1d24INS2/INS2 mutant, and the 

upregulation of HIF-1α-target genes Vegfa and Flt1 supports a response to hypoxia. 

Interestingly, increased lactate concentrations have been reported during epileptic seizures 

in humans and mice, indicating increased glycolysis [282]. Thus, upregulation of Slc16a3, 

Ldha and Eno1 indicate a metabolic switch favouring glycolysis in the Tbc1d24INS2/INS2 

mutant, consistent with anaemia and hypoxia in the mutant. In the Tbc1d24R360L/R360L 

mutant, a glycolytic phenotype is supported by the increase in lactic acid concentration and 

decrease in glucose concentration in serum. This provides evidence for the effect of 

disruption of Tbc1d24 expression on metabolism. 
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Genes that were significantly differentially expressed in the Tbc1d24R360L/R360L 

mutant, but not in the Tbc1d24INS2/INS2 mutant, include Isg20, Cntn3, Epb41 and Erdr1. The 

antiviral exonuclease-encoding gene Isg20 is upregulated in Tbc1d24R360L/R360L brain, as 

shown by microarray. Interestingly, Isg20 and Alas2 were both shown to be downregulated 

in mice homozygously expressing a null allele of erythroid Kruppel-like factor (EKLF), and 

both genes are upregulated in a cell line expressing tamoxifen-inducible EKLF, suggesting 

that both Isg20 and Alas2 are transcriptionally activated by EKLF, which is a key regulator 

of gene expression during both primitive and definitive erythropoiesis [283]. Given that both 

Alas2 and Isg20 are upregulated in the Tbc1d24R360L/R360L mutant, this could indicate 

upregulation by EKLF due to erythropoietic drive, which is supported by the stress 

erythropoiesis phenotype observed by flow data and splenomegaly. However, Isg20 was 

not indicated by RNA-Seq as differentially expressed in the Tbc1d24R360L/R360L mutant. 

Cntn3 encodes Contactin-3, which is a cell adhesion glycoprotein required for axon 

guidance during neuronal migration [284]. Interestingly, Cntn3 has been found to be 

downregulated in patients with tuberous sclerosis complex (TSC) comorbid with drug 

refractory epilepsy [285]. Downregulation of Cntn3 is likely relevant to the epileptic 

phenotype of the Tbc1d24R360L/R360L, given the importance of tightly regulated neuronal 

migration in forming functional neuronal networks, although both the epileptic and anaemic 

phenotypes of the mutant are likely to be related. The potential overlapping aetiologies of 

anaemia and epilepsy in Tbc1d24 mutants, and their possible implications for treatment of 

both diseases, will be further discussed in Chapter Six, Discussion. 

The protein Epb41 is a key constituent of the erythrocyte cell membrane, required 

for the formation of the cytoskeletal network and regulation of RBC morphology [286]. 

Although peripheral blood smears of Tbc1d24R360L/R360L did not show any striking 

morphological changes in RBCs, hypoxia is known to cause structural changes to 

erythrocytes [287], thus an increase in Epb41 may indicate a compensatory mechanism to 

resist these changes. Erdr1, which promotes cell survival under stress, has been shown to 
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induce haemoglobin synthesis in erythroid leukaemia cell lines from both human and mouse 

[239]. Upregulation of Erdr1 is consistent with drive towards haemoglobin synthesis, and 

may also indicate a cellular stress response, due to low oxygen conditions. 

 In addition to haemoglobin subunits and Alas2, several genes were found to be 

differentially expressed in both Tbc1d24 mutants, including Vwf, Vegfa, Flt1, Slc13a4 and 

Slfn5. Vwf, encoding von Willebrand factor (Vwf), is shown by RNA-Seq to be upregulated 

in both Tbc1d24R360L/R360L and Tbc1d24INS2/INS2. Interestingly, large platelets are observed in 

platelet-type von Willebrand disease, which is caused by increased interaction between 

vWF and Glycoprotein Ib Platelet Subunit Alpha (GPIbα), due to gain-of-function mutation 

of the latter protein, and the subsequent increase in platelet activation [288]; large platelets 

are observed in Tbc1d24R360L/R360L blood. In addition, Vwf has been shown to be upregulated 

in patients with haemolytic anaemia [289]. Interestingly, both Vwf and Vegfa are 

upregulated in a neonatal rat model of iron-deficiency anaemia, which was postulated to 

indicate increased vascular complexity under hypoxic conditions [290]. Vascular endothelial 

growth factor A (Vegfa) interacts with the endothelial receptor Flk1 during angiogenesis, to 

enhance endothelial cell proliferation leading to the formation of blood vessels [291]. 

Expression of both Vegfa and Flt1 is induced under hypoxia by HIF-1α [292] [293]. 

Slc13a4, downregulated in both Tbc1d24 mutants, is the most abundant sulphate 

transporter in the placenta, required in the maternal placenta for nutrient exchange and 

foetal development [294]. Downregulation of Slc13a4 expression has been observed in the 

kidney of the Vhl mouse model of renal anaemia, under conditions of hypoxia, 

corresponding with metabolic changes in gene expression representing a shift from 

oxidative phosphorylation to glycolysis [295]. Slc13a4 consumes ATP; therefore, its 

downregulation may be in compensation for reduced oxygen availability and metabolic 

stress. Finally, the gene Slfn5 is upregulated in the Tbc1d24R360L/R360L mutant but 

downregulated in the Tbc1d24INS2/INS2 mutant. Slfn5 belongs to a family of interferon-
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stimulated genes, although its role is not well understood, and varies depending on cell type 

[296].  

4.7.2 Hypothesised mechanism of action 

The controlled regulation of iron homeostasis is required for haemoglobin synthesis 

and erythropoiesis. Iron must be absorbed in the duodenum, passed to the circulation and 

transported to organs for utilization and storage, while preventing dangerous redox cycling 

due to the variable transition state of iron. Disruption in iron homeostasis has wide-ranging 

deleterious consequences. Iron regulatory proteins (IRPs) regulate expression of iron 

metabolism proteins including transferrin, ferritin and Alas2, and disruption in expression of 

IRPs results in microcytic anaemia and neurodegeneration [297]. Depletion in available 

iron, either by low levels of stored iron or disrupted iron mobilization from storage, results 

in iron-limited erythropoiesis, producing RBCs with low haemoglobin [298]. 

The data in this chapter point towards the Tbc1d24R360L/R360L mutant displaying iron 

loading anaemia due to disrupted iron homeostasis and a transcriptional drive towards 

haemoglobin synthesis. However, haematological measurements show a reduction in 

circulating haemoglobin and heme. Tbc1d24R360L/R360L serum shows dramatically increased 

concentrations of iron and ferritin, with normal levels of transferrin, indicating an increase 

in iron storage, which is confirmed by visualization of iron stores in the spleen. Flow 

cytometry shows increased stress erythropoiesis, and RBCs are shown to be smaller. 

Taken together, these results signify that, while iron uptake and storage are functional in 

the Tbc1d24R360L/R360L mutant, iron is unable to mobilize from stores to associate with 

haemoglobin. In order to characterise the underlying mechanism of iron loading anaemia, 

measurement of levels of hepcidin, the hormonal regulator of iron extrusion through 

ferroportin [216], and erythropoietin, which stimulates erythropoiesis in response to hypoxia 

[202], should be performed, in addition to analysis of inflammatory status markers such as 

IL-6 to preclude inflammatory hepcidin expression [299]. 
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From the data in Chapter 3, combined with human genetic studies, suggests a 

strong functional link between Tbc1d24 and the V-ATPase. Circulating iron is transported 

by transferrin, which is taken up by cells when it binds to Tfr1 and endocytosis takes place. 

For iron to be released into the endosome within the cell, the endosomal pH must be 

sufficiently acidic for iron to dissociate from transferrin. Extrusion of iron from the endosome 

occurs through DMT1, which also relies on acidic pH to cotransport iron with H+ into the cell 

[215]. Alternatively, DMT1 is also able to transport uncoupled iron in the absence of a H+ 

gradient [217]. Endosomal acidification is essential for iron homeostasis, and the synthesis 

of haemoglobin. Acidification of the endosome occurs through the V-ATPase [300] and it 

has been shown that inhibition of the V-ATPase by bafilomycin in vitro results in decreased 

cellular heme and haemoglobin, indicating that the V-ATPase is essential for haemoglobin 

synthesis [301]. Furthermore, bafilomycin treatment of reticulocytes, containing endosomes 

labelled with the radioactive isotope 59Fe bound to transferrin, blocked the synthesis of 

heme, providing evidence both for the essential role of the V-ATPase in heme synthesis, 

and for the necessary source of heme iron as being transferrin-derived, rather than from a 

chelatable pool [302]. Finally, the V-ATPase assembly factor CCDC115 has been identified 

as a determinant of transferrin-bound iron uptake by endocytosis, and disruption of 

CCDC115 by gene-specific CRISPR-Cas9 ribonucleoproteins, to produce a CCDC114-/- 

erythroid cell line, led to impaired heme trafficking [303].This indicates that factors 

influencing endosomal acidification can be  essential for heme synthesis. Given the 

importance of the V-ATPase for vesicle acidification, and the proven interaction between 

Tbc1d24 and the cytosolic V1 subunits of the V-ATPase, this interaction may be critical for 

effective acidification and the downstream synthesis of heme. 

4.7.3 Concluding Remarks 

This chapter has investigated and quantified the unexpected anaemic phenotype of two 

mouse models of Tbc1d24 dysfunction, Tbc1d24INS2/INS2 and Tbc1d24R360L/R360L, and 

presented a novel role for Tbc1d24 in the haematological system. Furthermore, based on 
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the mechanistic hypothesis proposed in Chapter Three, one explanation is that the 

interaction between Tbc1d24 and V-ATPase is necessary for endolysosomal trafficking, 

and that disturbance of this interaction leads to disruption in iron homeostasis, resulting in 

anaemia (Figure 27). 

Figure 4.27 Functional Tbc1d24 protein is required for in Heme synthesis. The 
proposed mechanism for the iron-loading anaemia observed in the Tbc1d24R360L/R360L mutant; 
disruption of the interaction between Tbc1d24 and the V-ATPase caused by the R360L 
mutation leads to dysfunctional acidification of the endosome, which prevents the release of 
transferrin-bound iron into the endosome, thus disrupting the synthesis of heme and impeding 
erythropoiesis. Created with Biorender.com. 
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 Investigating the neuroprotective role 
of OXR1 in vitro and in vivo
5.1 Introduction 

5.1.1 The role of Oxr1 in neuroprotection, and therapeutic potential of endogenous 
neuroprotective mechanisms to rescue neurodegeneration 

The involvement of OXR1 in protecting against oxidative stress (OS) has been well 

established in recent years using loss-of-function model systems, including the bella mouse 

knockout model [304], in vitro knockdown of human OXR1 [305] and in an ischaemic model 

in which inhibition of Oxr1 expression is associated with oxidative injury [306]. The 

molecular function of OXR1 is still being elucidated, however; suggested mechanisms 

include the oligomerization of the antioxidant chaperone protein peroxiredoxin 2 (Prdx2), 

through which Prdx2 favours the formation of high molecular weight complexes with 

enhanced chaperone activity in response to OS  [307], while another is the regulatory role 

of OXR1 in the cell cycle and apoptosis through its interaction with the p53 signalling 

pathway [308]. 

Interestingly, while the loss-of-function of OXR1 is detrimental to cellular function in 

many contexts and may instigate pathways related to OS, overexpression of the protein 

has proved to be a valuable method for protection against cell death both in vitro and in 

vivo. For example, overexpression of OXR1 has also been found to play a protective role 

when applied to neurodegenerative disease models involving a component of OS. In vitro, 

stable expression of human OXR1 (hOXR1) in the 661W photoreceptor cell line was shown 

to reduce levels of ROS and caspase cleavage when exposed to hydrogen peroxide (H2O2), 

while in vivo, subretinal injection of adeno-associated virus (AAV)-packaged hOXR1 into a 

mouse model of early-onset retinal degeneration improved photoreceptor function and 

delayed retinal degeneration [309]. Increasing Oxr1 levels in cells expressing mutant Fused 

in Sarcoma (FUS) and TAR DNA-binding protein 43 (TDP-43) has been shown to 

ameliorate ALS-associated cellular pathology, including cytoplasmic aggregation and 

mitochondrial morphology defects [310]. At the whole organism level, an ALS mouse model, 
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(hSOD1G93A), was crossed with a neuron-specific Oxr1 overexpressor transgenic mouse 

line to investigate the potential for rescue of ALS-associated pathologies in vivo [125]. 

Interestingly, hSODG93A offspring from the cross expressing the Oxr1 transgene showed 

significantly extended survival and improved neuromuscular function and motor 

coordination. Furthermore, in vivo overexpression of Oxr1 in a further ALS mouse model, 

expressing the M337V mutant form of TDP-43, was found to reduce aberrant 

mislocalization of the mutant protein and improve muscle denervation and neuromuscular 

junction degeneration, significantly improving motor function in the mice expressing the 

Oxr1 transgene [311]. Importantly, transcriptomic studies within the hSODG93A mouse line 

have demonstrated that over-expression of the Oxr1 protein was not detrimental to spinal 

cord pathology; indeed, the only differentially expressed gene was from the Oxr1 transgene 

itself. Furthermore, presence of the transgene delayed early transcriptome changes related 

to ALS pathogenesis such as neuroinflammatory pathways in hSODG93A mice [125], 

suggesting the promise of future treatments to take advantage of Oxr1 neuroprotection 

[312].   

Antioxidant therapies have been widely explored for the treatment of 

neurodegenerative diseases, such as Coenzyme Q10, which increases the levels of 

antioxidant enzymes [313], Sulforaphane, which activates the OS-defensive NRF2/ARE 

signal pathway [314], and the free radical scavenger Naringenin [315], all of which showed 

some ameliorative effect when applied to models of epilepsy. However, antioxidant 

therapies have had limited beneficial effect, which has been attributed to many factors, 

including difficulties in supplying the antioxidant to the site of damage for the right duration 

and also at a physiological beneficial level [316]. Importantly, these compounds only target 

one type of ROS and not the source of the OS itself [317]. Therefore, it may be more 

effective to target the body’s endogenous cellular mechanisms to protect against OS. 

Endogenous antioxidant systems usually maintain a healthy oxidative balance, by 

preventing production of ROS or by removing ROS when they occur [318]. These 
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endogenous mechanisms show potential as therapeutic targets to enhance neuroprotection 

and ameliorate the detrimental effects of OS in neurological disease. For this purpose, Oxr1 

shows real promise from multiple lines of evidence in vitro [309] [310] [319], and in vivo 

[309] [125] [311], combined with the apparent tolerability of artificially increased expression

levels [122]. 

5.1.2 OXR1-C is functionally sufficient and confers neuroprotection 

As introduced above (1.2.3), mammalian OXR1 is expressed as multiple isoforms, 

with a set of full-length (FL) isoforms containing all the functional domains, alongside a 

shorter isoform (C) with a unique promoter and first exon followed almost exclusively by the 

TLDc domain (Figure 1.1). In an initial attempt to compare the functionality of these 

isoforms, co-immunoprecipitation experiments revealed that Oxr1-C interacts with more 

binding partners when exposed to OS as opposed to in non-OS conditions, while Oxr1-FL 

interacts with the same binding partners regardless of conditions, thus supporting different 

functional roles for the two protein isoforms [310]. Crucially, there are several lines of 

evidence that the short isoform alone can functionally compensate for loss of the longer 

isoforms in vivo. Work in the fly has demonstrated that loss of the OXR1 homolog mtd, 

which leads to pupal lethality or eclosion defects in Drosophila, can be rescued by 

expression of either human OXR1-C or truncated NCOA7, both of which contain only a 

functional TLDc domain [320]. Furthermore, in the mouse, the bella mutant - which lacks 

all of the OXR1 isoforms - exhibits severe cerebellar neurodegeneration [304], while a 

gene-trap insertional mutant mouse line with disrupted expression of all the FL isoforms 

(Oxr1Gt(RRR195)Byg) do not show any pathological signs [304] [116], suggesting that presence 

of the remaining short isoform of the gene is sufficient to prevent cell death.  

One of the currently available mouse models for overexpression of Oxr1, Tg(mPrnp-

Oxr1), expresses a full-length isoform (Oxr1-FL) driven by a prion promoter [125], in line 

with the majority of the overexpression studies that have used these isoforms [125] [311]. 

Importantly, others have also investigated the protective potential of the OXR1-C isoform, 



132 
 

for example, expression of OXR1-C has been demonstrated to supress spontaneous 

oxidative mutation in a bacterial mutagenesis assay [321]. The clinical significance of this 

isoform has also been suggested by the discovery of a heterozygous nonsense mutation 

near the start codon of OXR1-C that is associated with specific language impairment (SLI); 

this apparent haploinsufficiency of OXR1-C indicates that loss of only one copy of the short 

isoform leads to detectable neurodevelopmental disorder [322]. 

 While both OXR1-FL and OXR1-C are protective against oxidative stress, there are 

key differences in the expression regulation of each protein. Isoforms of Oxr1 expressed in 

the mouse brain show different subcellular localizations, with Oxr1-FL localised in the 

cytosol while Oxr1-C is associated with the outer mitochondrial membrane [323]. 

Additionally, different levels of antioxidant protection are observed depending on subcellular 

localization, with Oxr1-C conferring greater protection against OS-induced apoptosis when 

expressed in the cytosol than in its endogenous localization [323]. The two isoforms were 

demonstrated in vivo to be induced at different time points during the OS response, with 

Oxr1-FL induced 30 minutes after H2O2 treatment and Oxr1-C induced 120 minutes after 

treatment, suggesting that they are not co-regulated [310]. In silico analysis has confirmed 

that the isoforms are expressed under different promoters (Williamson, unpublished). 

Furthermore, Oxr1-FL itself is expressed under two different promoter regions, and 

transcriptional activity switches between the two across development and adulthood, in 

contrast to the single promoter of Oxr1-C, which regulates transcription of the protein 

throughout (Svistunova, unpublished). Crucially, while comparison of the genomic 

sequences between human and mouse OXR1 isoforms showed no conservation of the FL 

promoter region across species, a short sequence of approximately 400bp immediately 

upstream of the translation start site of OXR1-C was found to be highly conserved between 

human and mouse, suggesting that this region plays a key role in the regulation of OXR1-

C expression (Figure 1 below). Due to this high level of promoter conservation, and 

compelling evidence that expression of Oxr1-C alone is functionally sufficient, Oxr1-C 
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therefore appears a promising target for translational research into protection against OS 

as a therapeutic strategy in neurological disease. 

The aim of this Chapter was to investigate two independent modes of OXR1 up-

regulation as protective factors: first, to apply a small-molecule approach to modulate the 

OXR1-C endogenous promoter, and second, to utilise the in vivo genetic over-expression 

system to determine whether OXR1 could functionally compensate for a loss-of-function 

Tbc1d24 mutation in vivo.  

5.2 Investigation of OXR1-C promoter for use in compound screening 

Recent advancements in high-throughput screening have increased the efficiency 

and accuracy of therapeutic compound identification, in particular through the development 

of coincidence reporters [324]. These systems use two separate reporter enzymes to detect 

biological changes in parallel, enabling reliable readouts of biologically active compounds. 

The Nano-Glo Dual-Luciferase Reporter Assay System (henceforth referred to as 

NanoGlo), designed by Promega, enables expression of Firefly luciferase and Nano 

luciferase under a chosen promoter, and is therefore suitable for assay of transcriptional 

regulation of the OXR1-C promoter and use in a compound screen. Firefly luciferase, a 

bioluminescent enzyme found in the firefly family Lampyridae [325], is structurally different 

to Nano luciferase, which was engineered from the deep sea shrimp Oplophorus 

gracilirostris [326], and is quenched using the ‘Stop & Glo’ format to enable independent 

measurements of the two enzymes, irrespective of overlap between the two signal emission 

wavelengths.  

The NanoGlo coincident reporter assay applies measurement of two luminescent 

signals at different time points in an add-read-add-read experimental assay. Used with the 

Promega vector pNLCol1[luc2-P2A-NlucP/Hygro], the system allows coincident 

measurement of the activity of a chosen promoter, when transfected into cells. The vector 

contains two luciferase genes, Firefly luciferase (FireflyLuc) and Nano luciferase 

(NanoLuc), separated by a P2A peptide sequence which allows the two luciferase proteins 
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to be expressed separately as functional enzymes. In addition, the vector contains antibiotic 

resistance genes, allowing antibiotic selection, and a cloning region, allowing insertion of 

the chosen promoter.   

Analysis in silico of the promoters of the OXR1 isoforms revealed a region of the 

OXR1-C promoter which shows a high level of conservation between humans and mice 

(Figure 5.1). The sequence is approximately 400 bp in length, and immediately upstream 

of the start site of translation, indicating that the sequence is important in regulating 

expression of Oxr1 protein. This highly conserved region is promising in its suitability for 

translational research, as any transcriptional regulation of Oxr1 at this promoter region 

observed in murine studies, can be applied to human pharmacological screens.  

Figure 5.1 Sequence alignment of human and mouse promoter regions of Oxr1-C (Williamson, 
2015). Sequences show high level of conservation between human (top: NM_001198534) and 
mouse (bottom: NM_001130164) promoter regions of Oxr1-C. * = start site of transcription of 5’ 
untranslated region. ▾= start site of translation, with corresponding amino acids shown from 
translated exon. Boxes show putative transcription factor binding sites for the following transcription 
factors: Foxl1, Foxm1, Foxo3, Gata1/2/3, Isgf-3, Lhx3, Nf-κB, NFATc/p/x, Nκx2.5, Pbx1, and Sp1. 
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The 400bp region of the OXR1-C promoter was inserted ahead of the luciferase 

genes within the vector by cloning to produce a construct which, when transfected into cells 

or when stably expressed, enables formation of a biocircuit which expresses the two 

luciferases under the control of the OXR1-C promoter. Therefore, any compound which 

interacts with the promoter to alter luciferase expression in transfected cells could be 

assumed to exert the same alteration on endogenous OXR1 expression. Following 

transfection of the construct into Neuro2a (N2a) cells, the resulting biocircuit was tested by 

luciferase assay, and produced a strong signal from both luciferases, with a 19-fold 

increase in luminescence from FireflyLuc and 4-fold increase from NanoLuc, compared to 

transfection with the Promega vector without promoter (Figure 5.2). This demonstrates that 

the conserved promoter region of OXR1-C is functional, and capable of driving 

luminescence from the luciferase reporters.  

Figure 5.2 Transfection with OXR1-C promoter construct drives luminescence in 
NanoGlo system. N2a cells were transfected with luciferase reporter constructs with (OXR1) 
and without (Empty Vector) the OXR1-C promoter to drive expression of two luciferases, 
FireflyLuc (blue) and NanoLuc (red).  Graphs show mean ± SEM (n = 7). 

While the 400 bp OXR1-C promoter was chosen for the assay due to the high degree of 

sequence conservation, a construct was also made using a larger putative promoter region 

including an additional 600bp of upstream genomic sequence (1kb in total). This would 

likely increase the chance of obtaining positive screening hits while adding a confirmatory 

second stable cell line, although it is noteworthy that the sequence identity between mouse 

and human for the additional 600bp is very low. 
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5.2.1 Transient transfection reciprocal inhibition with NanoGlo 

The coincident reporter system relies on the use of two genes with reporter activity 

that are expressed, and therefore modified, independently of each other, while being 

measured in parallel. To validate the coincident activity of the reporters, stabilizing inhibitors 

are used to obtain specific responses from each reporter.  In the NanoGlo system, Firefly 

and Nano luciferases are inhibited by the drugs PTC124 and Cilnidipine, respectively, in a 

stabilizing manner, producing an increase in luminescent signal at low to medium 

concentrations of the drug, followed by a decrease in signal at high concentrations. 

Pharmacologically, this response is explained by initial binding and activation by the drug 

at lower concentrations, followed by stabilisation and inhibition of the luminescent signal as 

concentrations increase [327]. When the inhibitor is applied to the system, stable inhibition 

is observed in the specific channel of the luciferase it inhibits, while activity in the alternate 

Figure 5.3 Validation of the coincidence reporter system using OXR1-C promoters of 400 
bp and 1 kb length, using transient transfection. The selective inhibitors PTC124 and 
Cilnidipine were applied exogenously to the cell-based transiently transfected reporter system at 
a range of concentrations, to observe specific responses from FireflyLuc (blue, inhibited by 
PTC124) and NanoLuc (red, inhibited by Cilnidipine). Two promoter constructs were tested, of 
lengths 400 bp (A & B) and 1 kb (C & D). Selective inhibition was found to produce reporter-
specific responses measured as luminescent readings. Graphs show mean ± SEM, n = 4. 
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channel remains constant. This is in contrast to the activity of a biologically active 

compound, which would alter activity in the channels of both luciferases [324].  

Selective stabilizing inhibition was therefore applied to the NanoGlo system 

following transient transfection with each promoter construct in N2a cells, and specific 

responses were obtained from each luciferase: each channel was modulated by varying 

concentration of its own selective inhibitor (either PTC124 or Cilnidipine), producing a bell-

shaped curve, while the alternate produced a stable signal (Figure 5.3). This therefore 

validated the coincident activity of the dual reporter system.  

5.2.2 Transient transfection transcriptional assays with NanoGlo 

Several putative transcription factor (TF) binding sites have been identified within 

the conserved 400bp OXR1-C promoter region (Figure 5.4). In order to further validate the 

coincidence reporter system, and to probe its sensitivity and ability to be modified by 

exogenous compound application, three TFs were selected for assay by transient 

transfection: Sp1, Pbx1 and Nκx2.5. The transcription factors were cloned from mouse 

cDNA to produce constructs driven by the cytomegalovirus (CMV) promoter. All three TFs 

were found to significantly enhance luminescence in the FireflyLuc channel, compared with 

luminescence when transfected with the biocircuit alone, including an increase in 

luminescence of over 15-fold when transfected with Nκx2.5. (Figure 5.4A). However, 

NanoLuc luminescence was significantly enhanced in response to only one of the three TFs 

tested, Pbx1, and showed a potential increase when transfected with Sp1, while 

transfection with Nκx2.5 did not significantly alter luminescent signal at all (Figure 5.4B). 

The two luminescence readings taken together suggest that Nκx2.5 induced a false-positive 

response from FireflyLuc. This highlights – and validates – an important feature of the 

coincidence reporter, desirable in any drug-discovery system: namely, the inbuilt capacity 

for detection of false-positive results.  
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Figure 5.4 Identification of transcription factors that affect luminescence within the 
transiently transfected reporter system. Luminescence readings shown in response to transient 
transfection with a reporter driven by the conserved 400 bp OXR1-C promoter, along with 
transcription factors Sp1, Pbx1 or Nkx2.5. Firefly luciferase (A, blue) and Nano luciferase (B, red) 
luminescence readings are both significantly increased when cells are transfected with the reporter 
and Pbx1, indicating a true interaction with the promoter, whereas Nkx2.5 increases luminescence 
only in Firefly luciferase, indicating a false positive interaction. Graphs show mean ± SEM, n = 7.     

5.3 Generation of a stable cell line 

Having validated the suitability of the OXR1-C luciferase coincidence reporter system 

for use in compound screening, the system could then be transitioned into a stably-

expressing cell line, to enhance consistency across and facilitate higher throughput 

screening [328]. Stable cell lines exhibit consistent expression of the integrated construct, 

yet with typically lower expression levels than transient transfection experiments. Both 

promoter constructs were transfected to produce stable cell lines, and it was decided that 

the initial compound screen would be performed using the line expressing the full-length 

promoter construct, while the line containing the 400 bp promoter construct would be used 

to validate results and to determine potential suitability for future in vivo testing in both mice 

and humans. 

5.3.1 Antibiotic selection kill curve 

Selection of stably transfected cells is enabled by the hygromycin resistance gene, 

which is built into the original coincidence reporter construct. Before these cell lines could 

be generated, the concentration of hygromycin in cell media first needed to be determined, 
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such that it would reliably kill most cells incubated without causing total cell death, ensuring 

that cells expressing the hygromycin-resistant construct were still viable. Based on this 

principle, a hygromycin kill curve experiment was performed (Figure 5.5). As expected, 

increasing concentration of the antibiotic led to decreasing cell survival with immediate 

effect. Between 10 and 14 days post seeding, a decline was observed in cell survival for all 

concentrations except 200 µg/ml, representing cell death due to starvation and/or 

overcrowding past 10 days [329]. At day 10 post seeding, at a concentration of 800 µg/ml, 

cell survival was 74% lower than at 100 µg/ml, which showed the maximum cell survival. At 

concentrations of 1000 µg/ml and 1200 µg/ml, cell survival was 14.9% and 14.3% 

respectively, indicating stabilization of the effect of antibiotic concentration. Therefore, it 

was determined that cell-selection media would contain 800 µg/ml hygromycin.  

Figure 5.5 Determining the concentration of hygromycin for use in antibiotic selection. N2a 
cells were grown in media containing the antibiotic hygromycin at concentrations ranging between 
0 – 1200 µg/ml and survival was monitored by cell counting using bright field images. A – Cell 
survival plotted over time up to 14 days post seeding, with key showing concentrations of hygromycin 
(µg/ml). B – Cell survival plotted depending on hygromycin concentration, with key showing days 
post seeding. C – Cell survival plotted depending on hygromycin concentration at 10 days post 
seeding. D – Bright field images taken at 20x magnification at 0, 600 and 1200 µg/ml hygromycin, 
on days 6 and 14 post seeding. Graphs show mean ± SEM, n = 4.   
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5.3.2 Colony validation by PCR and Luciferase assay 

Following transfection with either of the OXR1-C promoter constructs, cells were 

passaged into growth media, which was replaced after 24 hours with media containing 

Hygromycin. Cells were then monitored until those transfected with the promoter constructs 

were confluent while those transfected with the empty control construct were dead, 

confirming that the surviving adhered cells contained the correct constructs. These 

polyclonal lines were split and expanded, so that vials could be frozen for future 

confirmation experiments, while colony picking was performed to generate monoclones. 

To determine which monoclones were successfully expressing the promoter 

constructs, colony PCR was performed initially, with the successful monoclones being 

taken forward for further validation. Finally, the clones were tested by luciferase assay, and 

one monoclone containing each promoter was selected for expansion and use in the 

compound screen; monoclone D11 was selected from the line stably expressing the 1 kb 

promoter construct, and monoclone B6 from the 400 bp promoter construct (Figure 5.6).  

Figure 5.6 Validation of successful monoclones by luciferase assay. Post validation by PCR, 
monoclones were tested by luciferase assay to ensure robust signal responses in both FireflyLuc 
(blue) and NanoLuc channels (red). A – Stable monoclones expressing the 400 bp Oxr1-C promoter 
luciferase construct - B4, B5 and B6 - were assayed and monoclone B6 was chosen. B – Stable 
monoclones expressing the 1kb Oxr1-C promoter luciferase construct - D6, D11 and F12 - were 
assayed and monoclone D11 was chosen. Graphs show mean ± SEM, n = 4. 
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5.3.3 Stable cell line reciprocal inhibition 

The final step in validating the stable cell lines for use in a compound screen was to 

assess the coincident activity of the stably expressed reporter genes. As previously tested 

using transient transfection, the stabilizing inhibitors PTC124 and Cilnidipine were applied 

to the cell lines, which were then assayed for luciferase activity. In each cell line, specific 

responses were obtained from each luciferase in a predictable manner showing an increase 

in luminescence at low to medium concentrations of each inhibitor, followed by a decrease 

in luminescence at high concentrations, while the luminescent signal of the uninhibited 

luciferase remained stable at all concentrations (Figure 5.7).  

Figure 5.7 Validation of the stably expressed coincidence reporter system using OXR1-C 
promoters of 400 bp and 1 kb length. The selective inhibitors PTC124 and Cilnidipine were applied 
exogenously to the stable cell line reporter system at a range of concentrations, to observe specific 
responses from FireflyLuc (blue, inhibited by PTC124) and NanoLuc (red, inhibited by Cilnidipine). 
Two stable cell lines were tested, expressing promoter constructs of lengths 400 bp (A & B) and 1 
kb (C & D). Selective inhibition was found to produce reporter-specific responses measured as 
luminescent readings. Graphs show mean ± SEM, n = 3. 
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5.4 Compound screening 

The aim of the compound screen was to identify compounds that would upregulate 

expression of Oxr1-C through interaction with a conserved region of the OXR1-C promoter. 

The PHARMAKON 1600 compound library (MicroSource Discovery Systems) was selected 

due to its wide variety of small compounds, all of which had been approved for use by the 

FDA and had demonstrated biological activity when clinically evaluated. The compound 

library is contained within twenty 96 well plates, with 80 compounds per plate at a 

concentration of 10 mM. 

5.4.1 Establishing a protocol for cell based compound screening 

Having ascertained the suitability of both dual luciferase assay and stable cell line 

for compound screening, certain optimisation steps were required to establish a protocol 

for regular, repeatable compound screening in 96-well plate format. Cell density 

optimisation was performed (data not shown), which determined that cells would be seeded 

at 2.0 x 105 cells/well, ensuring a high level of confluence and robust luciferase signals 

when assayed 72 hours later. Cells were treated with compounds 24 hours following 

seeding, while actively dividing, at a concentration of 10 µM per well (following manufacturer 

recommendation), then incubated with the compounds for 48 hours to ensure sufficient time 

for effects on luciferase expression to be observed when assayed.  

Within the 96-well plate format, a standardised plate layout was chosen including 

inbuilt controls (Table 3.1). The stabilizing inhibitors PTC124 and Cilnidipine were used as 

positive controls for FireflyLuc and NanoLuc respectively, with DMSO-containing media 

(0.1%) and media-only as controls [330]. Using this plate layout, up to 60 compounds were 

tested per batch of cells seeded. 
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5.4.2 Compound Screen Results 

Over the course of the compound screen, 800 compounds were tested from the 

1600 available in the PHARMAKON library, and testing was performed blinded to the 

identification of the compounds.  Of the compounds tested, approximately 200 were found 

to significantly alter OXR1-C promoter activity, however the majority of these affected the 

reporter negatively.  

Figure 5.8 shows representative results of the compound screen, with all eighty 

compounds from plate MS10 of the PHARMAKON library measured against controls built 

into the assay. As shown in the figure, many compounds were identified which increased 

reporter activity of only one of the two luciferases, and were therefore determined to be 

false positives. Overall, 56 targets were found to increase OXR1-C promoter activity; the 

criterion for selecting ‘positive hits’ was that the compound significantly increased 

luminescence in both FireflyLuc and NanoLuc channels, compared with negative controls. 

(Figure 5.9).  
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Table 5.1 Plate layout for compound screening. Twenty compounds were tested per plate, with 
two positive controls (PTC124 1 nM & Cilnidipine 1 µM) and two negative controls (DMSO 0.1% and 
Media), with all conditions seeded at n = 4. 
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Figure 5.8 Representative results of the compound screen. Each test plate assays 20 
compounds, which translates to 20 compounds per graph, with positive and negative controls. 
FireflyLuc (blue) and NanoLuc (red) responses were measured 48hrs after incubation with test 
compounds. Graph shows mean ± SEM, n = 4. 
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Figure 5.9 A positive hit identified from the initial compound screen. Compound G6 from 
library plate MS10 produced a significant increase in luminescence from both FireflyLuc (blue) and 
NanoLuc (red) when compared with DMSO control. Graph shows mean ± SEM, n = 4. 

Secondary to the initial screen, these hit compounds were then tested using the cell 

line stably expressing the 400 bp promoter. This stage ruled out a large number of 

compounds which were shown not to drive reporter expression from this shorter conserved 

region.  A total of eight compounds instigated increased activity of both reporters, in both 

cell lines, which were taken forward for further testing.  
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5.4.3 Dose-response curves of lead compounds 

 In dose-response testing, compounds are titrated at different concentrations to 

observe the relationship between concentration and magnitude of response, and enable 

determination of the active concentration. Dose-response curves were obtained through 

luciferase assay of both stable cell lines, using concentrations an order of magnitude either 

side of the test concentration used in the compound screen (10 µM). Several compounds 

tested were determined to be false positives at this stage, as they produced dose-

dependent responses in only one of the two luciferase reporters, while the alternate reporter 

activity remained stable (data not shown). Three compounds of the eight tested exhibited 

the same dose-response relationship in both luciferases, and in both cell lines, and these 

were taken forward for validation as positive hits (Figure 5.10). Interestingly, all three of 

these compounds showed decreasing reporter activity at high concentrations, which 

suggests a degree of cellular toxicity.  

Figure 5.10 Dose-response curves produced with varying concentrations of putative Oxr1-
C upregulators in stable cell lines. Compounds identified in the compound screen were tested at 
1, 10 and 100 µM concentrations in cell lines expressing either the 1 kb Oxr1-C promoter 
reporter construct (A – A6, B – C9, C – F5) or the 400 bp Oxr1-C promoter reporter construct (D 
– A6, E – C9, F – F5). Graphs show mean ± SEM, n = 4. 
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5.4.4 Validation of lead compounds by polyclonal line assay 

During generation of the stable cell lines, polyclonal lines were also produced and 

saved, for use in validating lead compounds. Polyclonal lines contain cells that stably 

express the construct of choice, however, the cells have not been selected or isolated and 

therefore there is a large amount of variation expected in the level of expression from each 

cell; in fact it is likely that the majority of cells do not express the construct at all. At the point 

of transfection, cells incorporate the chosen construct into their individual genomes at 

random locations. Following selection and isolation, monoclonal lines are produced in which 

all clonal cells express the construct from the same genomic location. Polyclonal lines can 

be used to validate results found in monoclonal cell lines, because if the same result is 

observed in both, then it is a true effect of the transfected construct, as opposed to an effect 

specific to one clone [328].  

The three lead compounds were therefore tested by luciferase assay in the 

polyclonal line expressing the 400 bp promoter construct. To observe dose-response 

relationships, compounds were tested at three concentrations: 1 µM, 10 µM and 50 µM (the 

latter concentration was chosen to prevent potential cellular toxicity effects observed in the 

previous dose-response experiment). As expected, a smaller effect was observed in 

response to incubation with the compounds compared with the effect observed in the 

monoclonal lines (Figure 5.11). However, a strong effect was still produced by incubation 

Figure 5.11 Dose-response curves produced with varying concentrations of putative Oxr1-
C upregulators in a polyclonal stable cell line. Compounds identified in the compound screen 
were tested at 1, 10 and 100 µM concentrations in a polyclonal cell line variably expressing the 
400 bp OXR1-C promoter reporter construct. A – A6, B – C9, C – F5. Graphs show mean ± 
SEM, n = 4. Dashed lines show mean luminescence responses produced by PTC124 (blue) and 
Cilnidipine (red). 
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with the positive control compounds, PTC124 and Cilnidipine (mean luminescence 

responses shown as dashed horizontal lines), confirming the activity of the two reporter 

genes. As the polyclonal line was therefore confirmed to be functional, the responses 

produced by the compounds can be described as weak, and there is doubt as to their 

genuine effect on expression driven by the OXR1-C promoter. 

5.4.5 Validation of lead compounds by qPCR 

Having ascertained that the three lead compounds did not produce a strong reporter 

response in the polyclonal cell line, it was still important to investigate whether any effect 

could be observed at the endogenous expression level of the Oxr1-C isoform itself. 

Following incubation of both cell lines with each compound, cells were harvested for RNA 

extraction, and RT-qPCR was performed. Interestingly, all three compounds significantly 

increased expression of OXR1-C in the cell line expressing the full-length promoter 

construct (Figure 5.12B). However, the compounds did not increase expression in the cell 

line expressing the shorter, conserved promoter construct (Figure 5.12A), suggesting they 

may be acting via a promoter region upstream of the 400bp conserved region. In summary, 

although the compounds identified by the luciferase screen are able to upregulate 

expression of OXR1-C, this is likely through interaction with a region of the OXR1-C 

Figure 5.12 Investigation of effect of lead compounds on expression of OXR1-C. Cell 
lines expressing either the 400 bp Oxr1-C promoter reporter construct (A) or the 1 kb Oxr1-C 
promoter reporter construct (B) were incubated with putative OXR1-C upregulators, and RT-
qPCR was performed following mRNA extraction, to investigate expression of OXR1-C. Graphs 
show mean ± SEM, n = 3.   
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promoter that is not conserved between human and mouse, and therefore would not be 

suitable for use in human therapeutics. 

5.5 CRISPR activation testing in Neuro2a cells 

At the inception of the project detailed in this chapter (building on a previous DPhil 

thesis), reporter-based assays were widely used in quantitative high throughput screening, 

with coincidence reporters, which were first developed in 2012 [331], viewed as the optimal 

system for such screens to identify therapeutic compounds with genuine biological activity 

capable of up- or down-regulation of a target gene [324]. However, during the intervening 

period, rapid progress has been made in a different technology, CRISPR activation 

(CRISPRa), also concerned with the specific upregulation of target genes. Proof of concept 

of CRISPRa technology was first published in 2013 [332], and in 2019, CRISPRa was 

approved for use in a clinical trial for treatment of a heritable form of retinal dystrophy 

(ClinicalTrials.gov Identifier: NCT03872479) [333]. CRISPRa uses CRISPR-Cas9 

technology to activate gene transcription, utilising a catalytically inactive ‘dead’ Cas9 

(dCas9) fused to a strong transcriptional activator and guided by one or more short guide 

RNAs (sgRNAs) to increase expression of endogenous genes [332]. The system can 

produce efficient and robust gene activation, especially when multiple sgRNAs are used, 

with high target specificity [334].  

To investigate the use of CRISPRa to overexpress Oxr1-C, and for comparison with 

exogenous compound application, gene activation vectors were generated using one each 

of three independent guide RNAs designed in first exon of Oxr1-C and upstream sequence 

(see Chapter Two).  The vector system expresses VP64 in tandem; this acts as the 

transcriptional activator through recruitment of transcriptional machinery to the target 

sequence [335].The vectors, named A, B and C, were each transfected into N2a cells, and 

transfection efficiency could be visualised through use of a GFP sequence contained within 

the vector. A CRISPRa Scramble vector (with no GFP) was transfected as a negative 

control. Figure 5.13 shows N2as imaged both in bright-field and fluorescence illumination; 
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based on GFP signal, indicates a transfection efficiency of between 1.8% (Construct A) - 

10.6% (Construct B).  

Figure 5.13 Bright field and fluorescent imaging of CRISPRa-transfected cells. N2a cells were 
transfected with CRISPRa constructs A, B, C, (containing the Oxr1-C promoter) or Scramble 
(negative control), and incubated for 48 hrs before imaging at 20x magnification. Bright field images 
are shown on the left, and fluorescent images on the right. Inclusion of a GFP-coding sequence in 
CRISPRa constructs enables visualisation of transfected cells. Transfection efficiencies, calculated 
as number of fluorescent cells divided by total cells in bright field view, are as follows: construct A - 
1.8%, construct B – 10.6%, construct C – 3.2%, constructs A, B & C – 5.0%. 

Following transfection, cells were harvested for RNA extraction and RT-qPCR was 

performed for endogenous Oxr1-C expression. Cells transfected with only one of the three 

vectors alone did not show any increase in expression when compared with the scramble 

vector, whereas interestingly, transfection with all three CRISPRa vectors in tandem (A, B 

& C) showed a significant increase in expression of Oxr1-C (Figure 5.14) compared to the 

control. It is noteworthy that the transfection efficiency was low and may be masking more 

promising results.  For example, cells co-transfected with CRISPRa constructs A, B and C 

showed a transfection efficiency of 5.0%, but produced a 1.5 fold increase in expression of 

Oxr1-C by RT-qPCR. At a higher transfection efficiency, a greater increase in Oxr1-C would 

be expected. In summary, upregulation of OXR1 by CRISPRa was successful in vitro, 

showing promise for future potential use as a therapeutic strategy.  

Given the low transfection efficiency of this experiment, which utilized the 

Lipofectamine 3000 vector system, the experiment should be repeated using different 
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experimental conditions, such as by varying RNA concentrations or using electroporation, 

in order to obtain more reliable and informative data. 

Figure 5.14 Increased expression of Oxr1-C following transfection with CRISPRa 
constructs. N2a cells were transfected with CRISPRa constructs A, B, C, (containing the Oxr1-C 
promoter) or Scramble (negative control), and incubated for 48 hrs before RNA extraction 
was performed, followed by RT-qPCR. Although transfection with constructs A, B and C 
individually produced no significant increase in Oxr1-C expression, co-transfection with all 
three constructs (A, B & C) produced 1.4 fold upregulation when compared to transfection with 
a CRISPRa Scramble construct (p = 0.0021). Graphs show mean ± SEM (n = 4), one way 
ANOVA performed on CT values using Tukey’s multiple comparisons test. 

5.6 Overexpression of Oxr1 to modify seizure phenotype of Tbc1d24 mutant 

Overexpression of Oxr1 has been shown to ameliorate aberrant pathologies of OS-

related neurodegeneration in vivo, including using the mouse model Tg(mPrnp-Oxr1) 

(henceforth referred to as Oxr1Prnp/+), which overexpresses an Oxr1-FL isoform up to five-

fold, at the protein level, driven by the mouse prion promoter so that it is expressed in 

neurons alone [125]. As shown previously by RNAseq (Chapter Three), there is no 

evidence for OS caused by the R360L mutation in Tbc1d24, however, similar epilepsy-

related mutations in Tbc1d24 show increased OS sensitivity when modelled in Drosophila, 

which can be rescued by antioxidant treatment [336]. The emergent role of oxidative stress 

in epilepsy gives promise to potential rescue of seizure phenotypes by Oxr1 overexpression 

[337] [338] [339]. As OXR1 and TBC1D24 are both part of the synaptic proteome [340] and

share functional domains, there is also a possibility of compensation between TLDc family 
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members and resultant rescue of disease phenotypes of the Tbc1d24 mouse mutants 

(described in Chapters Three & Four). Human mutations in OXR1 and TBC1D24 lead to 

diseases with overlapping phenotypes, including seizures, ataxia and cerebellar atrophy, 

providing evidence for intersection in function between the two genes [320] [341] [105]. In 

addition, all TLDc proteins have been shown to bind to the V-ATPase complex, and are 

suggested to exert regulatory effects on activity of the enzyme [342] [343]. To investigate 

these possibilities, crosses were set up between each of the Tbc1d24 mutant mouse lines, 

Tbc1d24R360L and Tbc1d24INS2, and the neuronal Oxr1 overexpressor line, Oxr1Prnp/+.  

5.6.1 Oxr1Prnp x Tbc1d24R360L protein expression 

To generate experimental progeny for the Oxr1Prnp x Tbc1d24R360L cross, mice 

heterozygous for the Oxr1 transgene and the Tbc1d24R360L mutation 

(Tbc1d24R360L/+/Oxr1Prnp/+) were crossed with Tbc1d24R360L/+ mice. This cross produced 

offspring with four genotypic combinations: Tbc1d24+/+Oxr1+/+; Tbc1d24+/+Oxr1Prnp/+; 

Tbc1d24R360L/R360LOxr1Prnp/+; and Tbc1d24R360L/R360LOxr1+/+. Western blotting from the four 

genotypic groups confirmed that Oxr1Prnp/+ mice showed approximately threefold increase 

in expression of Oxr1 compared with Oxr1+/+ mice, and Tbc1d24R360L/R360L mice showed 

reduced abundance of Tbc1d24 protein by approximately 80% (Figure 5.15). Due to 

proximity on the western blot, all Oxr1 isoform bands were quantified together to calculate 

protein levels of Oxr1. These data confirm that the progeny from the cross express the 

correct transgene and/or mutant protein at the predicted levels. 
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Figure 5.15 Progeny of the Oxr1Prnp x Tbc1d24R360L cross show expected protein levels. 
Whole brains were taken for protein extraction and analysis by Western blotting. A – 
Representative western blots showing bands for Oxr1 isoforms around 84kDa and Tbc1d24 at 
63kDa, which were each blotted separately using β-Actin at 42kDa to control for protein levels. All 
Oxr1 isoform bands were quantified. Bands show each of the four genotypes represented by 
progeny of the cross: Tbc1d24+/+Oxr1+/+; Tbc1d24+/+Oxr1Prnp/+; Tbc1d24R360L/R360LOxr1Prnp/+; and 
Tbc1d24R360L/R360LOxr1+/+. B - Graph of quantified protein signal for Tbc1d24 and Oxr1, 
normalised to β-Actin. Values show mean ± SEM. For each genotype, n=2. 

5.6.2 Preliminary video tracking analysis shows extended survival in Oxr1Prnp x 
Tbc1d24R360L compared with Tbc1d24R360L 

Home cage video tracking enables real time observation of mice in their habitual 

environment, with minimal disruption to conditions, and is therefore used to monitor a 
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variety of naturalistic behaviours [344]. Video tracking was therefore used to monitor litters 

from the Oxr1Prnp x Tbc1d24R360L cross, where minimal disruption to habitat was critical due 

to the young age of the mice, who were filmed between the ages of P15 and P25 in order 

to capture the short lifespan caused by the R360L mutation in Tbc1d24. Preliminary 

analysis of home cage video footage revealed that presence of the Oxr1Prnp/+ transgene 

delayed onset of seizures and extended survival in Tbc1d24R360L/R360L mice. While 

Tbc1d24R360L/R360LOxr1+/+ mice first display seizures between P14 and P16, which progress 

to fatal seizures at P16-P18, the earliest seizure recorded in Tbc1d24R360L/R360LOxr1Prnp/+ 

mice was at P18, and survival was extended by up to a week in some mice, with the end-

point as P25, an approximate 40% increase compared to the mean survival time in 

Tbc1d24R360L/R360L mice. However, some Tbc1d24R360L/R360L mice expressing the Oxr1 

transgene experienced fatal seizures at P18, at the same time point as Tbc1d24R360L/R360L 

mice expressing wild type levels of Oxr1. Overall, the delayed onset of seizure phenotype, 

while short, is significant in that it suggests a potential compensatory mechanism for Oxr1 

in the absence of normal levels of Tbc1d24, and provides further evidence for the role of 

Oxr1 in amelioration of neuronal disease.  

Unfortunately, due to license restrictions and mouse breeding ratios, it was not 

possible to collect sufficient data to reliably report survival and seizure incidence from video 

tracked cages. With a larger sample size (n ≥ 5 for each relevant genotype), a Kaplan-Meier 

estimation test could be performed in order to measure both survival in Tbc1d24R360L/R360L 

mice compared with wild type mice, and the effect of expression of the Oxr1Prnp transgene 

on survival combined with the Tbc1d24R360L mutation [345]. Kaplan-Meier estimation could 

also be applied to seizure incidence, plotting percentage of seizure-free mice over time 

[346]. In addition, recent advancements in video-tracking software –  combining motion 

analysis with semi-automated seizure detection – would enable the automatic detection of 

seizure events, enabling more video footage to be scored, and likely more seizure events 

detected, than was feasible with manual seizure scoring as used in this experiment [347].  
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5.6.3 The gene c-Fos is influenced by neuronal overexpression of Oxr1 

Overexpression of Oxr1 appears to extend survival in the Tbc1d24R360L mutant, 

however, it was necessary to find other markers of disease progression in order to quantify 

potential rescue. While electroencephalography (EEG) is typically used in rodent models of 

epilepsy to characterize epileptiform events and seizure onset [348], this method was 

unavailable for mice of this size at MRC Harwell, therefore a molecular approach was 

required to understand how Oxr1 might affect neuronal activity. RNA-seq of the 

Tbc1d24R360L frontal cortex showed upregulation of the immediate early gene (IEG) c-fos 

(Figure 3.9), which was also shown by be upregulated by over 10-fold in an adult inducible 

knockout model of Tbc1d24 (see Discussion, 6.2)(Oliver lab, unpublished). C-fos is a 

transcription factor understood to regulate neuronal excitability, and neuronal cell survival 

following excitotoxic insult [349], and is therefore used as a marker for neuronal activity, 

and a potential indicator of seizure-related excitability [350].  

Due to the role of c-fos as an indicator of neuronal activation [351], it was predicted 

that any reduction in seizure activity due to Oxr1 overexpression might be shown by 

reduced expression of c-fos. RT-qPCR was performed on progeny of the Oxr1Prnp x 

Tbc1d24R360L cross, using mRNA extracted from whole brain. Contrary to predictions, there 

was no significant increase of c-fos expression in Oxr1+/+Tbc1d24R360L/R360L compared with 

Oxr1+/+Tbc1d24+/+ (Figure 5.16). However, the presence of the Oxr1Prnp/+ transgene was 

associated with reduced c-fos expression in both Tbc1d24+/+ and Tbc1d24R360L/R360L 

progeny, although this difference was not statistically significant (p = 0.199 in 

Oxr1Prnp/+Tbc1d24+/+ cf. Oxr1+/+Tbc1d24+/+, and p = 0.292 in Oxr1Prnp/+Tbc1d24R360L/R360L cf. 

Oxr1+/+Tbc1d24R360L/R360L). This suggests that the Oxr1 transgene may alter c-fos 

expression in both Tbc1d24+/+ and Tbc1d24R360L/R360L, but as no significant increase in c-fos 

is observed in Tbc1d24R360L/R360L whole brain, it is not possible to comment on the effect of 

Oxr1 overexpression on seizure-related activity.  
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5.7 Effect of Oxr1 overexpression on haematological disruption in loss-of-
function Tbc1d24 mutants 

As discussed in Chapter Four, the R360L and INS2 mutations in Tbc1d24 cause 

pronounced disruption to the haematological system, including disturbed haemoglobin 

synthesis and iron homeostasis. Markers associated with this disruption include Alas2, the 

rate-limiting enzyme for haemoglobin synthesis, and haemoglobin subunits Hbb and Hba. 

From previous transcriptomics experiments using microarrays in the Tbc1d24R360L/R360L 

mutant, expression changes have also been detected by in Contactin 3 (Cntn3), a cell 

adhesion molecule involved in development of the nervous system [352], while in the 

Tbc1d24INS2/INS2 mutant, neuronal migration defects are observed in cortical layer 5. These 

four genes – Alas2, Hbb-bt, Hba-a2 and Cntn3 – appear therefore to be key markers for 

pathological alterations caused by disruption in Tbc1d24.  

Figure 5.16 mRNA expression of c-fos in progeny of the Oxr1Prnp x Tbc1d24R360L cross. RT-
qPCR was performed using mRNA extracted from whole brain tissue. One way ANOVA using 
Tukey’s multiple comparison’s test performed using ΔCT values. Values are mean ± SEM, n = 4 for 
each genotype. 
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5.7.1 Rescue of Alas2 coincides with enhanced survival in Oxr1Prnp x Tbc1d24R360L 

RT-qPCR was performed on progeny of the Oxr1Prnp x Tbc1d24R360L cross, to 

investigate levels of Hba-a2, Hbb-bt, Alas2, and Cntn3. As previously observed, the 

expression levels of Hba-a2, Hbb-bt and Alas2 (Figure 5.17) were significantly higher in 

Oxr1+/+Tbc1d24R360L/R360L compared with Oxr1+/+Tbc1d24+/+ mice (Hba-a2, p = 0.0001, Hbb-

bt, p < 0.0001, Alas2, p < 0.0001); the expression of these genes was also higher in 

Oxr1Prnp/+Tbc1d24R360L/R360L compared with Oxr1+/+Tbc1d24+/+ mice (Hba-a2, p = 0.0005, 

Hbb-bt, p < 0.0001, Alas2, p = 0.0001), indicating the magnitude of the effect of the R360L 

mutation on haematological gene expression. Interestingly, in Oxr1Prnp/+Tbc1d24+/+ mice,  

the presence of the Oxr1 transgene caused a two-fold increase in expression of both Hbb-

bt and Alas2 compared with  Oxr1+/+Tbc1d24+/+ (Hbb-bt, p = 0.0002, Alas2, p = 0.0017), 

suggesting possible downstream interaction with Oxr1. Most strikingly, the presence of the 

transgene caused a reduction in levels of Alas2 in Oxr1Prnp/+Tbc1d24R360L/R360L compared 

with Oxr1+/+Tbc1d24R360L/R360L mice (p = 0.0233), with no significant difference in the levels 

of Alas2 between Oxr1Prnp/+Tbc1d24+/+ and Oxr1+/+Tbc1d24R360L/R360L mice, supporting a 

potential interaction of Oxr1 with the haematological system, which could affect the anaemic 

phenotype in the mutant. No effect was observed on levels of Cntn3, although there is a 

trend towards reduced Cntn3 expression in Tbc1d24R360L/R360L mice with or without the Oxr1 

transgene. Oxr1 has been demonstrated to promote cell survival, but this has only been 

demonstrated in vivo through its protective effect on neurons. This data therefore suggests 

a new potential role for Oxr1 in ameliorating dysfunction in the haematological system.  
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Figure 5.17 Overexpression of Oxr1 rescues pathological induction of Alas2 in 
Tbc1d24R360L. Expression of haematological and neurodevelopmental targets in progeny of the 
Oxr1Prnp x Tbc1d24R360L cross. RT-qPCR was performed using mRNA extracted from whole brain 
tissue to measure expression levels of Hba-a2 (A), Hbb-bt (B), Alas2 (C) and Cntn3 (D) mRNA. 
One way ANOVA with Tukey’s multiple comparisons testing performed using ΔCT values. Both 
male and female mice were used. Values are mean ± SEM, n = 4 for each genotype. 

5.7.2 Haematological markers in Oxr1Prnp x Tbc1d24INS2 

The Prnp-Oxr1 transgene has been demonstrated to be strongly expressed from 

E13.5 [125], therefore it was postulated that its expression, and consequent overexpression 

of Oxr1, might modulate the embryonic lethal phenotype of the Tbc1d24INS2/INS2 mutant. 

Similarly to the cross with the Tbc1d24R360L mutant line, experimental progeny were 

generated for a cross between Oxr1Prnp x Tbc1d24INS2 to produce offspring with four 
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genotypic combinations: Tbc1d24+/+Oxr1+/+; Tbc1d24+/+Oxr1Prnp/+; 

Tbc1d24INS2/INS2Oxr1Prnp/+; and Tbc1d24INS2/INS2Oxr1+/+.  

Due to the embryonic lethality of the Tbc1d24INS2/INS2 mutant, the effect of the 

Oxr1Prnp/+ transgene on neonatal survival (for example, from P0) could not be measured 

without suitable negative controls and was limited by animal licence stipulations. Instead, 

RT-qPCR was performed using mRNA extracted from whole brains of progeny, to 

determine levels of Hba-a2, Hbb-bt, Alas2, and Cntn3. RNAseq of the Tbc1d24INS2 line 

showed upregulation of the haematological genes Hba-a2, Hbb-bt and Alas2, consistent 

with the Tbc1d24R360L line (Chapter Four), and the three genes were consequently chosen 

as markers for potential rescue of haematological dysfunction. Additionally, the 

Tbc1d24INS2/INS2 mutant shows a defective cortical layering phenotype (Chapter Three), 

therefore the cell-adhesion gene Cntn3 was again chosen as a marker for rescue, due to 

its role in neuronal migration and downregulation in the Tbc1d24R360L/R360L mutant, as shown 

by microarray transcriptomics (Chapter Four). 

In this cross, the presence of the Oxr1 transgene did not appear to rescue levels of 

haematological markers, however, a trend towards decrease was observed in Cntn3 in 

Tbc1d24INS2/INS2Oxr1Prnp/+ compared with Tbc1d24INS2/INS2Oxr1+/+, returning Cntn3 

expression closer to endogenous levels (p = 0.0530) (Figure 5.18). Predictably, based on 

observations of alterations in cortical layering in the Tbc1d24INS2/INS2 mutant (Chapter 

Three), expression of Cntn3 is significantly higher in Oxr1+/+Tbc1d24INS2/INS2 compared to 

both Oxr1+/+Tbc1d24+/+ (p = 0.0029) and Oxr1Prnp/+Tbc1d24+/+ (p = 0.0084). Changes in 

expression of haematological markers are less marked at earlier time points, as shown by 

RT-qPCR at P0 and P8 in Tbc1d24R360L/R360L (Chapter Four), which could explain the 



apparent lack of effect of overexpression of Oxr1, whereas Cntn3 plays an important role 

in early neuronal development [353].  

5.7.3 Summary of the effects of overexpression of Oxr1 in vivo 

In summary, the overexpression of Oxr1 in vivo by expression of the transgene 

Figure 5.18 Overexpression of Oxr1 may reduce marker of neurodevelopmental dysfunction 
in Tbc1d24INS2. Expression of haematological and neurodevelopmental targets in progeny of the 
Oxr1Prnp x Tbc1d24INS2 cross. RT-qPCR was performed using mRNA extracted from whole brain 
tissue to measure expression levels of Hba-a2 (A), Hbb-bt (B), Alas2 (C) and Cntn3 (D) mRNA. One 
way ANOVA with Tukey’s multiple comparisons test performed using ΔCT values. Both male and 
female mice were used. Values are mean ± SEM, n = 4 for each genotype. 

Tg(mPrnp-Oxr1) causes modulation of the seizure phenotype caused by the Tbc1d24R360L 

mutation, with the earliest seizure in the Oxr1Prnp/+Tbc1d24R360L/R360L line recorded at P18, 

compared with P14 in the Tbc1d24R360L/R360L line. Survival was also extended by up to a 

week, from P18 in Tbc1d24R360L/R360L to up to P25 in Oxr1Prnp/+Tbc1d24R360L/R360L. 

159 
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Interestingly, expression of the haemoglobin synthesis enzyme Alas2 was reduced in 

Oxr1Prnp/+Tbc1d24R360L/R360L compared with in Oxr1+/+Tbc1d24R360L/R360L, suggesting 

potential rescue of the haematological disruption caused by the R360L mutation (described 

in Chapter Four) and indicating a novel protective role of Oxr1 outside of the nervous 

system. Finally, overexpression of Oxr1 in the Tbc1d24INS2/INS2 mutant was investigated and 

a trend towards decreasing levels of Cntn3 indicated that Oxr1 upregulation may prevent 

the increase of Cntn3 expression due to defects in neuronal migration, which is disrupted 

in the Tbc1d24INS2/INS2 mutant. 

5.8 Discussion 

5.8.1 Strategies for the transcriptional control of Oxr1 expression 

The compound screen demonstrated that the dual luciferase reporter system is an 

effective tool for drug discovery, allowing interaction with a chosen promoter to be directly 

measured using robust readout of luciferase signals. The coincident reporter system is 

capable of recognising false positives, increasing the overall efficiency by removing 

additional validation stages. The stable cell lines generated expressing the luciferase 

reporters driven by the OXR1-C promoter are useful tools that could be used in larger-scale 

screens with additional compound libraries. Similar approaches have been successful; for 

example, a compound screen for upregulation of Frataxin (FXN), using the luciferase 

reporter line FXN-GAA-Luc, identified a group of histone methyltransferase inhibitors which 

increased readout of the luciferase assay. The screen determined that the SUV4-20 family 

of methyl transferases are involved in regulation of FXN expression, thus identifying a novel 

therapeutic target for Friedreich’s ataxia [354]. In addition, a screen for novel therapeutic 

targets to treat Charcot-Marie-Tooth 1A, caused by the genetic duplication and resultant 

overexpression of Peripheral Myelin Protein 22 (PMP22), used a coincidence reporter 

assay to identify compounds able to downregulate PMP22 expression, including protein 

kinase C (PKC) activators such as bryostatin, which had already reached clinical trials for 

use in Alzheimer’s disease [355]. 
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 The Pharmakon 1600 compound library comprises a range of structurally diverse 

biologically active drugs, all with existing approval for use by the FDA and many of which 

are available on the market, thus enabling transition from in vitro screens for new biological 

activity to in vivo testing for clinical suitability. Of the 800 hits tested, approximately 50 were 

shown to activate both reporters in the 1 kb promoter line, which was narrowed-down to 

eight compounds which activated both reporters in the 400 bp promoter line, three of which 

were tested for transcriptional activation of Oxr1-C by RT-qPCR. While the positive hits 

identified in the screen were not taken forward for further testing, they demonstrated an 

ability to upregulate expression of mOXR1-C, at least in the cell line expressing the full 

length Oxr1-C promoter, which could be useful in murine in vivo research to increase Oxr1 

expression by drug administration. 

 Of the three compounds which reached testing for transcriptional activation – 

erythromycin estolate (A6), phenothrin (C9), and cyclamic acid (F5) (Figure 5.10) – all three 

had previously been tested in mice [356] [357] [358] and all except erythromycin estolate 

were capable of crossing the blood-brain-barrier to a measurable extent [359] [360], which 

is an important property for any potential therapeutic for neurological disorders. The 

compound library includes drugs with a range of active concentrations and routes of drug 

delivery, for example, some compounds can be given orally; cyclamic acid (F5) is a 

sweetener which is already used as a food additive. However, cyclamic acid has little known 

basis for direct transcriptional activation of Oxr1; in fact, the compound was shown to 

increase parameters of OS in the rat brain, and induce changes in haematological 

parameters indicative of microcytic anaemia [361]. The possible induction of OS by 

cyclamic acid suggests that it could indirectly lead to activation of Oxr1 expression, however 

this would not be a viable therapeutic strategy. 

 Compound ‘A6’, erythromycin estolate, is a macrolide antibiotic with known 

functions including inhibition of protein synthesis in bacteria, and destruction of viral lipid 

membranes to prevent infection with viruses such as the Zika Virus [356]. A study using 
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transcriptomics analysis of the livers from rats treated with erythromycin estolate identified 

expression changes in several of the target genes of Nrf2 [362], a nuclear transcription 

factor involved in the OS response through the Nrf2/ARE pathway [363]. Interestingly, a 

role for Oxr1 has been suggested in regulating the Nrf2-dependent OS response, due to 

the dependence of downstream effectors GPX2 and HMOX1 on levels of OXR1 [312], and 

the direct interaction between OXR1 and KEAP1, which regulates Nrf2 activity [364]. 

Compound ‘C9’ is Phenothrin, an insecticide which is used widely in agriculture due to its 

safe metabolism and low toxicity in mammals [357]. Phenothrin has been shown in rats to 

activate the nuclear receptor Peroxisome-Proliferator Activated Receptor α (PPARα) [365], 

which regulates genes involved in the uptake and oxidation of fatty acids, in addition to 

inflammation and vascular function [366]. Agonists of PPARα have been investigated as 

therapeutics for a wide range of disorders, including epilepsy [367], and the PPAR signalling 

pathway was found by transcriptomic analysis to be differentially regulated after hOXR1 

depletion [308].  The possibility for either of these drugs to transcriptionally activate Oxr1 

via known biological pathways makes both erythromycin estolate and phenothrin promising 

targets for further investigation, although this was not possible within the scope of this 

project given the time constraints, in addition to considerations of the weak effect of their 

administration on Oxr1-C expression in the cell line expressing the shorter Oxr1-C 

promoter, and the low ability of erythromycin estolate to cross the blood-brain-barrier [368]. 

Some hits, which did not reach expression analysis, may also have had strong 

molecular bases  for effects on Oxr1 expression, such as ‘H10’ of plate MS20 - amlexanox, 

an anti-inflammatory, anti-histamine drug – which may be promising as a therapeutic due 

to the strong mechanistic links between neuroinflammation and oxidative stress, particularly 

in relation to epilepsy [318]. The compound ‘G1’ of plate MS09 is trazodone hydrochloride, 

a serotonin antagonist, which also shows promise due to the modulatory effects of serotonin 

on glutamate neurotransmission and excitotoxicity [369], and the potential role of Oxr1 in 

glutamate clearance (Oliver lab, unpublished findings – discussed below). Interestingly, 
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some compounds tested may have induced downregulation in Oxr1-C expression as 

measured by luciferase assay, for example, the compounds A5, Piroctone Olamine, which 

is an ethanolamine salt with fungicidal properties frequently used in anti-dandruff cosmetics 

[370], and E6, Benzalkonium Chloride, which is a cationic surfactanat and antimicrobial 

agent often used as a cosmetic preservative [371], from plate MS10 as shown in Figure 

5.8. Some, including compound C2, the immunosuppressant drug Mitoxantrone 

hydrochloride [372], are dark in colour, and can therefore quench luminescence readings 

due to interference with the detection wavelength [373]. Although no further testing was 

performed on putative downregulators, these compounds may be useful for applications in 

which knock down of Oxr1 expression may be beneficial; low expression of hOXR1 was 

identified by bioinformatics analysis as an adverse prognostic factor in patients with 

urothelial carcinoma [374], therefore application of a compound to downregulate OXR1 

could be used to elucidate the pathological effects of downregulation in vitro. This approach 

may be particularly advantageous if a compound is capable of selectively targeting one 

isoform for downregulation, in contrast with siRNA approaches which have been used to 

decrease expression of all hOXR1 isoforms [308].  

 Screening of the full PHARMAKON 1600 library was not possible due to time 

constraints, but in future investigation of the compound library, expression changes 

resulting from compound addition should be measured by RT-qPCR before moving to dose-

response and cellular toxicity assays, to confirm that hits directly influence expression of 

Oxr1-C. Future use of the compounds would require initial testing of their effect on OS, to 

ensure that their upregulating effect on Oxr1 is not an indirect response to increased OS 

within the cell. Transcriptomics approaches should also be utilised to determine the 

specificity of effects of the compound, and investigate the pathways affected by its 

application. It is also important to note that the compounds, at the concentrations tested, 

increase Oxr1 expression to a lesser extent than has been shown to be protective in vivo; 

the Tg(mPrnp-Oxr1) produced a five-fold increase in expression of Oxr1-FL when crossed 



164 

with a mouse model of ALS [125], and three-fold in the cross described in this chapter 

between Oxr1Prnp/+ and Tbc1d24R360L mouse lines. 

As an alternate method of genetic overexpression, CRISPRa represents a key 

strategy for targeted upregulation of endogenous genes, which shows great promise for 

therapeutic use. Indeed, the luciferase coincidence reporter system has recently been used 

as a method to validate the transcriptional activation by CRISPRa of the anti-aging and 

neuroprotective gene Klotho, through transfection of CRISPRa constructs including 

sgRNAs complementary to the Klotho promoter, into a cell line expressing the promoter 

ahead of NanoLuc and FireflyLuc [375]. Expression of the Klotho gene was shown by both 

RT-qPCR and luciferase assay to be upregulated by transfection with the CRISPRa 

constructs, suggesting the promise of this strategy for therapeutic use.  

The CRISPRa system used here combines a nuclease-deficient dCas9 protein 

fused to a transcriptional activator of viral origin, VP64; the complex is guided by sgRNAs 

which are complementary to a specific gene promoter sequence [376]. The use of a single 

sgRNA, while capable of achieving transcriptional upregulation, has been demonstrated in 

many cases to produce a significantly lower magnitude of upregulation compared with the 

use of several sgRNAs targeting the same promoter at different sequences [377] [378]. This 

is concordant with the findings shown in Figure 5.14, that co-transfection with three 

CRISPRa constructs A, B and C, each with a different sgRNA sequence, produced robust 

upregulation of Oxr1-C, by 1.5 fold, while transfection with a single construct produced no 

significant difference in Oxr1-C expression. Importantly, the efficiency of transfection of the 

CRISPRa constructs, including co-transfection of all three, was low, ranging from 1.8% to 

10.6% (Figure 5.13), and higher transfection efficiency could be expected to produce a 

higher magnitude of upregulation. For example, taking only the transfection efficiency into 

account, if a transfection efficiency of 5.0% produces a 1.5 fold increase for co-transfection 

with all three constructs, a transfection efficiency of 100% could produce up to a 30 fold 

increase in Oxr1-C expression. It is also very likely that single transfection of constructs A, 
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B, or C, with enhanced transfection efficiency, may produce significant upregulation of 

Oxr1-C. Despite this being an over-simplification, as Oxr1-C upregulation by CRISPRa may 

be limited by other factors including binding strength of the CRISPRa complex and 

chromatin packing [379], increasing the transfection efficiency would be desirable to 

produce high levels of Oxr1-C upregulation for use as a therapeutic strategy. 

5.8.2 Overexpression of Oxr1 produces mild amelioration of pathology caused by 
loss-of-function mutations in Tbc1d24 

There is a growing body of evidence for the protective role endogenously played by 

Oxr1 against OS-related cell death [304] and neuroinflammation [125], and for the potential 

remedial effect of upregulating Oxr1 to combat neurodegeneration [311]. Here, 

overexpression of Oxr1 in vivo through the presence of the Oxr1Prnp/+ transgene 

demonstrated a potential ameliorative effect on the phenotypes caused by disruption of the 

related TLDc gene, Tbc1d24. Fatal seizure onset was delayed, suggesting  a potential 

compensatory mechanism between the TLDc family members; however, upregulation of 

Oxr1 was not sufficient to prevent seizures altogether, Oxr1 has been shown to reduce OS, 

and is elevated at the site of oxidative injury (as seen in the SOD1G93A model of ALS), 

whereas a growing body of evidence supports a role for  Tbc1d24 in the endolysosomal 

pathway, and there is little evidence of oxidative insult in the Tbc1d24R360L disease model 

from Chapter Three. Our findings suggest that neuronal expression of a full length Oxr1 

isoform is not sufficient to functionally compensate for homozygous loss-of-function 

Tbc1d24 alleles. This points towards the functionally distinct roles of the TLDc family 

members, and supports a critical role for Tbc1d24 in mammalian survival. This is supported 

by findings in a recent cross between a knockout Ncoa7 mouse model and an Oxr1 loss-

of-function model, in which no double-null mutants were obtained, including at early 

embryonic time-points, indicating that other TLDc family members were unable to 

functionally compensate for the loss of these two genes [380]. 

The rescue of key targets on the molecular level is an interesting indication of how 

these targets affect disease progression in models of Tbc1d24 dysfunction. A trend towards 
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the reduction of c-fos in mice expressing the Oxr1Prnp/+ transgene accompanies a delay in 

onset of fatal seizures, as a possible indication of reduced neuronal excitability compared 

with Tbc1d24R360L/R360L counterparts with no expression of the Oxr1 transgene. Importantly, 

while RNA-seq analysis from the frontal cortex of Tbc1d24R360L/R360L mutants shows a 

significant upregulation of c-Fos (Chapter Three), RT-qPCR of mRNA extracted from 

whole brain does not show the same level of significance, suggesting that aberrant neuronal 

excitation and resultant seizure activity may be limited to the frontal cortex. In addition, it is 

likely that c-fos as a readout of excitability may depend on recent seizure activity [381].  

It is important also to note that, although the Prnp promoter is commonly used in mouse 

models to alter neuronal gene expression, the gene has a leaky pattern of expression and 

is also expressed in the immune system, including in hematopoietic cells [382]. This 

suggests the possibility that overexpression of Oxr1 in the mouse cross may extend to 

components of the blood, such as erythroid progenitors and platelets. Therefore, the 

observed reduction in Alas2 expression in Tbc1d24R360L/R360L mutants expressing the 

Oxr1Prnp/+ transgene may be due to increased expression of Oxr1 in erythroid progenitors, 

which may reduce oxidative stress caused by hypoxia due to the R360L mutation, ultimately 

reducing the upregulation of Alas2. This hypothesis could be tested using ISH to visualise 

expression of Oxr1 and Prnp in mouse hematopoietic cells of the bone marrow and liver. 

Electrophysiological studies of the Tbc1d24R360L mutant have shown that neurons of 

cortical layer 5 (L5) in these mutants display hyperexcitability, indicated by a lower 

excitation threshold, and random bursts of excitation consistent with epileptiform brain 

activity (Rial, D. – Oliver lab, unpublished). In addition, layer patterning defects are 

observed in cortical L5 (Chapter Three). Tbc1d24 has been identified as a binding partner 

of Ephrin-B2, the two proteins forming a complex mediated by Dishevelled during neural 

crest cell migration, and potentially playing a key role in formation of the CNS [383].  

Additionally, Tbc1d24 has been shown to interact with ADP ribosylation factor 6 (ARF6) to 

regulate neuronal migration and cortical patterning [138]. Overexpression of the Oxr1Prnp/+ 



167 

transgene leads to a near-significant decrease in expression of Contactin 3 in the 

Tbc1d24INS2 mutant, suggesting that Oxr1 overexpression may reduce the upregulation of 

Cntn3 linked with defects in neuronal migration caused by disruption in Tbc1d24.  However, 

as Oxr1 isoforms are localized in the cytosol and mitochondria [323], it is unclear whether 

overexpression of Oxr1 protein could functionally compensate for interactions between 

Tbc1d24 and membrane bound proteins such as Ephrin-B2 and ARF6, and in fact, 

expression of Cntn3 was not significantly different between Tbc1d24INS2/INS2 mice with or 

without expression of the Oxr1Prnp/+ transgene.  

The brain is a highly vascularised organ, and increased OS is associated with a 

range of haematological disorders, including haemolytic anaemia [384] and iron-deficiency 

anaemia [385]. The haematological effects of Tbc1d24 disruption have been extensively 

described in Chapter Four, including the time-point dynamics of Alas2 expression, which 

becomes dramatically upregulated between P8 – P16, coinciding with an increase in 

disease severity. Alas2 catalyses the first step of heme biosynthesis, converting glycine 

and succinyl-CoA into 5-aminolevulinic acid (ALA) in the mitochondria [386]. Upregulation 

of Alas2 in the Tbc1d24R360L/R360L mutant is likely due to lack of functional haemoglobin 

caused by disrupted iron homeostasis. Interestingly, overexpression of Oxr1 via the 

Oxr1Prnp/+ transgene was shown to prevent Alas2 upregulation in Tbc1d24R360L/R360L 

mutants, compared with Oxr1Prnp/+Tbc1d24WT/WT mice. This suggests a link between Oxr1 

and haemoglobin synthesis, despite its expression, in this case, being driven by a neuron-

selective promoter. As shown in Chapter Four, saline-perfused brains of Tbc1d24R360L/R360L 

mutants show no significant increase in expression of Alas2, confirming that increased 

Alas2 expression originates in the blood. However, haemoglobin synthesis also takes place 

in neurons; interestingly, Alas2 has been shown to be neuronally upregulated in mouse 

models of Parkinson’s disease [387] and social stress [388]. Increased ALAS2 expression 

has been identified as a survival-related marker in ALS, which has been attributed to the 

effect of Alas2 in indirectly reducing hypoxia, thereby preventing redox imbalance, 
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inflammation and metabolic dysfunction [389]. Knockdown of ALAS2 is associated with 

reduced erythroid differentiation, and downregulation of the mitophagy receptor BNIP3L 

[390]. The transgene Tg(mPrnp-Oxr1) expresses Oxr1-FL, which is endogenously localized 

in the cytosol, whereas Alas2 is functionally active in the mitochondria, therefore a direct 

interaction between the two proteins is unlikely. However, given the potential role of 

glutamate in causing seizures in the Tbc1d24 mutants, suggested in Chapter Three, 

overexpression of Oxr1 may increase glutamate uptake, either directly through functional 

compensation for Tbc1d24 or indirectly through enhanced protection against 

neuroinflammation and OS leading to increased survival. The enzyme glutamate 

dehydrogenase (GDH) converts glutamate into α-ketoglutarate, which directly enters the 

Krebs cycle, being converted into succinyl-CoA by the enzyme α-ketoglutarate 

dehydrogenase [391]. Increased glutamate availability may thus enhance mitochondrial 

metabolism, and, through increasing availability of the substrate of Alas2, may increase 

haemoglobin synthesis. Reduced serum glucose and increased lactic acid are observed in 

the Tbc1d24R360L/R360L mutant compared with wild type mice (Chapter Four), which 

indicates that aerobic metabolism is disrupted by the mutation. Overexpression of Oxr1, 

and increased uptake of glutamate, may enhance mitochondrial metabolism and therefore 

haemoglobin synthesis, which may help to prevent or delay anaemia caused by disruption 

in Tbc1d24.   

5.8.3 Concluding Remarks 

This chapter has investigated the potential for overexpression of Oxr1 as a 

neuroprotective strategy. The cell line stably expressing the dual luciferase coincidence 

reporter system is an effective tool for drug discovery, with high throughput potential, and 

has provided some early leads for compound-based upregulation of Oxr1. However, new 

genetic approaches such as CRISPRa show more promise in future therapeutics against 

neurodegeneration.   
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Breeding and characterization of a genetic cross between the epileptic mouse model 

Tbc1d24R360L and the neuroprotective overexpressor line Oxr1Prnp/+ has shed further light 

on the lack of functional redundancy of TLDc family members. Furthermore, a novel 

protective role for Oxr1 in the haematological system has been demonstrated.  
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 Discussion & Conclusion 
6.1 General summary of data 

This thesis has investigated the function and dysfunction of two key members of the 

TLDc gene family, Tbc1d24 and Oxr1. In Chapter Three, human pathogenic mutations in 

TBC1D24 were modelled in the mouse mutants Tbc1d24R360L and Tbc1d24P135L, with a 

further mouse mutant providing a complete null model, Tbc1d24INS2. Both Tbc1d24R360L and 

Tbc1d24P135L showed recurrent seizures, providing valuable preclinical tools to model 

disease phenotypes observed in patients with TBC1D24 mutations. Surprisingly, it was 

demonstrated that the R360L (within the TLDc domain) and P135L (within the TBC domain) 

mutations led to decreases in Tbc1d24 protein expression of over 90%, while mRNA 

expression was unaltered; this not only suggests that they are acting as loss-of-function 

mutations, but also that the mutations are causing post-transcriptional destabilisation of the 

Tbc1d24 protein. This finding provides insight into the genotype-phenotype correlation of 

mutations within TBC1D24, consistent with the hypothesis that epilepsy-associated 

mutations cause destabilization of the tertiary structure leading to a reduction in protein 

expression, corroborated by decreased protein expression in TBC1D24 patient fibroblasts 

[172]. In the Tbc1d24INS2 mutant, very early postnatal lethality was observed, associated 

with total loss of Tbc1d24 protein and an approximate 50% decrease in Tbc1d24 mRNA, 

supporting a crucial role for Tbc1d24 in development. In addition, some disruption of cortical 

layer patterning in the Tbc1d24INS2 mutant indicates that Tbc1d24 is required for normal 

neuronal development. This chapter also confirmed the protein-protein interaction between 

Tbc1d24 and the cytosolic V1 subunits of the vacuolar ATPase (V-ATPase). It is predicted 

that loss-of-function mutations in Tbc1d24 may influence function of the V-ATPase, 

supported by the overlapping clinical phenotypes of human TBC1D24 and V-ATPase 

pathological mutations [162] [132].  

Chapter Four explored an unexpected consequence of disrupting Tbc1d24 

expression, namely, haemolytic anaemia, as supported by blood smears of this mutant. 
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Transcriptomic analyses were performed using both Tbc1d24INS2 and Tbc1d24R360L 

mutants, identifying a dramatic upregulation in key genes related to haemoglobin 

biosynthesis, suggesting that decreased expression of Tbc1d24 leads to the deregulation 

of haemoglobin synthesis pathways. Despite superficially normal blood smears in the 

Tbc1d24R360L mutant, clinical chemistry showed increased numbers of erythrocytes but 

decreased erythrocytic volume, accompanying decreased haemoglobin concentration. 

Serum analysis in this mutant showed increased concentrations of iron and ferritin, 

suggesting disrupted iron homeostasis, and RT-qPCR confirmed alterations in iron 

homeostasis markers Transferrin receptor 1 (Tfr1) and Divalent metal transporter 1 (Dmt1). 

Increased iron staining in the Tbc1d24R360L mutant spleen indicates iron loading anaemia. 

Furthermore, splenomegaly indicates stress erythropoiesis, confirmed by flow cytometry, 

which indicated erythropoietic drive in the spleen but not in the bone marrow of the 

Tbc1d24R360L mice. The findings in this chapter demonstrate a novel role for Tbc1d24 in the 

haematological system, with a hypothesised mechanism of action involving the essential 

interaction with the V-ATPase promoting vesicle acidification and iron transport during 

haemoglobin synthesis. 

In Chapter Five, a stable cell line expressing a dual luciferase coincidence reporter 

system was successfully developed and validated for use in compound screening. A screen 

of 800 compounds was performed to identify compounds able to upregulate expression of 

the short Oxr1 isoform (Oxr1-C) through interaction with a 400 bp promoter region 

conserved between humans and mice. While compounds were identified that were able to 

upregulate Oxr1-C expression, as confirmed by RT-qPCR, these compounds were 

deduced to act upstream of the conserved promoter region, and therefore would not 

necessarily be useful as therapeutics in humans. However, the cell line shows promise for 

future use in high-throughput compound screening. CRISPR activation (CRISPRa) was 

tested as an alternative method for the targeted upregulation of Oxr1-C, and was able to 

successfully upregulate Oxr1-C up to 1.5 fold, although it was clear that increased 
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transfection efficiency would be necessary for greater upregulation. CRISPRa therefore 

shows promise for use as a future therapeutic strategy. This chapter also investigated the 

effects of in vivo upregulation of Oxr1 on mouse models of Tbc1d24 dysfunction. A cross 

was performed between the Tbc1d24R360L mutant and a mouse model expressing the 

transgene Tg(mPrnp-Oxr1), which expresses full length Oxr1 driven by a prion promoter, 

leading to increased neuronal expression of Oxr1. Offspring from the cross showed survival 

extended by up to 40% compared with the Tbc1d24R360L mutant, and deregulation of the 

haematology-related gene Alas2 was shown to be less pronounced in presence of the Oxr1 

transgene. This suggests a novel protective role for Oxr1 outside of the central nervous 

system (CNS). 

6.2 Tbc1d24 protein stability and future treatment for TBC1D24-related 
pathology 

Mouse models of epilepsy-related mutations in Tbc1d24, including the Tbc1d24R360L 

and Tbc1d24P135L lines described here, have demonstrated that neonatal seizures result 

from a significantly reduced abundance of Tbc1d24 protein expression [106]. Mice 

heterozygous for loss-of-function mutations in Tbc1d24 do not exhibit visible seizures, and 

survival is unaffected, suggesting that 50% expression of Tbc1d24 is sufficient for normal 

neurological function (see Table 3.1). Interestingly, all loss-of-function mutants of Tbc1d24 

display seizures at a similar time point, between P15 – P16, which may indicate a specific 

neurodevelopmental role for Tbc1d24. Of note, increasing expression of Tbc1d24 is 

observed in mouse hippocampal neurons extracted at E18.5 and cultured for 14 days in 

vitro, which correlates with terminal differentiation of neurons and further supports a role for 

Tbc1d24 in development [105]. To determine whether seizure activity in loss-of-function 

mutants is due only to developmental loss of Tbc1d24 expression, a new tamoxifen-

inducible knockout mouse model of Tbc1d24 has been generated so that the effect of 

temporal Tbc1d24 knockdown in adulthood can be studied. Using CRISPR, the Oliver lab 

generated a new cre-lox mouse line containing two floxed exons within the TLDc domain 

of Tbc1d24, Tbc1d24flox/flox. First, when this line was crossed with the non-inducible 
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ubiquitous cre-driver line, the offspring were shown to experience seizures from P16, 

confirming that the Tbc1d24flox/flox allele acts as a true null when recombined. The 

Tbc1d24flox/flox line was then crossed with tamoxifen-inducible ubiquitous cre line (Ubiq-cre), 

and adult (8 week) offspring from the cross were dosed with tamoxifen for 5 days. Strikingly, 

Tbc1d24flox/flox/Ubiq-cre+ mice displayed fatal seizures approximately 40 days following 

tamoxifen dosing, at which point an 80% reduction in Tbc1d24 protein expression was 

observed in the cortex by Western blot. These data therefore suggest that the epileptic 

phenotype of Tbc1d24 loss-of-function is not only as a result of disrupted prenatal neuronal 

development, and support the importance of Tbc1d24 protein dosage (Oliver lab, 

unpublished). This is consistent with the finding in mature hippocampal cell culture that 

knockdown in expression of Tbc1d24 caused a reduction in the number of excitatory 

synapses; Tbc1d24 is likely to play a role in the maintenance of mature synapses [137]. 

Tbc1d24 is known to play a role in axonal specification through enhancing membrane 

trafficking during neuronal development [135]. Although development plays a clear role in 

the pathogenesis of many epilepsies (for example, loss-of-function mutations in G protein-

coupled receptor 56 (GPR56) result in abnormal cortical lamination which causes epilepsy 

[392]) epileptic syndromes can also be adult-onset [393], and some forms of epilepsy are 

associated with aging, such as in pre-symptomatic Alzheimer’s disease, in which 

neurodegeneration can lead to epilepsy, preceding symptoms of dementia [394]. The 

inducible Tbc1d24flox/flox line may, therefore, be more useful for pharmacological screening 

of drugs to treat forms of epilepsy that are independent of disrupted development.  

 A significant clinical concern is that loss-of-function mutations, resulting in impaired 

function or expression of a protein, limit the possibility for the treatment of genetic diseases 

by application of a therapeutic compound [395]. Gain-of-function mutations can sometimes 

be targeted by drugs with inhibitory effects, for example, gain-of-function mutations in 

SCN8A, encoding the voltage gated sodium channel Nav1.6, lead to epilepsy which can be 

treated using sodium channel blockers [396]. However, loss-of-function mutations require 
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the highly complex approach of rescuing protein function - such as allosteric activation of 

an enzyme – or via gene replacement [397]. Alternatively, drugs can also be used to target 

genes with potential compensatory mechanisms; the potential for this therapeutic strategy 

to treat loss-of-function in Tbc1d24 was investigated in Chapter Five, through the in vivo 

overexpression of Oxr1 in the Tbc1d24R360L x Oxr1Prnp cross. Overexpression of Oxr1 was 

found to extend survival by up to 40% compared with the Tbc1d24R360L mouse model, 

suggesting that a compound able to upregulate Oxr1-C by targeting the conserved 400 bp 

promoter region could provide ameliorative effects to human patients with loss-of-function 

mutations in TBC1D24. However, more promising may be the potential to rescue of 

TBC1D24 expression itself. 

Recent advances in gene therapy have given hope that rare genetic diseases which 

were previously considered intractable might be successfully treated by modification with 

exogenous genetic material [398]. Genome editing approaches, such as CRISPR, enable 

precise targeting of mutated genes, or, as demonstrated in Chapter Five, activation and 

upregulation of protective genes. The first in vivo CRISPR therapy trial is currently 

underway, which aims to treat LCA10, a genetic blindness syndrome caused by an 

autosomal recessive point mutation IVS26 in the gene centrosomal protein 290 (CEP290). 

The mutation introduces a splice donor side which produces a premature stop codon, 

resulting in the production of a truncated protein product which leads to degradation of 

photoreceptors in the retina [399]. The treatment approach utilises an adeno-associated 

virus (AAV) carrying the Cas9 protein, with guide RNAs (gRNAs) targeting and excising the 

mutation in CEP290. Promising results have been observed in patient fibroblasts in vitro 

and in a CRISPR-engineered mouse model of the disease [400]. If successful, approaches 

such as this could be used in the treatment of other diseases caused by loss-of-function 

point mutations, and could be used to treat diseases caused by mutation in TBC1D24.  

CRISPRa has been used successfully to reduce chronic seizures in a kainate 

mouse model of acquired epilepsy, by transcriptionally activating expression of Kcna1, 
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which encodes the voltage gated potassium channel Kv1.1 [401]. Through increasing the 

endogenous expression of Kcna1, neuronal excitability is reduced, which is able to rescue 

seizures, and shows promise in future treatment of epilepsy. However, the mechanism for 

the loss of function of TBC1D24 is through reduction in abundance of TBC1D24 protein 

through post-transcriptional events, although further research is required to uncover the 

effect of loss-of-function mutations on protein stability. Upregulation of endogenous 

TBC1D24 through transcriptional activation would therefore not be suitable for treating 

patients with loss-of-function mutations in TBC1D24. Rather, gene replacement of wild type 

TBC1D24 would be required. Use of an adeno-associated virus (AAV) vector to deliver 

TBC1D24 mRNA may be an effective therapeutic strategy, applicable to patients with a 

variety of loss-of-function mutations, enabling prolonged expression of functional TBC1D24 

protein [402]. 

Thus, gene editing approaches show great promise for the treatment of loss-of-

function mutations, for which treatment by pharmacological therapies is challenging. 

6.3 Tbc1d24, the V-ATPase and the endolysosomal pathway 

 The interaction between Tbc1d24 and cytosolic V1 subunits of the V-ATPase was 

confirmed in Chapter Three. This finding builds upon recent evidence that suggests the 

interaction between other TLDc family proteins and the V-ATPase may be crucial, and 

disruption in these interactions are involved in disease. Proteomic analysis of mouse kidney 

lysates, published in 2015, identified Oxr1 and Ncoa7 as binding partners of the V-ATPase 

[403], where the complex plays an important role in urine acidification. Further proteomic 

analysis has since confirmed the interaction between the V-ATPase and the remainder of 

the TLDc family: Meak-7 (also known as Tldc1), Tldc2 (formerly known as C20Orf118) and 

Tbc1d24 [186]. Using site-specific mutagenesis, it was determined that the interaction 

depends on specific amino acid residues within the TLDc domain, in particular, those that 

are buried within the protein, as opposed to residues at the surface of the protein tertiary 

structure. These crucial residues were found by solubility assay to be essential for folding 
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of the TLDc domain [186]. It is thus likely that the TLDc family plays a regulatory role in V-

ATPase function. 

Significantly, cryo-EM has been applied very recently to shown in detail the 

interaction between the TLDc domain of Meak-7 and the V-ATPase, in which Meak-7 

appears to form a crosslink between the cytosolic ‘rotor’ sub-complex of the enzyme, which 

rotates following hydrolysis of ATP, and the stationary, peripheral ‘stator’ portion of the V-

ATPase, which stabilizes the enzyme complex. The crosslink interaction mediated by 

Meak-7 is predicted to inhibit rotation of the complex [404]. The TLDc domain of Meak-7 

was shown to interact with the stator of the V-ATPase, while the C-terminal α helix of Meak-

7 binds to the rotor of the V-ATPase. However, this labile interaction was shown to be easily 

displaced by ATP-induced rotation of the enzyme, indicating that Meak-7 neither enhances 

nor disrupts V-ATPase activity; rather, it was suggested Meak-7 may act as a sensor of V-

ATPase activity [404]. In contrast to this, the interaction between Oxr1p, the yeast 

orthologue of Oxr1, and the yeast V1 complex of the v-ATPase, has also been detailed 

using cryo-EM, revealing that binding of Oxr1p puts strain on the complex, promoting 

disassembly and inhibiting v-ATPase function [405]. Taken together, these two cryo-EM 

studies support the role of the TLDc family as regulators of the v-ATPase, and highlight 

potential variability among the TLDc family in the effects they exert on the complex.  

Importantly, however, the studies above lack cellular functional data to support the 

hypotheses. Related data regarding Ncoa7, not as yet studied by cryo-EM, and the V-

ATPase supported a role for this TLDc protein in promoting V-ATPase assembly; primary 

cortical neurons of a mouse model lacking all Ncoa7 isoforms showed an increase in 

lysosomal pH of up to 0.5 units, suggesting disrupted acidification [406]. A significant 

reduction in the number of lysosomes was detected in primary neurons of the Ncoa7 

knockout mouse, which could be rescued by overexpression of Ncoa7. Furthermore, 

lysosomal function was shown to be disrupted through the use of two lysosomal 

degradation assays, in which exogenous compounds are introduced to the lysosome; 
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neurons of the Ncoa7 knockout mouse showed reduced processing of these compounds 

[406]. Transmission electron microscopy (TEM) was used to investigate the functional 

consequences of lysosomal dysfunction in the Ncoa7 knockout neurons, revealing an 

increase in cytosolic granules in the neuronal soma, likely as a result of lysosomal failure 

to process material [406]. To investigate the interaction between Ncoa7 and the V-ATPase, 

subcellular fractionation was performed using protein extracted from primary cortical 

neurons of Ncoa7 knockout mice. In the membrane fraction there was found to be a 

reduction in the levels of the V1 (cytosolic) subunits Atp6v1b2 and Atp6v1a1, compared 

with wild type, suggesting that loss of Ncoa7 results in destabilization of the V-ATPase 

complex at the membrane [406]. Membrane-associated phosphoinositides (PIPs) are 

known to interact with and stabilize the V-ATPase complex [407, 408], therefore a protein-

lipid overlap assay was used to determine the interaction between Ncoa7 and PIPs, which 

revealed binding between recombinant Ncoa7 protein and a variety of PIPs, including those 

determined to be necessary for V-ATPase activity [406]. Together, these data suggest that 

Ncoa7 regulates V-ATPase function through tethering to the endolysosomal membrane to 

facilitate assembly of the complex, and thus regulate lysosomal function. 

Knockout of Ncoa7 was found to cause anxiety and social impairments in mice, 

while NCOA7 mutations are associated with autism in human patients [406]. Importantly, 

studies in Drosophila revealed a PIP-binding pocket in the TBC domain of the Tbc1d24 

orthologue, Sky, which may suggest a similar tethering function for Tbc1d24 between the 

V-ATPase and the membrane [409]. Given the severity of disease phenotypes associated

with loss-of-function in TBC1D24, it could be predicted that Tbc1d24 is a more critical, or 

ubiquitous, regulator of V-ATPase function. In order to test this hypothesis, the effects of 

Tbc1d24 disruption on endolysosomal function should be investigated using similar 

experiments as for Ncoa7, such as measurements of lysosomal acidification, and 

degradation of ectopically-applied compounds. There is a growing body of evidence for the 

role of the TLDc domain as a critical regulator of the function of the V-ATPase, although the 
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potential for overlapping function between TLDc family members remains unclear. It is 

possible that structural differences between the family, such as the TBC domain of 

Tbc1d24, enable varying strengths of interaction between the V-ATPase and the 

membrane. Interestingly, the short isoform of Ncoa7, but none of the longer isoforms, shows 

interferon-inducible expression and displays cytoplasmic staining rather than co-localizing 

with endosomal markers. This isoform of Ncoa7 was found to inhibit viral entry through 

interaction with the V-ATPase, suggesting a specific role not observed in any other TLDc 

protein [410].  

 Mutations in the V-ATPase are associated with epilepsy, while rare heritable 

disorders such as DOORS syndrome support an obvious clinical link between the V-

ATPase and the TLDc family [132] [163]. Missense mutations in ATP6V1A have been linked 

to a variety of clinical features, including epileptic encephalopathy, intellectual disability and 

neurodegeneration. Similarly to observations in Ncoa7 knockout neurons, fibroblasts from 

patients with ATP6V1A mutations show altered lysosomal pH, although a significant 

increase in pH was associated with severe disease phenotypes, while significantly 

decreased pH was observed in patients with milder disease [411]. This supports the 

hypothesis that forms of epilepsy caused by mutations in the V-ATPase are lysosomal 

disorders, in which altered lysosomal homeostasis lead to neuronal dysfunction.  

 The V-ATPase complex is vital for a great many cellular processes, including 

neuronal synaptogenesis and the endolysosomal pathway. Regulators of the V-ATPase 

support these vital functions, including through stabilization of the complex and interaction 

with lysosomal membranes, as performed by members of the TLDc family. A growing body 

of evidence supports the role of endolysosomal dysfunction in neurological diseases, such 

as epilepsy [412], giving urgency to the need for further research into the interaction 

between the V-ATPase and the TLDc family.  
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6.4 The overlapping aetiologies of anaemia and epilepsy 

This thesis has provided evidence for a novel role for Tbc1d24 in the haematological 

system, and described the haematological consequences of disruption in Tbc1d24 

expression. The severe haemolytic phenotype of the Tbc1d24INS2/INS2 mouse is likely to be 

incompatible with life, as the low proportion of viable RBCs visible on peripheral blood 

smears indicates low capacity for oxygen transport. As shown by transcriptomics of this 

mutant, upregulated genes indicate erythropoietic drive and a switch towards anaerobic 

methods of ATP generation, which occurs under hypoxic conditions.  The Nan model of 

haemolytic anaemia is embryonic lethal in homozygous mice, with pallor and persistent 

haemolysis, indicating that severe haemolysis is incompatible with life [413]. Iron-loading 

anaemia indicated in the Tbc1d24R360L/R360L mutant may exacerbate neurological 

dysfunction; iron accumulation in the brain is also associated with neurological disorders, 

as observed in aceruloplasminemia, in which cellular iron retention leads to oxidative 

damage, causing neurodegeneration and anaemia [414]. 

Interestingly, haematological changes including anaemia and platelet defects have 

been reported in patients with mutations in TBC1D24, comorbid with epilepsy (personnel 

communication, Prof. S. Sisodiya, UCL Institute of Neurology). Furthermore, microcytic 

anaemia was reported in a patient with DOORS syndrome caused by mutation in TBC1D24 

[415]. However, RNA-Seq analysis of the inducible knockout mouse model of Tbc1d24 (see 

6.2, above) shows no immediate haematological changes, suggesting that the anaemia in 

the Tbc1d24R360L/R360L mutant does not cause the seizures observed. In a recent study, 

CRISPR-Cas9 genetic screening was used to identify pathways sensitive to lysosomal pH, 

revealing that alteration of pH causes disruption of cellular iron uptake and depletion of 

intracellular iron, preventing cell proliferation, although this can be rescued by 

supplementation with iron [416]. In addition, a cell line conditionally deficient for the V-

ATPase subunit ATP6V0C was found to stop proliferating when ATP6V0C was lost, which 
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was again rescued by iron supplementation [416]. Lysosomal acidification, mediated by the 

V-ATPase, is therefore essential for normal iron homeostasis.

Therefore, it is likely that defective endolysosomal trafficking caused by mutations 

in Tbc1d24 results in both disrupted neuronal function and haemoglobin synthesis. The 

mechanism proposed above - that association between Tbc1d24 and the V-ATPase is 

required for vesicle acidification - also applies to erythroblasts, where the association is 

necessary for iron to be released from transferrin and to associate with heme to produce 

functional haemoglobin. In order to test this hypothesis, iron uptake could be measured 

using the radioactive isotope 59Fe to label endosomes of Tbc1d24INS2 primary cultures, 

followed by measurements of 59Fe-labelled heme, to determine incorporation of iron into 

heme in the presence or absence of Tbc1d24 [302]. 

Iron deficiency anaemia has been linked to seizures, with decreased haemoglobin 

levels measured in children who had experienced a first attack seizure compared to those 

who had not, suggesting that iron status can be a risk factor for seizures [417]. Abnormal 

iron metabolism is associated with epilepsy. Iron overload has been shown to cause 

epilepsy following haemorrhagic stroke, which can be modelled in rodents through injection 

with iron (III) chloride into the cerebral cortex, leading to recurrent seizures [418]. Epilepsy 

is also more than twice as common in patients with sickle cell anaemia, which may be 

related to disrupted blood supply to the brain [419]. Anaemia is a commonly reported side 

effect of anti-seizure medications (ASMs), which can be caused, for example, by toxicity of 

the ASM affecting bone marrow cells, and disrupting erythropoiesis, or by direct interaction 

between ASMs and erythrocyte membrane resulting in haemolysis [420]. Further research 

is needed to understand the overlap between epilepsy and haematological dysfunction, 

which is necessary to avoid anaemic side effects of ASMs and improve quality of life for 

patients with epilepsy. 
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6.5 Glutamate, epilepsy and the V-ATPase 
On-going studies in the Oliver group suggest that the epileptic phenotype of the 

Tbc1d24R360L/R360L mutant is causally related to the functionality or synaptic availability of 

Glt-1, a glutamate transporter predominantly expressed in astrocytes, termed EAAT2 in 

humans [421]. As introduced in Chapter Three, electrophysiological data from both single-

cell (Figure 6.1A, below) and local field potential (Figure 6.1B) recordings of L5 cortical 

neurons at P16 show early saturation of Glt-1 in Tbc1d24R360L/R360L animals compared with 

Tbc1d24+/+ when the Glt-1 blocker DL-threo-beta-Benzyloxyaspartate (DL-TBOA) is applied 

(Rial, D. – Oliver lab, unpublished). These data may be indicative of reduced expression of 

Glt-1 in the mutant cortex, which was confirmed subsequently by Western blot (Soares, T. 

– Oliver lab, unpublished). Together, these data indicate that the epileptic phenotype of the 

Tbc1d24R360L/R360L mutant may in part originate from, or be exacerbated by, aberrant 

glutamate clearance, likely in astrocytes. To support this hypothesis, the conditional 

Tbc1d24 line has been crossed with a cre-driver line expressing specifically in 

calcium/calmodulin dependent protein kinase II α- (CamKIIα) Cre positive neurons in the 

forebrain [422]. The CamKIIα promoter is known to cause specific expression in 

glutamatergic, excitatory neurons, although recent studies have demonstrated expression 

of CamKIIα in GABAergic, inhibitory neurons [423] [424]. Interestingly, mice homozygous 

for the floxed allele show no visible seizure activity, c-fos induction by RT-qPCR or a 

reduction in lifespan (Oliver lab, unpublished). These data suggest that loss of Tbc1d24 

functionality in non-neuronal cells is a key feature of seizures in the mouse. Tbc1d24 is 

expressed in both neurons and astrocytes, although neuronal expression of TBC1D24 is 

higher than that of astrocytes in both humans and mice, shown by search of the single-cell 
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RNASeq data base Brain RNA-Seq [425] [426]. Therefore Tbc1d24 may play important 

functional roles, as described, in both neurons and astrocytes.  

Mice homozygous for the knockout of Glt-1 exhibit spontaneous seizures and early 

death, similarly to mouse models of Tbc1d24 dysfunction [427]. However, conditional 

deletion of Glt-1 in either astrocytes or neurons produces very different phenotypes in 

mouse models; deletion of Glt-1 in astrocytes led to seizures, reduced body weight and 

early mortality in homozygous mice, whereas neuronal deletion of Glt-1 did not affect 

survival or weight, or produce seizures in the mice, but did produce a 40% reduction in 

glutamate uptake at the synapse [428]. Crucially, downregulation of synaptosomal Glt-1 

has been observed during epileptogenesis, suggesting that insufficient glutamate clearance 

contributes to the pathology of epilepsy. In an induced epilepsy mouse, the 

intrahippocampal kainic acid (IHKA) model, significant downregulation of Glt-1 was 

measured 7 days post injection with kainic acid, corresponding with the onset of 

spontaneous seizures [429]. Furthermore, Glt-1 has been shown in astrocytes to co-

compartmentalise with hexokinase-1 (the first enzyme in the glycolytic pathway), 

suggesting a spatial and mechanistic link between glutamate transport and glycolytic 

Figure 6.1 Electrophysiological recordings show hyperexcitability and increased saturation 
of Glt-1 in the Tbc1d24R360L/R360L mutant. Single cell recordings (A) and local field potential 
recordings (B) of layer 5 cortical neurons show increased baseline spike frequency in 
Tbc1d24R360L/R360L (HOM) compared with Tbc1d24+/+ (WT). Application of the Glt-1 blocker DL-threo-
beta-Benzyloxyaspartate (DL-TBOA) showed supramaximal saturation in Tbc1d24R360L/R360L neurons 
at 3 µM, compared with 10 µM in Tbc1d24+/+ neurons, indicating lower expression of Glt-1 in the 
Tbc1d24R360L/R360L mutant. (Data from Rial, D., Oliver lab, unpublished). 
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metabolism [430]. As shown by transcriptomics in the Tbc1d24INS2 mutant and serum 

analysis in the Tbc1d24R360L mutant, knockdown in Tbc1d24 expression is associated with 

a switch towards glycolysis. 

Reduced synaptosomal Glt-1 expression in the Tbc1d24R360L mutant may result in 

a seizure phenotype that originates from the astrocytes, although importantly, a mouse 

model of conditional astrocytic deletion of Glt-1 led to a mortality rate of 50% by 23 weeks 

of age, while Tbc1d24R360L/R360L mice experienced fatal seizures from P18 (license 

restrictions prevented a longitudinal survival study). Endolysosomal defects due to 

pathogenic mutations in Tbc1d24 may explain the phenotypic severity of neurological 

dysfunction observed in the Tbc1d24R360L and Tbc1d24P135L mouse models. The vesicular 

glutamate transporter, VGLUT, is responsible for refilling synaptic vesicles with glutamate, 

requiring an electrochemical gradient established by the V-ATPase to exchange glutamate 

for protons [431]. This process takes place both in neurons and in astrocytes; astrocytic 

recycling of glutamate from the synaptic cleft following uptake by Glt-1 is dependent on 

uptake into SVs by VGLUT [432]. Disruption of the electrochemical gradient required for 

VGLUT to function may result in an increase in intracellular glutamate within the astrocytes, 

which may also indirectly lead to downregulation of Glt-1 to prevent further glutamate 

uptake. However, a decrease in Glt-1 expression would likely result in the detrimental 

accumulation of glutamate in the synaptic cleft, and eventual excitotoxicity. The proposed 

mechanism for disrupted glutamate homeostasis caused by loss-of-function in TBC1D24 is 

depicted in Figure 6.2. 

Interestingly, Glt-1 has been shown to be downregulated in a mouse model of Lafora 

disease, which is a fatal disorder characterized by epilepsy and neurodegeneration, with 

two known causative genes which encode laforin, a phosphatase, and malin, a ubiquitin 

ligase. Laforin and malin together form a laforin/malin complex. It was demonstrated that 

loss of expression of either gene results in decreased glutamate uptake in the astrocytes, 

while upregulation of laforin or malin expression was shown to prevent ubiquitination-
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Figure 6.2 – The interaction between TBC1D24 and the V-ATPase is required for 
glutamate homeostasis between neurons and astrocytes. Proposed mechanism for epilepsy 
observed as a result of loss-of-function mutations in TBC1D24 (for simplicity, the glutamate-
glutamine cycle is not depicted). (Top) Glutamate is concentrated into synaptic vesicles by 
VGLUT, requiring an electrochemical gradient generated by the V-ATPase. TBC1D24 interacts 
with the V-ATPase to enhance acidification of vesicles. Glutamate is released from synaptic 
vesicles of excitatory neurons through calcium-mediated exocytosis. Glutamate crosses the 
synaptic cleft to bind to postsynaptic glutamate receptors such as AMPAR and NMDAR, inducing 
calcium influx and signal transduction in the postsynaptic neuron. Astrocytes are responsible for 
the bulk of glutamate clearance from the synaptic cleft through EAAT-2 (Glt-1 in mice). Glutamate 
is concentrated into vesicles for calcium-mediated exocytosis from astrocytes, to be released to 
neurons for recycling. EAAT-2 is delivered to the astrocytic membrane through the endosomal 
pathway, involving the V-ATPase. (Bottom) In the absence of TBC1D24, vesicle acidification is 
reduced. In astrocytes this prevents concentration of glutamate into vesicles, leading to build up 
of glutamate in astrocytes and downregulation of EAAT-2 expression, resulting in an excess of 
glutamate in the synaptic cleft, which leads to hyperexcitability of postsynaptic neurons, and 
eventual excitotoxicity. Created with Biorender.com. 
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that the laforin/malin complex delays endocytosis of Glt-1 by mediating ubiquitination, and 

that disruption of laforin or malin expression caused deleterious alteration of Glt-1 

homeostasis, leading to Lafora disease [434]. Therefore, endolysosomal dysfunction may 

similarly affect Glt-1 expression in loss-of-function mutations of Tbc1d24. 

 Increased survival observed in the offspring from the Tbc1d24R360L/R360L x Oxr1Prnp/+ 

cross introduced in Chapter Five may be explained by increased neuronal glutamate 

uptake due to overexpression of Oxr1, either by functionally compensating for loss of 

Tbc1d24 or by generally increasing neuronal survival through resisting OS and 

neuroinflammation.  This hypothesis could be tested using microdialysis to measure 

glutamate uptake in cortical sections of mice expressing the transgene Tg(mPrnp-Oxr1) 

compared with wild type mice [435].  Increased neuronal uptake of glutamate may reduce 

hyperexcitability and excitotoxicity [436]. However, as the majority of Glt-1 expression, and 

glutamate clearance, occurs in astrocytes, neuronal expression of Oxr1 does not prevent 

seizures or early mortality. 

6.6 OXR1 as a future therapeutic target 

Oxr1 has been shown both in vitro [310] and in vivo [125] to protect against oxidative 

stress and provide neuroprotection. In Chapter Five, the potential for the neuroprotective 

mechanisms of Oxr1 to be harnessed therapeutically was investigated in a small compound 

screen. Although the compounds which were identified to increase expression of Oxr1 were 

determined to be unsuitable for translational use, the stable cell line generated has high 

throughput potential, and testing of further libraries may yield more promising compounds. 

Screens for compounds which achieve upregulation of a target gene through interaction 

with an endogenous promoter have shown successes, such as screens for overexpression 

of the dystrophin paralogue utrophin for the treatment of Duchenne muscular dystrophy 

(DMD), which have identified several therapeutic candidates able to act on the utrophin 

promoter [437]. This particular approach relies of the availability of a suitable paralogue, as 
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overexpression of dystrophin itself has been shown to elicit a strong immune response, 

limiting its therapeutic potential [438].  

 However, a more reliable treatment option may be through gene therapy, as discussed 

above in the context of therapeutic options for loss-of-function mutations. CRISPR 

activation of OXR1 in order to upregulate OXR1 may be a more promising therapeutic 

strategy. Furthermore, gene therapy can be applied to other members of the TLDc family 

for therapeutic purposes. In vivo, subretinal injection of AAV-packaged hOXR1 has been 

shown to be neuroprotective in a mouse model of retinopathy, improving photoreceptor 

function and delaying retinal degeneration [309].  In vitro expression of NCOA7 has been 

shown to inhibit viral entry, by preventing fusion of the viral membrane with the endosome, 

and enhancing vesicle acidification, through its interaction with the V-ATPase [410]. This 

mechanism could be harnessed therapeutically, to enhance immune regulation of the 

endolysosomal pathway in viral infection. Thus, TLDc proteins present a variety of useful 

mechanisms that may give promise for their application as therapeutics.  

6.7 Conclusion 

This thesis has investigated the TLDc family in the context of neurological and 

haematological dysfunction, and therapeutic strategies of neuroprotection. Key findings of 

this thesis are that loss-of-function mutations in Tbc1d24 result in severe neurological 

phenotypes including seizures, thus Tbc1d24 is necessary for normal neuronal function, 

and that loss of Tbc1d24 expression, unexpectedly, also leads to haematological 

dysfunction and disrupted iron homeostasis. Importantly, this is the first work to uncover a 

role for Tbc1d24 in the haematological system, and a link between mutations in Tbc1d24 

and anaemia. Findings of this thesis support a key interaction between Tbc1d24 and the V-

ATPase, suggesting disease mechanisms for both epilepsy and anaemia involving the 

disruption of this interaction. Finally, a therapeutic strategy involving the upregulation of 

Oxr1 has been examined, and a cell line suitable for future compound screening has been 

established. It is hoped that this thesis will contribute to a deeper understanding of the roles 
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of the TLDc family mediated through their varied interactions with the V-ATPase, which 

have been shown to play vital roles within many biological pathways. Furthermore, that the 

preclinical tools generated will help to define new therapeutic interventions to prevent 

severe neurological disease caused by TBC1D24 mutations. 
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 Appendices 
 

Table 7.1 Genes identified as differentially expressed in the Tbc1d24INS2/INS2 mutant cortex, 
determined by RNA-Seq. Table shows all genes with false discovery rate adjusted P values (FDRs) 
< 0.01, to a total of 26 genes. 

Gene Gene Name logFC FC P Value FDR 

Tbc1d24 TBC1 Domain Family Member 24 -0.77483 0.584459 5.54E-88 6.70E-84 

Alas2 δ-Aminolevulinate Synthase 2 1.560295 2.949142 7.98E-32 4.83E-28 

Tent5c Terminal Nucleotidyltransferase 5C 1.311316 2.481677 1.03E-17 3.22E-14 

Slc16a3 Solute Carrier Family 16 Member 3  
(aka Monocarboxylic Acid Transporter 4, MCT4) 

1.097702 2.140136 1.07E-17 3.22E-14 

Hbb-bt Haemoglobin beta adult t chain  1.265436 2.403999 2.54E-14 6.15E-11 

Hbb-bs Haemoglobin beta adult s chain  0.961118 1.946819 2.17E-12 4.38E-09 

Slc40a1 Ferroportin 0.663842 1.584296 5.17E-11 8.93E-08 

Hmox1 Heme Oxgenase 1 1.238909 2.360201 8.93E-10 1.35E-06 

Eno1 Enolase 1 0.237502 1.17895 4.65E-09 6.25E-06 

Ldha Lactate Dehydrogenase A 0.276954 1.211634 2.19E-08 2.65E-05 

Pfkl Phosphofructokinase, liver type 0.223179 1.167303 4.22E-08 4.50E-05 

Gpi1 Glucose-6-Phosphate Isomerase 0.347329 1.272203 4.47E-08 4.50E-05 

Gja4 Gap Junction Protein Alpha 4 0.505682 1.419794 1.60E-07 0.000148 

Hba-a1 Haemoglobin alpha, adult chain 1 0.847253 1.799072 2.02E-07 0.000174 

Bnip3 BCL2 Interacting Protein 3 0.317599 1.246255 2.44E-07 0.000196 

Ube2l6 Ubiquitin Conjugating Enzyme E2 L6 0.550868 1.464966 2.61E-07 0.000198 

Vegfa Vascular Endothelial Growth Factor A 0.34648 1.271455 3.63E-07 0.000258 

Hba-a2 Haemoglobin alpha, adult chain 2 0.802149 1.743697 1.23E-06 0.000829 

Ecm1 Extracellular Matrix Protein 1 0.397456 1.317184 1.53E-06 0.000973 

P4ha1 Prolyl 4-Hydroxylase Subunit Alpha 1 0.267398 1.203635 1.94E-06 0.00113 
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Gm42047 Predicted gene, 42047 0.608484 1.524656 1.96E-06 0.00113 

Vwf Von Willebrand Factor 0.314654 1.243713 3.09E-06 0.001696 

Pdk1 Pyruvate Dehydrogenase Kinase 1 0.27363 1.208846 3.33E-06 0.001749 

Slc17a7 Solute Carrier Family 17 Member 7  
(aka Vesicular Glutamate Transporter 1, GLUT1) 

-0.3178 0.802293 4.06E-06 0.002047 

Tpi1 Triosephosphate Isomerase 1 0.22626 1.169798 7.39E-06 0.003573 

Ucp2 Uncoupling Protein 2 (Mitochondrial, Proton 
Carrier) 

0.303827 1.234415 1.63E-05 0.007558 

 

Table 7.2 Genes identified as differentially expressed in the Tbc1d24R360L/R360L mutant cortex, 
determined by RNA-Seq. Table shows all genes with false discovery rate adjusted P values (FDRs) 
< 0.01, to a total of 150 genes. 

Gene Gene Name logFC FC P Value FDR 

Tmem181b-ps Transmembrane Protein 181B, Pseudogene 0.898061 1.863559 1.04E-27 1.23E-23 

Hbb-bt Haemoglobin beta adult t chain  1.747814 3.358494 1.59E-17 9.39E-14 

Hba-a1 Haemoglobin alpha, adult chain 1 1.468531 2.767399 1.75E-16 6.86E-13 

Hba-a2 Haemoglobin alpha, adult chain 2 1.529503 2.886864 2.78E-16 8.20E-13 

Fkbp5 FK506 Binding Protein 5 -0.69692 0.616887 4.50E-16 1.06E-12 

Hif3a Hypoxia Inducible Factor 3, alpha subunit -0.57438 0.671573 1.15E-15 2.27E-12 

Arc Activity Regulated Cytoskeletal-Associated 
Protein 

2.122747 4.355224 1.38E-15 2.33E-12 

Alas2 δ-Aminolevulinate Synthase 2 1.578446 2.98648 2.27E-13 3.35E-10 

Zbtb16  Zinc Finger and BTB Domain Containing 16 -0.6347 0.644077 7.02E-13 9.20E-10 

Klf10 Kruppel-like factor 10 0.831153 1.779107 1.25E-12 1.48E-09 

Arl4d ADP-ribosylation factor-like 4D 1.022322 2.031185 1.70E-12 1.82E-09 

Ptgds Prostaglandin D2 Synthase (brain) -0.83897 0.559044 2.96E-11 2.91E-08 

Tfrc Transferrin Receptor -0.43703 0.738656 7.73E-11 7.02E-08 

Hbb-bs Haemoglobin beta adult s chain  1.391524 2.623557 1.28E-10 1.08E-07 

Stra6 Stimulated By Retinoic Acid Gene 6 -0.5797 0.669104 1.78E-10 1.40E-07 
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Kcnj2 Potassium Inwardly-Rectifying Channel, 
Subfamily J, Member 2 

-0.71284 0.610116 2.38E-10 1.76E-07 

Ier5l Immediate Early Response 5-like 0.71186 1.637914 4.35E-10 3.02E-07 

Junb Jun B Proto-Oncogene 1.26917 2.410229 3.00E-09 1.96E-06 

Slc13a4 Solute Carrier Family 13 (Sodium/Sulfate 
symporters), Member 4 

-0.7148 0.609288 7.72E-09 4.79E-06 

Nab2 Ngfi-A Binding Protein 2 0.554561 1.468721 1.53E-08 9.03E-06 

Zfp143 Zinc Finger Protein 143 -0.39919 0.758285 2.64E-08 1.48E-05 

Nrde2 Nrde-2 Necessary for RNA Interference, Domain 
Containing 

-0.40948 0.752897 2.82E-08 1.51E-05 

Pprc1 Peroxisome Proliferative Activated Receptor, 
Gamma, Coactivator-related 1 

0.332572 1.259256 5.17E-08 2.65E-05 

Clk1 CDC-like Kinase 1 0.479766 1.394518 6.56E-08 3.22E-05 

Fos FBJ Osteosarcoma Oncogene 1.489406 2.807734 7.38E-08 3.48E-05 

Smim3 Small Integral Membrane Protein 3 -0.3899 0.763184 9.29E-08 4.22E-05 

Ppp2r1b Protein Phosphatase 2, Regulatory Subunit A, 
Beta 

0.409672 1.328384 1.02E-07 4.45E-05 

Tnfrsf19 Tumor Necrosis Factor Receptor Superfamily, 
Member 19 

0.3069 1.237046 1.11E-07 4.53E-05 

Islr Immunoglobulin Superfamily Containing Leucine-
Rich Repeat 

-0.43951 0.737385 1.11E-07 4.53E-05 

Dlc1 Deleted in Liver Cancer 1 0.286784 1.219918 1.29E-07 5.09E-05 

Fmod Fibromodulin -0.65358 0.635701 1.49E-07 5.67E-05 

Irf2bpl Interferon Regulatory Factor 2 Binding Protein-
like 

0.282683 1.216455 1.62E-07 5.96E-05 

Zfp867 Zinc Finger Protein 867 -0.4834 0.715291 1.72E-07 6.13E-05 

Kdm6b KDM1 Lysine (K)-Specific Demethylase 6B 0.392856 1.31299 1.80E-07 6.16E-05 

Ier2 Immediate Early Response 2 1.118003 2.170463 1.87E-07 6.16E-05 

Cep192 Centrosomal Protein 192 0.343681 1.26899 1.88E-07 6.16E-05 

Nt5e 5' Nucleotidase, Ecto  -0.46733 0.723304 1.95E-07 6.23E-05 

Frmpd1 FERM and PDZ Domain Containing 1 -0.34844 0.785434 2.02E-07 6.28E-05 

Slc13a3 Solute Carrier Family 13 (Sodium-Dependent 
Dicarboxylate Transporter), Member 3 

-0.40065 0.757515 2.25E-07 6.82E-05 
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Gm43843 Predicted Gene 43843 0.358496 1.282088 2.90E-07 8.56E-05 

Ushbp1 USH1 Protein Network Component Harmonin 
Binding Protein 1  

0.356283 1.280124 4.02E-07 0.000115 

Rnf213 Ring Finger Protein 213 0.515815 1.429802 4.08E-07 0.000115 

Mcl1 Myeloid Cell Leukemia Sequence 1 0.264149 1.200927 4.26E-07 0.000117 

Cited4 Cbp/p300-Interacting Transactivator, with 
Glu/Asp-rich Carboxy-terminal Domain, 4 

-0.39304 0.761524 4.40E-07 0.000118 

Clk4 CDC Like Kinase 4 0.374892 1.296742 4.71E-07 0.000123 

Dact1 Dishevelled-Binding Antagonist of Beta-Catenin 
1 

0.420702 1.338579 5.75E-07 0.000147 

Sik1 Salt Inducible Kinase 1 1.114511 2.165217 9.32E-07 0.000234 

Lyst Lysosomal Trafficking Regulator -0.24898 0.841489 9.84E-07 0.000242 

Insig1 Insulin Induced Gene 1 0.229739 1.172623 1.14E-06 0.000274 

Lrfn2 Leucine Rich Repeat and Fibronectin Type III 
Domain Containing 2 

-0.32157 0.800199 1.26E-06 0.000296 

Zfp658 Zinc Finger Protein 658 0.5079 1.421979 1.29E-06 0.000296 

Igfbp3 Insulin-like Growth Factor Binding Protein 3 -0.44823 0.732942 1.31E-06 0.000296 

Tnfrsf25 Tumor Necrosis Factor Receptor Superfamily, 
Member 25 

0.95768 1.942184 1.35E-06 0.0003 

Egr4 Early Growth Response 4 0.63949 1.557778 1.38E-06 0.000302 

Lef1 Lymphoid Enhancer Binding Factor 1 0.458089 1.373721 1.50E-06 0.00032 

Btg2 BTG Anti-Proliferation Factor 2 1.382051 2.606387 1.52E-06 0.00032 

Arid3b AT Rich Interactive Domain 3B (BRIGHT-like) 0.561458 1.47576 2.03E-06 0.000417 

Fam43b Family With Sequence Similarity 43, Member B 0.290369 1.222953 2.05E-06 0.000417 

Egr2 Early Growth Response 2  1.673105 3.189002 2.20E-06 0.000439 

Trib1 Tribbles Pseudokinase 1 0.740566 1.670831 2.28E-06 0.000445 

Kdr Kinase Insert Domain Protein Receptor  0.326421 1.253899 2.30E-06 0.000445 

Bend5 BEN Domain Containing 5  -0.45595 0.729028 2.52E-06 0.00048 

Fosb FBJ Osteosarcoma Oncogene B 1.267241 2.407009 2.57E-06 0.000482 
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Csmd2 CUB and Sushi Multiple Domains 2 0.206249 1.153685 2.61E-06 0.000482 

Nr4a1 Nuclear Receptor Subfamily 4, Group A, Member 
1 

1.066002 2.093624 2.88E-06 0.000523 

Dusp1 Dual Specificity Phosphatase 1 1.127955 2.185487 4.00E-06 0.000715 

Pnpla2 Patatin-like Phospholipase Domain Containing 2 -0.33662 0.791894 4.14E-06 0.00073 

Rcor2 REST Corepressor 2 0.343113 1.268491 4.35E-06 0.000746 

Slc7a5 Solute Carrier Family 7 (Cationic Amino Acid 
Transporter, y+ System), Member 5 

-0.27067 0.828934 4.36E-06 0.000746 

Prkd2 Protein Kinase D2 0.486165 1.400716 5.09E-06 0.000848 

Cep250 Centrosomal Protein 250 0.233906 1.176014 5.10E-06 0.000848 

Cttnbp2 Cortactin Binding Protein 2 0.185868 1.137501 5.38E-06 0.000882 

Jun Jun Proto-oncogene 0.360075 1.283493 5.54E-06 0.000895 

Pik3r3 Phosphoinositide-3-kinase Regulatory Subunit 3 0.263627 1.200493 5.78E-06 0.000915 

Ism1 Isthmin 1, Angiogenesis Inhibitor -0.48444 0.714773 5.82E-06 0.000915 

Ccnd2 Cyclin D2 0.213868 1.159794 5.90E-06 0.000916 

Bcorl1 BCL6 Co-repressor-like 1 0.300196 1.231312 6.26E-06 0.000959 

Apold1 Apolipoprotein L Domain Containing 1 1.007717 2.010727 7.48E-06 0.001129 

Jdp2 Jun Dimerization Protein 2 -0.31719 0.802632 7.56E-06 0.001129 

Megf6 Multiple EGF-Like-Domains 6 -0.35927 0.779556 8.06E-06 0.001175 

Vegfa Vascular Endothelial Growth Factor A  0.21432 1.160157 8.07E-06 0.001175 

Stk40 Serine/Threonine Kinase 40 0.360383 1.283766 8.24E-06 0.001185 

Cckbr Cholecystokinin B Receptor 0.237827 1.179215 8.39E-06 0.001192 

Plk3 Polo Like Kinase 3 0.343196 1.268564 8.75E-06 0.001222 

Phf13 PHD Finger Protein 13 0.335958 1.262215 8.81E-06 0.001222 

Adamts1 A Disintegrin-like and Metallopeptidase 
(Reprolysin Type) with Thrombospondin type 1 
Motif, 1 

0.885896 1.847912 9.07E-06 0.001232 

1700016P03Rik RIKEN cDNA 1700016P03 Gene 1.242018 2.365291 9.12E-06 0.001232 
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Per1 Period Circadian Clock 1 0.502167 1.41634 9.19E-06 0.001232 

C730002L08Rik RIKEN cDNA C730002L08 gene  -0.48324 0.715369 9.55E-06 0.001266 

Tmem267 Transmembrane Protein 267 -0.58507 0.666615 1.07E-05 0.001404 

Bhlhe40 Basic helix-loop-helix Family, Member E40 0.574617 1.489282 1.27E-05 0.001646 

Nr2e1 Nuclear Receptor Subfamily 2, Group E, Member 
1 

0.337283 1.263375 1.32E-05 0.001692 

Kdm2a Lysine (K)-Specific Demethylase 2A 0.17597 1.129724 1.35E-05 0.001711 

Egr1 Early Growth Response 1 0.611484 1.52783 1.38E-05 0.001722 

Lmna Lamin A 0.249598 1.188876 1.39E-05 0.001722 

Dusp6 Dual Specificity Phosphatase 6 0.503357 1.417508 1.43E-05 0.001759 

Rilpl2 Rab Interacting Lysosomal Protein-like 2 0.265472 1.202029 1.97E-05 0.002385 

Zcchc2 Zinc Finger, CCHC Domain Containing 2 0.222259 1.166559 2.00E-05 0.002385 

Zkscan3 Zinc Finger With KRAB and SCAN Domains 3 0.304705 1.235166 2.00E-05 0.002385 

Id2 Inhibitor of DNA Binding 2 -0.21729 0.86018 2.12E-05 0.002482 

Mecom MDS1 and EVI1 complex locus 0.457998 1.373634 2.13E-05 0.002482 

Cobll1 Cobl-like 1 0.368309 1.290839 2.23E-05 0.002575 

Rexo1 REX1, RNA Exonuclease 1 -0.17335 0.886782 2.37E-05 0.002693 

Tbc1d2 TBC1 Domain Family, Member 2 0.421753 1.339554 2.37E-05 0.002693 

Fam13c Family With Sequence Similarity 13, Member C 0.251924 1.190794 2.55E-05 0.002867 

Dnajb5 DnaJ Heat Shock Protein Family (Hsp40) 
Member B5 

0.316391 1.245212 2.58E-05 0.002872 

Skp2 S-Phase Kinase-Associated Protein 2 0.332696 1.259365 2.99E-05 0.003295 

Tshz2 Teashirt Zinc Finger Family Member 2 -0.52666 0.694162 3.06E-05 0.003339 

Inpp5d Inositol Polyphosphate-5-Phosphatase D -0.21967 0.858763 3.40E-05 0.003679 

Itpkc Inositol 1,4,5-Trisphosphate 3-Kinase C 0.384988 1.305849 3.66E-05 0.003893 

Dcn Decorin -0.44719 0.733471 3.66E-05 0.003893 
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Aebp1 AE Binding Protein 1 -0.58316 0.667498 4.04E-05 0.00426 

Yeats2 YEATS Domain Containing 2 0.193854 1.143815 4.15E-05 0.00433 

Ccn1 Cellular Communication Network Factor 1 2.18851 4.558346 4.47E-05 0.004569 

Nr4a3 Nuclear Receptor Subfamily 4, Group A, Member 
3 

0.584327 1.499339 4.49E-05 0.004569 

Il10ra Interleukin 10 Receptor, Alpha 0.512137 1.426161 4.49E-05 0.004569 

Traf5 TNF Receptor-Associated Factor 5 0.436124 1.352964 4.78E-05 0.004822 

Sox2 SRY (sex determining region Y)-Box 2 0.230785 1.173473 5.02E-05 0.005019 

Marchf11 Membrane Associated Ring-CH-type Finger 11 0.435991 1.35284 5.14E-05 0.005094 

Ankrd34c Ankyrin Repeat Domain 34C -0.37657 0.770268 5.35E-05 0.005261 

Ttr Transthyretin -1.88269 0.271178 5.62E-05 0.00548 

Nes Nestin 0.421046 1.338898 5.85E-05 0.005661 

Stac3 SH3 and Cysteine Rich Domain 3 0.478331 1.393131 6.28E-05 0.006022 

Slc22a6 Solute Carrier Family 22 (Organic Anion 
Transporter), Member 6 

-0.4106 0.752313 6.53E-05 0.006213 

Maml3 Mastermind Like Transcriptional Coactivator 3 -0.31715 0.802652 6.62E-05 0.006247 

Sesn1 Sestrin 1 -0.19632 0.872775 6.87E-05 0.00643 

Ier5 Immediate Early Response 5  0.40375 1.322942 7.05E-05 0.006545 

Sp2 Sp2 Transcription Factor -0.31272 0.805122 7.23E-05 0.006647 

Zfp579 Zinc Finger Protein 579 0.267168 1.203443 7.27E-05 0.006647 

Nrros Negative Regulator of Reactive Oxygen Species -0.34139 0.789279 7.40E-05 0.006711 

Mbd4 Methyl-CpG Binding Domain Protein 4 0.281835 1.21574 7.54E-05 0.006793 

Ace Angiotensin I Converting Enzyme (Peptidyl-
Dipeptidase A) 1 

-0.38393 0.766349 7.68E-05 0.00686 

Lfng LFNG O-fucosylpeptide 3-beta-N-
acetylglucosaminyltransferase 

-0.23635 0.848892 7.89E-05 0.006995 

Sema6d Sema Domain, Transmembrane Domain (TM), 
and Cytoplasmic Domain, (Semaphorin) 6D 

0.203531 1.151513 8.12E-05 0.007148 

Smad7 SMAD Family Member 7 0.319506 1.247903 8.30E-05 0.007222 
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Mxd1 MAX Dimerization Protein 1 0.202215 1.150463 8.33E-05 0.007222 

Csrnp1 Cysteine-Serine-Rich Nuclear Protein 1 0.683476 1.606004 8.75E-05 0.007536 

Gramd2 GRAM Domain Containing 2 0.261287 1.198547 9.11E-05 0.007734 

Erf Ets2 Repressor Factor 0.205834 1.153353 9.11E-05 0.007734 

Fgfr3 Fibroblast Growth Factor Receptor 3 -0.21975 0.858712 9.65E-05 0.008129 

Nemp2 Nuclear Envelope Integral Membrane Protein 2 -0.31804 0.802161 0.000103 0.008641 

Bmp2k BMP2 Inducible Kinase 0.281723 1.215646 0.000105 0.008685 

Obscn Obscurin, Cytoskeletal Calmodulin and Titin-
Interacting RhoGEF 

0.358395 1.281999 0.000106 0.00877 

Mir100hg Mir100 Mirlet7a-2 Mir125b-1 Cluster Host Gene  0.270154 1.205937 0.000111 0.009118 

Dusp5 Dual Specificity Phosphatase 5 0.60626 1.522308 0.000113 0.009174 

Kcnd3 Potassium Voltage-Gated Channel, Shal-related 
family, Member 3 

-0.19436 0.873963 0.000116 0.009394 

Irf2bp2 Interferon Regulatory Factor 2 Binding Protein 2 0.370676 1.292958 0.00012 0.009604 

Coq10b Coenzyme Q10B 0.285458 1.218797 0.000122 0.009706 

Btf3l4 Basic Transcription Factor 3-like 4 -0.28627 0.820022 0.000123 0.009706 

Stx2 Syntaxin 2 0.193274 1.143356 0.000125 0.009862 
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