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Abstract 
Microtubules (MT) are cytoskeletal proteins essential to the ability of cells to adopt their 

appropriate shape, to undergo cell division, as well as to maintain metabolic homeostasis. 

Mutations to genes encoding components of the MT cytoskeleton cause neurodevelopmental 

disorders, collectively referred to as tubulinopathies. Recently, homozygous missense 

mutations to the tubulin-specific chaperone D (TBCD) gene were reported to cause a severe, 

early-onset neurodegenerative condition in infants, characterised by secondary microcephaly 

and cortical atrophy, resulting in dystonia, intellectual disability, and seizures. TBCD, alone or 

in concert with Arl2 and TBCE are part of the molecular machinery required for the generation 

and destruction of the MT subunits αβ-tubulin, and are thus essential to MT dynamics. 

However, the functions of TBCD in the development of neurons and their viability within the 

brain tissue is poorly understood. In this thesis, a molecular model of TBCD and its interacting 

partners was developed to explore the structural and biophysical basis of the binding of the 

different β-tubulin isotypes, while both in vivo and in vitro approaches were undertaken to 

delineate the molecular mechanism for TBCD in cells of the developing nervous system. TBCD 

knockdown and rescue experiments demonstrate that perturbations to TBCD expression lead 

to cell cycle arrest in a cell-autonomous fashion. These changes are accompanied by altered 

glycolytic respiration, elevated mitochondrial respiration, elevated mitochondrial function, 

and elevated levels of reactive oxygen species, as well as enhanced expression of 

neurodifferentiation markers. Neuroanatomical defects were observed using a CRISPR-

engineered mouse strain harbouring an A475T “knock-in” allele. Furthermore, due to the 

observed TBCD induced perturbations to metabolism, cell cycle and cell fate in both the in 

vitro and in vivo systems, a therapeutic agent able to alleviate these severe homeostatic 

imbalances arising from TBCD perturbations was identified. Chronic application of the Type 2 

diabetic drug Exendin-4 - an analogue of the hormone glucagon-like peptide-1 (GLP-1) - 

alleviated cell cycle arrest, promoted metabolic reprogramming and restored the aberrant 

expression of neuronal differentiation markers caused by TBCD perturbations. Furthermore, 

utilising a CRISPR-engineered insulin-like growth factor 1 receptor (IGF1R) and insulin 

receptor (INSR) knockout cell line, it was determined that the cell cycle restoration induced 

by the GLP-1 analogue was IGF1R, but not INSR, dependent. These data also illustrate a unique 

role for the increasingly clinically utilised GLP-1 analogues and offer further support for its 
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usage in neurodegenerative diseases. Taken together, these data suggest that TBCD 

influences neuronal proliferation, while disease-associated mutations can lead to brain 

developmental defects. By delineating the molecular mechanisms of TBCD, these findings 

have enabled a deeper understanding for the role of TBCD in the developing mammalian brain 

and offer unique and valuable insights through which TBCD gene perturbations mediate 

neurodegenerative pathologies.  
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Chapter 1 Literature Review 

1.1 Background 

The complex architectural arrangement of neurons in the nervous system is a result of a 

meticulously regulated process which is essential for the establishment of sophisticated 

neurocircuitry required for cognitive functioning. Brain development requires coordinated, 

spatiotemporal neural stem cell (NSC) proliferation, migration and terminal differentiation [5, 

6]. These prerequisites for neuronal development are facilitated by the highly dynamic 

neuronal cytoskeleton [7-9]. The cytoarchitecture of neurons is achieved through the 

organisation, assembly and remodelling of the cytoskeleton proteins actin and microtubules 

(MTs), each playing crucial roles in neuronal development and maturation [10]. Both MTs and 

actin are involved in the formation of projections from the cell body, termed neurites, 

extension and branching of axons and dendrites, and facilitate postsynaptic receptor mobility 

and anchoring [11, 12]. Furthermore, these cytoskeletal elements are essential in a number 

of other cellular functions such as proliferation, migration, cell morphology, polarity, and 

intracellular trafficking [1, 13, 14]. It is therefore not surprising that defects in the 

cytoskeleton of developing neurons lead to a plethora of debilitating neurodevelopmental 

disorders and nervous system abnormalities [7, 8, 15]. Owing to their immense importance 

in neuronal development and disease, mechanisms which govern cytoskeleton dynamics are 

widely studied. This chapter will focus on the molecular dynamics of MTs assembly and 

reorganisation in relation to mammalian brain development.  

MTs are hollow cylinders approximately 25 nm in diameter, and are composed of repeating 

α/β polypeptide subunits orientated in a head-to-tail fashion that laterally interact to form 

polar protofilaments (Fig. 1.1) [16, 17]. MTs are considered highly dynamic, as they constantly 

switch between phases of either growth (polymerisation) or shrinkage (depolymerisation) in 

a guanosine triphosphate (GTP) dependent manner [13, 18, 19]. This growth and shrinkage 

can occur at either the positive (+) end, where β-tubulin is exposed, or negative (-) end, where 

α-tubulin is exposed, of the MT. However, both catastrophe and rescue (depolymerisation 

and polymerisation respectively) occurs more often and rapidly at MT+ ends, as the negative 

ends are often anchored at the MT nucleation site [20-23]. Although the exact mechanisms 

underlying the stochastic nature of MTs remains unclear, it is this dynamic instability of MTs 
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that allows them to mediate a wide-range of 

cellular functions[24, 25]. For example, during 

mitosis, MTs segregate chromosomes, 

position divisional planes and facilitate 

abscission [26-28]. In post mitotic cells such as 

neurons, MTs are involved in synchronized 

changes in cell shape, axonal growth, dendritic 

spine morphology, synaptic plasticity and the 

transport of organelles and intracellular cargo 

[1, 23, 29-34]. The dynamic instability of MTs is 

regulated by various factors, including 

microtubule associated proteins (MAPs) and 

their upstream signalling events, mechanical 

forces, tubulin isotype presence, and the 

abundance of energy molecules, that all 

together lead to a precise orchestration of MTs 

polymerization and depolymerisation 

(reviewed in [35-40]).  

The polymerisation and depolymerisation of 

MTs requires a multi-component molecular 

machine essential for the generation and 

destruction of the α/β tubulin subunits (Fig. 1.2). Nascent α and β tubulin polypeptides are 

stabilized and transferred by the hetero-hexametric chaperonin prefoldin (PFD), from the 

ribosome, directly to the cytosolic group II chaperonin CCT (chaperonin containing TCP-1 

(CCT)) [1, 41-43]. The α- and β-tubulin subunits are bound and enclosed in the centre of CCT, 

then multiple rounds of ATP binding induce conformational changes in CCT, initiating the 

folding of the tubulin structure towards its native conformation [44-48]. Adoption of a quasi-

native state enables the α and β-tubulin intermediates to be released from CCT to interact 

with the tubulin-specific chaperones A-E (also known as tubulin binding chaperones-TBCA, 

TBCB, TBCC, TBCD and TBCE). It should be noted that both α and β-tubulin are GTP-binding 

proteins, however α-tubulin does not exchange GTP, whilst β-tubulin does exchange GTP 

Figure 1.1. The microtubule lattice 

The hollow microtubule cylinder, approximately 25 
nm in diameter, composed of repeating α/β-tubulin 
heterodimers that laterally interact to form 13 polar 
protofilaments on a γ-tubulin ring complex. In order 
to be incorporated into the growing microtubule 
lattice the α/β-tubulin heterodimers must undergo 
hydrolysis of the β-tubulin bound GTP (adapted from 
[1]) 
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which is utilised for both heterodimer formation and incorporation into the MT lattice [49-

51]. Following the standard “linear model” of tubulin folding originally proposed by Tian, 

Huang et al. [52] (Fig. 1.2), α and β-tubulin are bound by TBCB and TBCA, which then transfer 

the tubulin subunits to TBCE and TBCD respectively. TBCD and TBCE, bound with their tubulin 

subunits, then interact with TBCC, which hydrolyses the β-tubulin GTP enabling the formation 

and release of the αβ-tubulin heterodimer. Additionally, TBCD and TBCE can dissociate the 

heterodimer back into monomers [4, 42, 45, 52-54].  

 

Given the importance of the MTs to neural cell functions during development, such as 

proliferation, migration, and differentiation, it is perhaps unsurprising that mutations in genes 

that encode polypeptide products essential to its biosynthesis cause neurodevelopmental 

and central nervous system (CNS) abnormalities [55-60]. For example, recent studies have 

described mutations in the gene encoding the TBCD protein, to be responsible for severe 

infantile neurodegenerative pathologies including microcephaly, dystonia and cortical 

atrophy resulting in intellectual disability and seizures [4, 61-64]. In these studies, mutations 

Figure 1.1. Microtubule synthesis pathway. 

 α and β-tubulin peptide monomers (A) are bound by prefoldin (PFD) (B), and transferred to 
chaperonin containing TCP-1 (CCT). Once bound by CCT, ATP driven conformational changes in CCT alter the 
tubulin monomer to a partially folded state (D). The now quasi-native α and β-tubulins are bound by 
TBCE/TBCB and TBCA/TBCD respectively (E). Both tubulins are eventually transferred to the TBCD-Arl2-TBCE 
superstructure (F). Tubulin binding to the superstructure induces conformational changes that enable TBCC 
to attach and stimulate the hydrolysis of GTP to GDP, catalysing the formation of the α/β-tubulin 
heterodimer and trigger its release (G). The released tubulin heterodimer undergoes an additional round of 
GTP hydrolysis to enable its incorporation into the MT lattice (H). Depolymerisation of the MT releases the 
tubulin heterodimers which are then bound and dissociated by TBCE/TBCB (I) and TBCD lacking ADP 
ribosylation factor-like protein 2 (Arl2) (J) (adapted from[4] ).  
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to the coding sequence of TBCD have been reported to perturb TBCD’s critical role in 

polymerization and depolymerisation of MTs, consequently impacting neuronal function and 

development [4, 61-64]. Yet, the impact of missense variation on the molecular interactions 

between TBCD and MTs remains unknown. Therefore, by conducting a study of clinically 

relevant, disease associated TBCD missense mutations in cell and animal models it can 

improve our understanding of such molecular interactions. 

1.2 Tubulin 

Tubulins are characteristic key constituents of the cytoskeleton that support a diverse range 

of cellular processes, including cytoskeletal mediated chemotaxis, endo- and exocytosis, cell 

integrity, polarity, movement, organelle anchoring, and transport. [65]. Tubulins are globular 

protein monomers of ~50 kDa that polymerise to form protofilaments, 13 of which interact 

laterally to form the ~25 nm hollow MT cylinder [1, 13, 66]. In vertebrates, multiple genes 

encode the highly conserved tubulin polypeptide amino acid sequences. For example, 

humans possess 8 isotypes of α-tubulin, 9 β-tubulin, and 2 γ-tubulins with distinct isotype 

spatio-temporal expression pattern during development. Mice, however, possess 7 α, 8 β and 

2 γ –tubulins [65, 67-69]. In the mammalian brain, the expression of the β-tubulin isotypes 

TUBB, TUBB2A, TUBB2B, TUBB3, TUBB4A and TUBB4B, and the α- tubulin isotypes TUBA1A, 

TUBA1B, TUBA1C, TUBA4A, TUBA4A, and TUBA8 have so far been identified [69-71]. This is 

important as various isotypes of tubulin can be incorporated into the growing MT lattice and 

contribute to the dynamic nature of MTs [36, 72, 73]. The ability of α and β-tubulin monomers 

to incorporate into the MT protofilaments, contribute to MT dynamics, and be dissociated 

relies upon their three different functional regions. Notably, the N-terminal region (residues 

1-205) is responsible for nucleotide binding, and in the case of β-tubulin, hydrolysis of GTP for 

both dimer formation and MT incorporation [74, 75]. The intermediate region (residues 206-

381) facilitates MT assembly via stabilisation of lateral protofilament interactions. Whilst the 

acidic and less conserved C-terminal region (382-440) facilitates the formation of tubulin 

dimers and involvement and interaction of MAPs with the MT [74, 75]. The total amount of 

available tubulin in the cell can further modulate MT dynamics and is mediated by tubulin 

biosynthesis and protein stability. The synthesis of tubulin, is modulated by the amount of 

nascent cellular tubulin in a negative feedback loop. Excessive tubulin monomers that are not 

bound by chaperones bind and destabilise tubulin mRNA - ribosome interactions, thereby 
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reducing tubulin production. This has been termed tubulin autoregulation [76-78]. Additional 

to monomer stabilisation, molecular chaperones are mediators of tubulin quality control, and 

ensure attainment of the correct quaternary assembly to facilitate heterodimer protofilament 

formation and MT assembly. Disruption of this intricate MT assembly process though 

mutations in tubulin proteins or chaperones leads to impairments in cell shape transitions 

that underlie division, migration and neuronal differentiation, leading to neurodevelopmental 

disorders collectively referred to as tubulinopathies [23, 53].  

1.3 Mammalian neuronal development 

The mammalian brain is derived from neural epithelial cells (NECs) that line the neural tube, 

the first well-defined neural structure. While the NECs in the most rostral region of the neural 

tube will give rise to the brain, the hindbrain and spinal cord arise from more caudally 

positioned cells [6, 79]. The formation of the neural tube, termed neurulation, is initiated as 

a result of epiblast cells migrating through the primitive streak of the embryo, followed by 

differentiation into the neuroectoderm [6, 79]. As development proceeds, the 

neuroectoderm extends its length whilst narrowing its width, transforming into the neural 

plate. The neural plate, then, invaginates anteriorly to give rise to the neural groove, which is 

flanked by neural folds [6, 79-81]. Finally, the neural folds fuse together in a zipper-like fashion 

caudally and cranially, with closure beginning near the hind brain’s junction with the spinal 

cord, forming the neural tube, which will eventually give rise to the ventricular system of the 

brain (Fig. 1.3) [6, 82-84]. 

NECs lining the neural tube walls, contact both the basal (pial) and apical (ventricular) surfaces 

with their processes (cell body extensions), and undergo multiple rounds of symmetric 

division, at the ventricular surfaces, to form the proliferative region known as the ventricular 

zone (VZ), prior to the onset of neurogenesis [79, 85-87]. During each cell cycle, NECs move 

their nuclei between the apical and basal surfaces in a cell cycle-dependent manner, termed 

interkinetic nuclear migration (INM). This process utilises the cytoskeletal proteins, MTs and 

actin, to transport the nuclei of NECs from the apical-to-basal surface during (G1), and from 

the basal-to-apical surface during Synthesis phase (S-phase) and Gap phase 2 (G2), with 

mitosis taking place at the apical/ventricular surface (Fig. 1.4A) [87-89].  
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 At the onset of neurogenesis, 

NECs in the VZ progressively 

adopt asymmetric modes of cell 

division over symmetric divisions. 

Asymmetrically dividing cells 

result in the daughter cells 

becoming one of the following, an 

NEC, an apical radial glial cell 

(aRG) (a highly related but 

distinct neural progenitor cell 

(NPC) type), a basal progenitor or 

a postmitotic neuron (Fig. 1.4B) 

[6, 79, 90]. It should be noted that 

the terms NPC and NSC are used 

interchangeably as they both describe the precursor cells that give rise to the various 

neuronal and glial cell types which will eventually populate CNS [79, 91, 92]. The classification 

for which type of progenitor cell arises from asymmetric NPC division is an ever expanding 

field of knowledge that is beyond the scope of this work and is reviewed in detail elsewhere 

[79, 87, 88]. A simple classification by Taverna et al (2014) however, utilises the following 

criteria to separate the NPCs progeny: location of mitosis, extent of cell polarity and the cells 

proliferative capacity. The full and diverse range of molecular mechanisms influencing the 

Figure 1.2 Neural tube formation.  

(A) Early (left), middle (centre), and late 
(right) neurulation. (B) Dorsal region of 
ectoderm shows distinguishable neural 
plate cells. (C-E) Using medial neural 
hinge point cells anchored to the 
notchord, the neural plate then 
invaginates anteriorly to give rise to the 
neural groove, which is flanked by 
neural folds. (F and G) Neural folds fuse 
together in a zipper-like fashion 
caudally and cranially forming the 
neural tube. Neural crest cells initially 
linking the neural tube to epidermis 
prior to dispersion and separation of 
neural tube from epidermis  (adapted 
from [2]) 
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onset of neurogenesis are vast 

and are yet to be fully 

elucidated, and thus are only 

touched upon in this work 

(reviewed in [90, 93-96]). 

Factors that are currently believed to influence the onset of neurogenesis, the switch to 

asymmetric cell division, fate acquisition and consequently terminal cell cycle exit include: cell 

cycle length/phases, cyclins/cyclin dependent kinases and other cell cycle regulators (sex 

determining region Y- box 2 (Sox2) [97-103], Geminin, retinoblastoma protein (Rb)), 

intracellular genetic signals (transcription factors, NeuroD), extracellular signals (Paired Box 6 

(Pax6) [104, 105], Empty Spiracles Homeobox 2 (Emx2), Wnt, Notch) , reactive oxygen species 

(ROS) abundance [95, 96], and metabolic state [106-109]. 

As development progresses most NPCs migrate away from the proliferative region of the VZ 

to establish the neocortex [82, 110-114]. Integral to information and higher order processing 

the neocortex, also known as the cerebral cortex, is comprised of six histologically distinct 

layers (I-VI), formed in an inside-out pattern (discussed below) [79, 87, 88]. During the early 

stages of brain development, the earliest born neurons only traverse a relatively small 

distance from the germinal zone using a mode of migration referred to as somal translocation 

[114]. However, as the embryonic brain increases in size and volume, later born neurons rely 

on alternate methods of migration to position themselves within the developing cortex. Once 

Figure 1.3. Neural progenitor cell 
subtypes during cortical 
development.  

(A) Interkinetic nuclear migration 
(INM), in neuronal 
progenitor/epithelial cells (NPC/NECs) 
migrating between apical and basal in 
the ventricular zone (VZ) in a cell cycle 
dependent manner. (B) Schematic 
representation of NEC prolliferation, 
subsequent neurogenesis, 
differentiation and migration out of 
the VZ, forming the subventricular 
zone (SVZ), intermediate zone (IZ), 
subplate (SP), cortical plate (CP) and 
marginal zone (MZ) that will later 
become layers I-VI respectively 
(adapated from [3] ). 
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positioned in their appropriate cortical layer, the soon to be adult neuron undergoes 

morphological and physiological adaptations leading to the formation of axons and dendrites 

[115, 116]. Typically long and thin, axons conduct electrical signals from the cell body towards 

the distal axon terminals, stimulating the release of neurotransmitters from synaptic vesicles. 

Dendrites, however, are relatively short and branched projections emanating from the cell 

body, with small protruding membranous organelles (dendritic spines), containing 

neurotransmitter receptors, and the signalling systems essential for synaptic plasticity and 

function (reviewed in [1, 6, 79, 82, 117-119]). Coupling the importance of the cerebral cortex 

in information processing, feelings, sensations and actions with the observed cortical atrophy 

and associated neurodegenerative pathologies in patients harbouring TBCD mutations, the 

next section will describe development of cerebral cortex only to keep it in context of this 

dissertation [4, 6, 118].  

Sitting atop the midbrain, brain stem, and pons, the cerebral cortex is the outermost layer of 

the cerebrum. One of the major information processing networks, the neocortex is 

responsible for higher order functions in mammals, notably marine mammals and great apes 

[120]. Comprised of specialised neurons, the neocortex is organised into six histologically 

distinct layers (I-VI), with each layer exhibiting unique afferent and efferent connections 

[121]. These layers form in an inside-out pattern, with the earliest migrating neurons forming 

the deepest layers of the cortex, layers V and VI, and later born neurons migrating past and 

forming more superficial layers [6, 82]. It should be noted that laminar identity and 

consequently axonal connectivity and function are intimately linked with neuronal birthdate 

[122-124]. One exception to the inside-out formation is the generation of the preplate by the 

first neurons to leave the proliferative zone, including Cajal-Rezius cells (transient cells that 

secrete reelin so as to instruct radial migration) (Fig. 1.4B) [125]. Following the completion of 

the preplate, the next wave of neurons to migrate will cause the preplate to split into two 

distinct regions termed the marginal zone (MZ) and subplate (SP) by generating a new region 

between them termed the cortical plate (CP). Neurons arriving in the CP are the cells that will 

form cortical layer VI, with subsequent migrating neurons forming the more superficial layers 

[6, 82]. Each neuronal layer contains neurons that share similar identities and connectivity 

patterns, with upper layer neurons (II-IV) tending to establish cortico-cortical connections 

that are contralateral or ipsilateral, whilst deep layer neurons (V and VI) connect 
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preferentially with subcortical structures [79]. Cortical neurons display striking diversity in 

their morphology, physiology and molecular phenotypes, which makes their systematic 

classification a challenging task [126]. Due to these terminological differences, neurons have 

been classified in a variety of ways, including; common morphological features; axonal 

projections, molecular identities, and cortical layer [126]. Therefore, in this work we will 

broadly categorise cortical neurons by their morphology and neurotransmitter properties into 

two main classes the GABAergic interneurons and excitatory/projection neurons. GABAergic 

interneurons (~20% of cortical neurons), only establish local connections as their axons do 

not extend into the white matter [121, 127]. Excitatory/projection neurons on the other hand, 

establish both short- and long-range connections by extending axons to subcortical and 

intercortical targets, and tend to possess a pyramidal morphology [128-131]. Both 

interneurons and projection neurons reside in most cortical layers and establish various and 

unique connections [117, 132]. 

In order to obtain their laminar fate however, NPCs must first migrate from the VZ up through 

the developing cortical layers of the cortex, respond to signalling molecules, such as Reelin, 

Netrins and Semaphorins, to reach their spatial cortical destination and finally establish the 

required neuronal circuitry [82, 133-135]. This migration can occur either radially, where 

neurons migrate perpendicularly to the ventral surface alongside radial glial fibres, or 

tangentially where neurons move parallel to the ventricular surface. Although it should be 

noted that tangentially migrating neurons may switch to radial migration to achieve their final 

laminar position [133, 136-138]. Once NPCs have reached their proper spatiotemporal 

position by following a variety of extracellular directional cues, they undergo terminal 

differentiation, forming synaptic connections via axons and dendrites, creating neural circuity 

and establishing neurotransmitter signalling pathways for information processing [139, 140].  

1.3.1 Neuronal cytoskeleton 

The characteristic proliferation, migration and differentiation of NPCs is contingent upon its 

highly dynamic cytoskeletal system. The cytoskeleton of neural cells represents an essential 

structural framework that underpins cellular integrity, cell division, organization and 

organelle transport. The cytoskeleton of cells is composed of three essential filaments, 

microtubules (MTs), actin and intermediate filaments, which differ in size, subunit 

composition and their specific function [13, 141-144]. Actin, the smallest filament, and MTs, 
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the largest filaments, are polymeric structures composed of actin and α/β tubulin, 

respectively. Actin and MT filament growth requires ATP and GTP, respectively, and utilises 

monomeric substrates presented by protein chaperones [12, 34, 145, 146]. In the developing 

brain, the complex yet dynamic architecture of the neuronal cytoskeleton is achieved through 

the organisation, assembly, disassembly and coordinated remodelling of both the actin and 

MTs cytoskeleton [10]. The functional contribution of both types of cytoskeleton proteins to 

cell physiology is significant and overlapping, with specific features documented in different 

cell types [11, 13, 34]. During prenatal brain growth, the regulation of cytoskeletal dynamics 

is essential to mediate proliferation, migration, and differentiation of NPCs. As they generate 

postmitotic neurons, disturbances of the cytoskeletal machinery can lead to cortical 

malformations [6, 8, 147, 148]. Both actin and MTs are integral to the physiology of all cells, 

however the primary focus of this thesis is to investigate the role of the neuronal MT 

cytoskeleton in neuronal proliferation, migration and differentiation during prenatal brain 

development. Thus, the following sections describe MT functions in neural cells during 

mammalian development. 

1.3.2 Neural stem cell proliferation and MT dynamics 

During embryonic development of the neocortex, neural progenitor cells (NPCs) undergo 

exponential symmetric cell divisions, with each mitotic division expanding the pool of 

available NPCs, and thus leading to expansion of both the lateral and the radial brain axes [6, 

79]. Symmetric cell division leads to identical daughter cells that equally inherit the organelles 

of the mother cell, and requires both daughter cells inheriting the apical and basal epithelial 

structure/processes. Asymmetric NPC division however, is believed to initiate cortical 

neurogenesis and results in the production of a NPC, and either an intermediate 

progenitor/basal progenitor (IP/BP) or neuron [81, 86, 149]. It is believed that the daughter 

cell that inherits the entire apical epithelial structure becomes an NPC, whilst the daughter 

cell that segregates with the basal process becomes an IP or neuron (Fig. 1.4) [79, 134]. A 

critical molecular determinant of whether the cell divides symmetrically or asymmetrically is 

the plane of cell division. The plane of cell division is believed to be dictated by the central 

spindle, as well as astral MTs, which arise during mitosis [150-152]. 

Mitosis can be separated into 4 consecutive phases: prophase, metaphase, anaphase and 

telophase. Prophase is characterised by the condensation of chromatin, nuclear envelope 
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breakdown and the formation of the mitotic spindle. In metaphase, the spindle microtubules 

line the chromatids up at the cells equatorial plane; and is followed by anaphase, which is 

when centromeres divide, chromatids separate and move towards opposite poles [153, 154]. 

During telophase chromosomes reach opposite poles and decondense into chromatin, the 

central spindle microtubules dissociate from centrosomes, and the nuclear envelopes reform 

[153, 154]. Following telophase, cytokinesis, which begins immediately after the segregation 

of chromosomes in anaphase, is completed with the physical detachment of the two daughter 

cells [27, 155, 156]. In brief, the regulated control of division by MTs begins with the 

depolymerisation of interphase MTs, thereby providing tubulin subunits for mitotic MTs and 

enabling cellular reorganisation. Concomitantly, the centrosomes separate and each centriole 

is translocated to an opposite pole to facilitate MTs nucleation at the centrosomal 

microtubule organising centres (MTOC) [150, 157]. In addition to centrioles, a variety of non-

centrosome MTOC are also involved in MT nucleation during cell division including, spindle 

microtubules, in the vicinity of chromatin, and kinetochores [157-161]. As mitosis progresses, 

the chromosomes are seen to align on the metaphase plate, and are connected to the mitotic 

spindle. The mitotic spindle is considered a supramolecular structure comprised of the 

components responsible for chromosomal segregation including kinetochore MTs, interpolar 

MTs, and astral MTs. Spindle orientation is essential in cell fate decisions as its orientation 

determines the axis of cell division and thus the symmetric or asymmetric division of the cell 

[151, 162-164]. Notably, TBCD is required for the organisation of the mitotic spindle, as well 

as spindle MT dynamics [28, 165]. In metaphase, the kinetochore MTs attach to the 

chromosomal kinetochores and are orientated via a specific subset of astral MTs that connect 

to the cell cortex (also called the actin cortex which is a specialised layer of cytoplasmic 

protein located at the inner leaflet of cell membrane)) [152]. Astral MTs bound at the cell 

cortex facilitate spindle orientation through interactions with the MAP dynein. Dynein is a 

MT- end directed motor protein, which is recruited to MTs via the heterotrimeric Gα, LGN 

and NuMA protein complex. Dynein promotes orientation by exerting pulling forces on the 

astral MTs [166]. In addition, actin facilitates MT orientation and separation, and has been 

described earlier [148]. Perturbations to astral MTs (such as altered MT dynamics and 

stability), and or spindle morphology (such as short spindles), can impact spindle orientation 

and consequently cell fate [85, 86, 167]. Once the mitotic spindle is oriented, the cell 

progresses from metaphase into anaphase, and is accompanied by poleward movement of 
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the chromatids, and the formation of the central spindle [27]. The central spindle is a bundled 

array of antiparallel MTs with interdigitating plus ends, which arises at the region between 

the two poles of the dividing cell called the midzone. The central spindle is believed to 

facilitate the positioning of the actomyosin -based contractile ring, a transient structure 

composed of filamentous actin and the motor protein myosin-2, which forms under the 

plasma membrane and constricts to create a cleavage furrow [26, 27, 167-172]. Cell division 

progression from late anaphase into telophase is marked by cleavage furrow ingression, 

which in turn stimulates the central spindle to condense into the structure known as the 

“midbody”. From here on proteins associated with vesicular transport are concentrated at 

the midbody, which is followed by abscission and completion of cytokinesis [27, 173-175]. 

Depending on the plane of division, the completion of cytokinesis may result, as previously 

mentioned, in either two daughter cells, or one NPC and one IP/BP or neuron. Completion of 

mitosis is followed by interphase, which can in turn be subdivided into three different stages: 

G1, when the synthesis of proteins responsible for DNA replication takes place; S-phase, when 

replication of nuclear DNA is undertaken; and G2, wherein the proteins that are responsible 

for cell division are synthesised. Finally, cells can also be observed in Gap 0 phase (G0), a stage 

that occurs when cells have withdrawn from cell cycle, and is seen in most cells that have 

differentiated, such as neurons [27, 155, 156]. Cells who undergo terminal differentiation will 

migrate out of the VZ towards their prospective position in the neocortex [82]. 

1.3.2.1 Metabolism 

Each stage of mitosis is an energy intensive process that requires substantial amounts of 

energy for DNA replication, organelle synthesis, and remodelling of the cytoskeletal network. 

Recently, studies have begun to recognise and investigate the role of metabolism in 

neurogenesis. Emerging evidence from these studies highlights that the metabolic pathways 

and metabolic states of NSC/NPCs can impact their decision to proliferate, become quiescent 

or begin differentiation [80, 108, 176-178]. It is therefore crucial to understand the interplay 

between mitochondrial dynamics (the coordinated cycles of fission and fusion), metabolism, 

cell cycle and MTs [reviewed in [106, 179-183]] and is outlined below.  

Mitochondrial fission is the separation of a single mitochondrion into two or more daughter 

organelles. Whilst fusion is the formation of a single mitochondrion from previously 

independent and discrete structures [184-187]. Fission is essential for cellular proliferation as 
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mitochondria cannot be formed de novo. Fission is mediated in part by dynamin-like gene and 

fission 1 homolog protein (hFis1)/dynamin related protein 1 (Drp1) [188]. Mitochondrial 

fusion is able to rescue mitochondria from environmental damages and genetic mutation by 

mixing the contents of damaged mitochondria and is dependent on the pro-fusion proteins 

located in the outer mitochondrial membrane called mitofusins (Mfns), and the pro-fusion 

protein located in the inner mitochondrial membrane OPA1 (optic atrophy gene 1) [103, 186, 

187]. Mitochondrial fusion and fission rates alter in response to metabolic demands, with an 

increase in fusion when mitochondria are forced to rely on oxidate phosphorylation 

(OXPHOS), and inhibition of fission during starvation [179, 181, 189, 190]. However, 

mitochondrial motility and dynamics are reliant upon an organised cytoskeleton, with 

mitochondria primarily traveling on MTs via the activity of motor proteins kinesin and dynein 

[reviewed in [103, 187]]. 

This is evident throughout the cell cycle, with mitochondria initially possessing a variety of 

morphologies in G1. At the G1-S transition however, mitochondria move along the MT 

cytoskeleton undergoing both fission and fusion events, to form a hyper fused giant tubular 

network [191, 192]. This fused network enables the mitochondria to stimulate OXPHOS in 

order to meet the metabolic requirements of the dividing cell and drive cell cycle progression 

[179, 183, 193]. Progression through S phase and towards G2 is marked by an increase in Drp1 

and consequently mitochondrial fragmentation (fission) [172, 181, 182, 186, 194-198]. Of 

note, is that mitochondrial morphology and metabolic activity during the G1-S and G2/M 

phases can regulate and be regulated by cyclins and cyclin-dependent kinases (Cdks) [177, 

183, 192, 199-201] (detailed below). This regulation is believed to enable OXPHOS to remain 

active even when mitochondria are fragmented [106, 192]. Mitochondrial fission throughout 

G2 and M phases enables the formation of multiple individual organelles spaced throughout 

the cell which, through their interactions with the MT network, are localised to the cleavage 

furrow where they have been proposed to aid in accurate mitochondrial inheritance and/or 

facilitate cytokinesis [103, 195]. Intriguingly, a recent study reported that in stem-like cells 

symmetric or asymmetric partitioning of mitochondria is important for the maintenance of 

stemness [202]. Katajisto et al. showed that daughter cells that inherited more old 

mitochondria differentiated, whilst cells with fewer old mitochondria retained their stemness 
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[202]. Upon re-entry into G1 mitochondria are observed to partially regain their elongated 

structure [195, 202, 203]. 

It has previously been recognised that whilst the highly proliferative NPCs are glycolytic, they 

undergo metabolic reprogramming during differentiation, characterised by an increase in 

mitochondrial mass/activity, OXPHOS, and presence of reactive oxygen species (ROS) [96, 

108, 177, 203-205]. Recent reports have shown that although proliferating NPCs primarily 

exhibit prominent glycolysis, mediated by Hexokinase 2 (HK2), to meet their metabolic 

demands, interruption of electron transport chain (ETC) activity, and thus OXPHOS, can 

abolish NPC proliferation, leading to a significant increase in cell death, consequently 

decreasing neurogenesis and lineage progression [109, 205-208]. Furthermore, data obtained 

from in vivo and in vitro studies identified that reduced mitochondrial dynamics, and 

increased mitochondrial metabolism not only decreased NSC self-renewal, but enhanced cell 

fate/lineage commitment at the expense of self-renewal [107, 109, 205]. Findings from these 

studies demonstrated that mitochondrial metabolism and dynamics are able to act as an 

upstream regulator of neural stem/progenitor cell fate decisions, via ROS signalling, which in 

turn alters the transcriptional profile of NSCs [107, 109]. The increase to ROS levels observed 

in these studies are consistent with previous findings showing that ROS can influence a broad 

range of neural cell functions including neuronal plasticity, survival, cytoskeletal arrangement, 

proliferation and differentiation [reviewed in [95, 203, 204]]. Highly expressed in pluripotent 

NPCs, the transcription factor sex determining region Y- box 2 (Sox2) is down-regulated during 

the transition to a committed progenitor state and replaced by the expression of T-box brain 

protein 2 (Tbr2), an established marker of IPCs [103, 209, 210]. Interestingly, Khacho et al. 

observed that whilst the mitochondrial morphology of Sox2+ cells exhibited an elongated 

morphology, Tbr2+ cells possessed a more fragmented pool of mitochondria that regained 

their elongated phenotype once they became post-mitotic [109]. Disruption of mitochondrial 

dynamics, in this case through the increase in mitochondrial fragmentation, was 

demonstrated to decrease NSC self-renewal and increase fate commitment [109, 211]. 

Indeed, as mitochondrial number and morphology is tightly regulated by fission and fusion 

events, perturbations to this balance that result in excessive mitochondrial elongation or 

fragmentation, have been reported to be associated with severe neurodegenerative diseases, 

with features including; hearing loss [212], peripheral axonal neuropathies [213], and 
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dominant optic atrophy [214]. Taken together, these data highlight the importance of MTs, 

metabolism, and mitochondrial dynamics in NPC proliferation and fate decisions. This is 

further emphasised by the knowledge that there is cross talk between cellular metabolism 

and the cell cycle regulators/checkpoints.  

1.3.2.2 Cell cycle regulation 

Progression into and through each phase of the cell cycle is regulated by checkpoints that only 

allow a cell to progress if either internal or external conditions are suitable for progression. 

Factors influencing these decisions include, cell size, nutrient availability, extrinsic and 

intrinsic signalling, accurate replication and segregation of chromosomes, and or DNA 

integrity [215-219]. Persistent defects at such check point’s results in apoptosis. Different 

types of checkpoints occur throughout the cell cycle, and are regulated by components of the 

Cdk/cyclin complexes (reviewed in [156, 219]).  

NPC progression through proliferation and neurogenesis requires the concerted interactions 

of various factors such as the cytoskeleton, mitochondria and the cell cycle regulators cyclin 

and cyclin-dependent kinases (Cdks) [13, 79, 90, 109, 189, 199]. G1 is regulated by two check 

points with the first involved in sensing the availability of growth factors that suppress 

quiescent signalling and the second, occurring in late G1, assessing nutrient availability and if 

the cell is at an appropriate size for DNA replication. Cell cycle initiation and entry into G1 

(Gap 1 phase) is stimulated by mitogens and growth factors activating D type cyclins (Cyclin 

D1, D2, and D3 in mammals). Cyclin D then activates and complexes with Cdk4/Cdk6 leading 

to the phosphorylation and inactivation of the retinoblastoma tumour suppressor protein 

(Rb) [220, 221]. Initial phosphorylation inhibits Rbs repression on the heterodimeric 

transcription factor E2F/DP, enabling initial transcriptional activation of Synthesis-phase 

genes (S-phase), such as cyclin E. Cyclin E then activates and binds Cdk2 (cyclin E/Cdk2 

complex) and further phosphorylates Rb, thereby leading to the G1-S phase transition [221-

225]. The checkpoint for S-phase is activated upon the detection of DNA damage that may 

have arisen during synthesis, or damaged DNA that was not repaired in the G1/S checkpoint 

[156, 219]. The cyclin E/Cdk2 complex can also inhibit Cdh1, a subunit of the anaphase-

promoting complex (APC/C), blocking the degradation of S-phase cyclins and thereby 

facilitating an irreversible commitment to cell division [220, 225, 226]. Accompanying the G1-

S transition, the mitochondria move along the MT cytoskeleton undergoing both fission and 
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fusion events, the separation and joining of two mitochondria respectively, to alter their 

morphology to form a hyper fused giant tubular network [191, 192]. This fused network 

enables the mitochondria to stimulate OXPHOS in order to meet the metabolic requirements 

of the dividing cell and drive cell cycle progression [179, 183, 193]. Progression through S-

phase is promoted by the upregulation of cyclin A and its activation of Cdk2 and Cdk1. Similar 

to S phase, the G2 checkpoint helps maintain genomic stability by enabling the detection and 

repair of damaged DNA [227, 228] . The cyclin A/Cdk1/2 complex continues to accumulate 

into G2, during which it regulates the activation of the cyclin B1/Cdk1 complex required for 

prophase initiation and mitotic completion [153, 196, 199, 229]. Initiation of prophase and 

continuation into metaphase, anaphase and telophase requires significant cytoskeletal 

remodelling and is paralleled by further alterations to the mitochondrial morphology [34, 

181]. The onset of mitosis has also been shown to be accompanied by mitochondrial 

fragmentation and MT dependent relocation to the cleavage furrow during anaphase. 

Mitochondrial fission in the G2/M transition occurs due to increased levels and activation of 

the large GTPase Drp1 [172, 181, 182, 186, 194-198]. The increase in Drp1 levels and its 

subsequent activation by the cyclin B/Cdk1 complexes arises as a result of inhibition of APC/C 

degradation of Drp1 during the G1/S transition [196, 229]. Finally, the APC/C is reactivated 

during the last phases of mitosis and cytokinesis in response Cdk activity. APC/C activation 

leads to the degradation of mitotic cyclins, mitotic exit and is accompanied by remodelling of 

the MT network to reform an elongated tubular network [192, 230]. In addition to cleavage 

plane orientation, it has recently been proposed that appropriate segregation of organelles, 

such as mitochondria, may be required for maintenance of stemness [202].  

Interestingly, in addition to their role in regulating the cell cycle, various non-canonical 

functions of cyclins and Cdks have been reported (reviewed in [100, 231]). Emerging evidence 

from these studies indicates that Cyclins and Cdks can regulate neurogenic differentiation, 

the actin cytoskeleton and cell migration, and metabolism [95, 96, 100, 203, 231]. Of note, is 

the direct control of mitochondrial function by cyclin D1 alone or in concert with Cdk4. Several 

studies identified that these cell cycle regulators could impair metabolic activity by: repressing 

the nuclear transcription factor 1 (NRF1), thereby impairing mitochondrial respiration; 

binding to lipogenic enzymes and mitochondrial proteins; and preventing HK2 activation by 

binding to the voltage-dependent anion channel protein (VDAC) located in the outer 
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mitochondrial membrane [100, 231, 232]. Contrastingly, the cyclin B1/Cdk1 complex has been 

observed to localise to the mitochondrial matrix and increase mitochondrial respiration, 

which is proposed to coordinate the G2/M phase progression with mitochondrial respiration 

[100, 196]. Alterations to mitochondrial and/or cell cycle dynamics and their regulators, can 

lead to a plethora of interconnected downstream events impacting: cellular metabolism, cell 

cycle progression, cell fate and stemness [107, 109, 180, 181, 183, 190, 205, 211, 233]. Given 

that MTs are integral to these processes it is perhaps unsurprising that perturbations to MT 

regulators and dynamics can lead to a plethora of neurodevelopmental and 

neurodegenerative disorders [167, 168, 234, 235]. 

1.3.3 Migration-Locomotion 

Unlike NSCs, IP and post mitotic neurons leave the proliferative zone and migrate to their 

appropriate laminar location in the developing neocortex. In order for neurons to move, 

migration or locomotion requires three synchronized steps. In the first step, the cell uses 

polarized cellular components to form a leading and a trailing process [236, 237]. The second 

phase of locomotion is movement of cell body and nucleus (nucleokinesis), and occurs 

through cytoplasmic swelling of the leading process, followed by the relocation of first the 

centrosome and then the organelles (including the nucleus) into the leading process region 

[111, 238]. To move the nucleus into the leading body during nucleokinesis, the nucleus is 

guided by a cage- or fork-like structure comprised of a MT network. This MT network links to 

the centrosome (which resides in the leading body), and pulls the nucleus toward the 

centrosome, by the MT molecular motor, dynein [5, 110, 239]. Actomyosin contraction at the 

rear of the cell retracts the trailing process to complete cellular locomotion. Several proteins 

are known to be essential for nucleokinesis including lissencephaly 1 (LIS1), doublecortin 

(DCX), and doublecortin-like kinase 1 (DCLK), and have been shown to associate with MTs 

promoting MT stability and polymerization [82, 112, 117, 130, 134]. The various mechanisms 

required to ensure the migrating neurons acquire their appropriate cortical positioning are 

precisely regulated and highly coordinated; and are yet to be fully elucidated. Currently, 

normal neuronal migration and laminar fate acquisition is believed to be influenced by neuron 

birth date (neurons born at similar time have similar laminar fate), neuronal cytoskeleton, 

and intra and extracellular cues including but not limited to Reelin, WNT, Pax6, Emx2, Fefz2 

Ctip2, and Phosphatidylinositol 3-Kinase (PI3K) [82, 121, 124, 240-242].  
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1.3.4 Differentiation 

Upon reaching their laminar position within the cortex, these post-migratory neurons 

undergo morphological and physiological changes to become integrated into the neural 

information processing network. The coordinated organisation and remodelling of the 

neuronal cytoskeleton is critical for the formation of the distinct cellular structures required 

for neurons to connect with other neural cells, and to function as cellular components of 

neural circuits. Working in concert with actin filaments (F-actin), the MT cytoskeleton 

provides mechanical forces that facilitate the establishment of axons and dendrites, as well 

as transporting organelles, secretory vesicles and protein complexes to specific sites across 

the cell, acting as local signalling platforms [13, 78, 243-245]. In addition to their 

morphological differences, the MTs in axons are oriented with their plus-end projecting away 

from the cell body, whilst dendrites have a mixed MT organisation. Furthermore, in axons and 

dendrites the differences between not only MT orientation, but their stability/dynamics, 

allows for selective cargo transport by specific MT molecular motors, with members of the 

plus-end directed family of Kinesin motors selectively transporting to the axon, and the 

minus-end directed family of dynein motors to the dendrites [33, 246]. Transport along the 

MT network is essential to neuronal functioning, as it enables cargo from the protein synthesis 

machinery, which is predominantly located in the cell body and proximal dendrites, to reach 

distant cellular locations. The importance of the MT to neuronal functions is reflected in the 

finding that perturbations to MT function, such as through disruptions to MT based transport 

or MT dynamics, can lead to a plethora of neuropathological conditions  [246, 247]. 

The generation and formation of axons and dendrites begins with the breaking of the 

symmetry of the neuron by multiple protrusions from the cell body, termed neurites. Notably, 

enhanced actin dynamics, coupled with the mechanical forces provided by MT sliding, and an 

increase in MT bundles invading lamellipodia, are believed to stimulate neurite formation [13, 

246, 248-250]. MT stabilization is recognised to be a key factor in determining the polarity of 

the developing neuron and the initial specification of the neurite to become the axon [247, 

251, 252]. Recent findings have identified two MAPs, Tripartite Motif Containing 46 (TRIM46) 

and Calmodulin Regulated Spectrin Associated Protein Family Member 2 (CAMSAP2) that 

localise to future axon sites to be required for neuronal polarity and axon specification. 

TRIM46 has been observed to induce closely spaced MT bundles linked by thin cross bridges 
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and is required for the characteristic uniform orientation of MTs that drives polarized cargo 

transport in axons [251, 253]. Whereas CAMSAP2 protects MT- ends from depolymerisation 

and is believed to promote MT+ end outgrowth of MTs, by creating a local pool of non-

centrosomal MTs at the first part of an axon [254, 255]. However, it should be noted that 

CAMSAP2 also has a role in dendritic branch formation, where it signals with γ-tubulin to 

form, organise and stabilize MT during dendritic development [254]. Additionally, MAPs such 

as Tau (MAP2) stabilises MT networks and are essential to axon specification and track 

determination for kinesin-mediate polarized trafficking of membranous organelles, cytosolic 

proteins and cytoskeletal proteins [29, 130, 256]. The transport of organelles is essential as 

the axon elongates, enabling the MT network to act in concert with adhesion complexes, 

actin, and MT plus-end targeting proteins (+TIPS) to aid in the formation and enlargement of 

the growth cone [257-259].  

Further to its actions on axon development, the MT cytoskeleton interacts with F-actin, 

facilitating growth cone extension and steering in response to extracellular environmental 

cues, so as to guide the axon to its appropriate location for termination, and thus undergo 

branching and synapse formation [11, 13, 34, 260, 261]. During axon branching, F-actin 

accumulates to form axonal filopodia which are shortly thereafter invaded by dynamic MT 

bundles, whilst stable MTs are excluded. By invading the filopodia MTs provide cytoskeletal 

support and cargo delivery, thereby enabling the filopodium to mature into a branch [1, 139, 

243, 258, 262]. The hexameric subfamily of ATPase’s katanin and spastin, sever established 

MTs from their nucleation sites, such as the microtubule nucleation factor the γ-tubulin ring 

complex (γ –TuRC). This creates MT seeds/fragments which are believed to differentially 

promote branching formation [246, 263, 264]. In addition to its role in the axon, recent 

advances in visualization techniques have facilitated the elucidation of the essential role of 

MT dynamics in dendritic spine development [246, 261, 265, 266]. Assembled within the cell 

body, dynamic MTs interact with F-actin to transiently invade dendritic spines and contribute 

to spine morphology and synaptic plasticity via the transport of neurotransmitter receptors, 

postsynaptic proteins, organelles, mRNAs and cell signalling molecules [33, 261]. Remodelling 

and regulation of MT dynamics is essential to dendritic arborisation, axon formation, and 

neuronal functioning. Therefore, these are regulated by a large repertoire of MAPs, post-
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translational modifications (PTMs), and cellular cues that are only briefly touched upon here 

(reviewed in [13, 33, 166, 267]).  

In dendrites, MTs are regulated by the MAP CAMSAP2, as well as the +TIP end-binding protein 

Cytoplasmic Linker protein of 170kDa (CLIP-170) and the end-binding protein 3 (EB3). Knock 

down of these MAPs has been observed to alter dendritic morphology by reducing dendrite 

branching, complexity, as well spine morphology and plasticity [254, 260, 266, 268-270]. 

Interestingly, it was observed that spines undergoing large increases in F-actin, in response to 

increased synaptic calcium influx, were preferentially targeted for entry by MTs from proximal 

sites in the dendrite [260]. This calcium induced MT invasion into the dendritic spines was 

observed to be reliant upon the specific binding of the actin binding protein drebrinan A, 

which forms stable F-actin, with the MT +TIP EB3 in response to cyclin-dependent kinase 5 

(Cdk5) activation [260, 271]. Although the orientation of MTs in dendrites are mixed, MTs 

invading spines grow with their plus-end towards spine end, and could therefore facilitate the 

trafficking of cargo and organelles into spines, aiding in synaptic plasticity [33, 272]. Indeed, 

the trafficking of mitochondria to synaptic regions supports the high metabolic requirement 

for such functions in neurons [273-277].  

To meet the energetically demanding processes of neuronal differentiation and function, the 

cell must undergo a metabolic shift from glycolysis to OXPHOS. As aforementioned, the 

mitochondria undergo morphological changes during neuronal differentiation, transitioning 

from an elongated morphology to a fragmented state, then back again to an elongated state 

[182, 187, 278]. These morphological alterations reflect the metabolic OXPHOS shift in 

neuronal differentiation. The process is marked by increases in mitochondrial 

biogenesis/mass, ATP production, mitochondrial membrane potential, and ROS generation. 

In parallel, there is a downregulation in the expression of key glycolytic genes HK2, Lactose 

dehydrogenase A (LDHA), and an mRNA splicing shift from PKM2 to PKM1 [96, 107, 181, 189, 

233]. By increasing ATP production, the mitochondria provide the energy to support various 

neuronal functions, including cytoskeletal remodelling, maintenance of mobilization of 

synaptic vesicles, generation of membrane potentials, and maintenance of Ca2+ homeostasis, 

thereby aiding neurotransmission and synaptic plasticity (reviewed in [273, 277-279]). In 

order to meet the rapidly changing high metabolic requirements of neurons, mitochondria 

travel along the MT network via the motor proteins dynein and kinesin, which in turn 
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cooperate with various adaptor proteins (such as Syntabulin, or Milton and Mitochondrial 

Rho GTPases (MIRO)) (reviewed in [33, 276]). Furthermore, several studies have shown that 

approximately two thirds of mitochondria in mature neurons are stationary in certain regions 

in order to provide a source of local ATP and Ca2+ buffering [280-282]. Recent studies have 

begun to identify the mitochondrial ‘static anchors’ and elucidate the mechanisms recruiting 

and retaining healthy mitochondria at areas of sustained synaptic activity, whilst transporting 

dysfunctional mitochondria back to the stoma [277]. Perturbations to mitochondrial 

distribution is known to lead to a range of neurological disorders including, motor neuron 

disease, type 2 Charcot-Marie-Tooth disease[147, 283], Alzheimer’s disease [284], 

Parkinson’s disease [285], Rett syndrome and Autism Spectrum Disorder (ASD) [211, 278]. 

Collectively, these studies further highlight the integral role of the MT cytoskeleton in the 

normal development and function of neurons. 

However, the ability of the MAPs, mitochondria, and other elements to affect neuronal 

morphology and function is dependent upon the presence of a functional and dynamic MT 

network. Despite its seemingly simple components of repeating tubulin subunits, MTs display 

a remarkable diversity, with various tubulin isotypes introduced into the growing MT and 

contributing to their dynamic nature [65]. The synthesis and incorporation of tubulin isotypes 

into MTs require a complex interaction of specific molecular chaperones to achieve the 

dynamic MT instability essential for neuronal development and brain formation. 

Perturbations to the generation and maintenance of MTs and its regulatory elements can 

result in severe neurological disorders, such as tubulinopathies, and is outlined below 

[reviewed in [13, 34, 147, 286] with an emphasis on the TBCs in this pathway. 

1.4 Tubulinopathies 

A causal link between tubulin gene mutations and neurological disorders was described in a 

landmark study by Keays, Tian and colleagues [287] in 2007. These researchers identified 

mutations in the α1-tubulin isotype (aka TUBA3, TUBA1A) leading to lissencephaly and 

pachyrgria, shortly followed by two studies in 2009 identifying Class 2 β-tubulin mutations 

(TUBB2B) leading to polymicrogyria malformations [288] and, an α-tubulin isotype, tubulin 

alpha 8 mutation (TUBA8) resulting in polymicrogria with optic nerve hypoplasia [289]. 

Subsequently, mutations to other tubulin genes across three β-tubulin classes (I-III), as well 

as TUBA4A [290], and the γ-tubulin isotype, TUBG1 [extensively reviewed in [56, 60, 291], 
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were also documented. Clinical mutations in the tubulin isoforms are associated with a wide 

variety of brain malformations with overlapping pathologies and varying severity of 

symptoms. Common symptoms of tubulinopathies include ocular nerve hypoplasia, motor 

and intellectual disabilities, and epilepsy [60, 291]. A systematic analysis by Bahi-Buisson, 

Poirier [292] details five key phenotypic pathologies associated with tubulinopathies; 

microlissencephaly, polymicroglia-like cortical dysplasia, central pachygria, simplified gyral 

pattern, and a range of lissencephalies. Collective efforts to study the pleiotropic clinical 

presentation of tubulin mutations have enhanced our understanding of genotype-phenotype 

correlations. However, these studies altogether demonstrate that alterations to tubulin 

biosynthesis and incorporation into the MT cytoskeleton leads to a plethora of cortical 

malformations. As such, our understanding of genotype-phenotype correlations could be 

enhanced by investigating how each protein component of the MT biosynthetic pathway, the 

MT subunits, and their molecular chaperones influence the synthesis, subcellular-localisation, 

and dynamics of the MT cytoskeleton, as described further below. 

1.5 Chaperones 

Chaperones are proteins that assist in the conformational folding, unfolding and quality 

control of other proteins. During MT assembly molecular chaperones play key roles in tubulin 

formation and regulation (Fig. 1.2). Following ribosomal synthesis, tubulin monomers interact 

with the molecular chaperone prefoldin (PFD). PFD is a protein whose body is comprised of a 

double β-barrel connected to six alternate subunits each of which containing two helices, 

forming coiled coils assembled into an anti-parallel configuration that appear like appendages 

(each subunit is ~14-20kDa). These appendages immediately bind the tubulin sequence as it 

is released from the ribosomes [51, 293]. PFD selectively transfers the partially unfolded 

tubulin polypeptides in an ATP-independent manner to the highly specific group II 

chaperonin, CCT (chaperonin containing TCP-1 (aka: TCP1)) [43, 294]. This group II chaperonin 

contains two sets of eight different subunits stacked back-to-back. They perform the same 

function as the widely studied group I chaperonin GroES, although they differ in their 

structure, with group II chaperonins lacking a co-chaperone [295, 296]. Through multiple 

rounds of ATP binding and release, termed cycling, the polypeptide is released in a quasi-

native state, this however, is only achieved with an efficiency rate of about 10-15%. These 

quasi-native α and β-tubulin proteins then rapidly interact with TBCB/E and TBCA/D, 
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respectively, to attain their functional-quaternary structure [53, 297]. The precise mechanism 

for the incorporation of monomers into TBCs is elusive, however recent evidence postulates 

that TBCB, and potentially other TBCs, directly binds to CCT, enabling tubulin to be released 

from the chaperonin already in a binary complex with the appropriate TBC [51, 298].  

A widely recognised standard “linear model” of TBC folding established over two decades ago 

by Tian, Huang and colleagues [52], and since then expanded (Fig. 1.2), proposes that the α 

and β-tubulin monomers bound by TBCB and TBCA are subsequently transferred to TBCE and 

TBCD, respectively. In addition to the shuttling abilities of TBCs, it was observed that they 

serve as reservoirs for excess tubulin, thus contributing to the autoregulatory mechanism of 

tubulins, by binding, sequestering, and targeting the tubulin subunits for degradation [22, 54, 

77, 147]. Once tubulin monomers are bound by TBCD and TBCE, they are able to form a super-

complex, TBC-DE, that assembles the α and β-tubulin subunits into their unique 

heterodimeric  conformation [51, 299]. Finally, the TBC-DE super-complex interacts with 

TBCC, which is believed to act as a GTPase activating protein (GAP). TBCC, stimulates 

hydrolysis of the β-tubulin bound GTP molecule that enables the dissociation of functional 

αβ-tubulin heterodimer from the super-complex [29, 34, 51, 54, 300]. This reaction has been 

proposed to take place at the end of the MT. Once released, the αβ-tubulin heterodimer, 

possesses a GTP molecule in N-site between the α-tubulin and β-tubulin that is non-

exchangeable, and a GDP on the exchangeable or E-site of β-tubulin. There is then believed 

to be a free exchange of GDP to GTP at β-tubulins E-site. This GTP is then hydrolysed again 

into GDP, enabling the αβ-tubulin heterodimer to be incorporated into the growing end of 

the MT lattice [19, 51, 301].  

During MT polymerization a stochastic switch can trigger MT depolymerisation. Upon 

depolymerisation, the αβ-tubulin heterodimer is bound and dissociated by TBCE/TBCB and 

TBCD, in a reaction that is the reverse to the assembly pathway (known as the back reaction), 

as detailed below. It is important to note however, that TBCD is regulated by ADP ribosylation 

factor-like protein 2 (Arl2), and disruption to this interaction can promote MT catastrophe by 

sequestering GTP-bound β-tubulin [302, 303]. Additionally, TBCE acts in concert with, and 

independently of, TBCB to dissociate the tubulin heterodimer through steric interactions at 

the αβ-tubulin interface mediated by its cytoskeleton-associated protein glycine rich (CAP-

Gly) and Leucine rich-repeat (LRR) domains [304]. This energy-independent process enables 
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the formation of TBCB/TBCE complex with dissociated α tubulin (αEB) facilitating α-tubulin 

degradation by exposing the ubiquitin-like (UBL) domain to directly engage the proteasome 

[304]. 

Recent work by two groups has challenged the role/involvement of various components of 

the MT formation and dissociation in the standard ‘linear model’. These studies propose TBCD 

as a central scaffold in the chaperone complex that is required for tubulin synthesis and 

degradation [301, 305]. In yeast, Nithan, Le and colleagues [301] et al. identified a cage-like 

structural complex comprising TBCD and TBCE, which interacts with Arl-2 (TBC-DEG) to form 

a stable chaperone that does not disassemble after each cycle of tubulin assembly and 

disassembly. In this proposed model, binding of α /β-tubulin to the TBC-DEG complex primes 

Arl2, allowing binding of TBCC. TBCC then interfaces with Arl2 and α and β-tubulin via its C-

terminal β-helical domain to promote GTP hydrolysis, catalysing α/β tubulin heterodimer 

assembly and triggering its release from the supercomplex [301, 305]. In contrast, studies 

conducted in mammalian tissues identified several different complexes including, a novel 

trimer consisting of TBCD, α-tubulin and β-tubulin trimer, a tetramer of TBCD, TBCE, Arl2 and 

β-tubulin, and a TBCD, Arl2 and β-tubulin trimer. These three complexes were found to be in 

1:1:1 ratio in most cells from a diverse array off tissues [299, 306]. Hydrogen/deuterium 

exchange mass spectrometric analysis, indicates that an interaction between β-tubulin and 

TBCD, alters the nucleotide binding properties of Arl2, to allosterically alter β-tubulin 

structure to promote α-tubulin binding [299, 306]. Nevertheless, these studies indicate a 

central and crucial role of TBCs in regulation of tubulin polymerisation and subsequent MTs 

formation. [13, 34]. To decipher the molecular underpinning of MT dynamics it is critical to 

understand the structural properties of TBCs. Such studies will enable us to decipher the 

structural implications of neurological disorder causing clinical mutations [51, 283, 291]. 

Structural characterisation of cofactors TBC- A, B, C and E have been deciphered. However, 

structural information of TBCD still needs to be determined [146, 307-309]. Here I discuss the 

chaperons TBC- A, B, C and E, but will mainly focus on TBCD and its recently characterised 

mutations.   

1.5.1 TBCs 

TBCA is a tubulin cofactor originally characterised as a 14kDA release factor involved in the 

folding of β-tubulin [310], and believed to be a co-chaperone for CCT [311]. More recently, 
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TBCA has also been recognized to interact with a folding intermediate of β-tubulin upon its 

release from CCT [22, 52, 312]. Human TBCA is rod-like shaped monomer consisting of a 

trimeric or coiled coil connected by short turns, and a proline induced kin in the second helix, 

with β-tubulin interacting via the three α-helical regions [313]. TBCA functions to not only 

shuttle β-tubulin to TBCD enhancing dimerization rate, but has also been shown to capture 

excess β-tubulin [313, 314]. Studies into TBCA homologues, such as the Schizosaccaromyces 

pombe Alp31, have indicated a role for TBCA in cytoplasmic MT integrity and the proper 

control of cell growth polarity [315]. Whilst loss or reduction of TBCA in mammalian tissues 

has been indicated to lead to alterations to the MT cytoskeleton contributing to cell cycle 

arrest and cell death [58, 146], the molecular actions of TBCA remains poorly characterised in 

mammals.  

In the case of TBCC, the GAP activity for this protein is essential to stimulate the GTP-

hydrolysis of β-tubulin units and subsequent tubulin heterodimer release from TBC-DEG 

super complex [52, 297, 316, 317]. The N-terminal domain structure of TBCC contains three 

helices that form a bundle, whilst its C-terminal domain fold is defined as a β-helix possessing 

a conserved arginine residue implicated to trigger hydrolysis of GTP-bound tubulin by acting 

as an arginine finger trigger [317-319]. Unsurprisingly, recent studies have indicated that 

alterations to TBCC levels alters cell cycle dynamics through perturbations to MT dynamics 

and centrosome disorganisation [320, 321]. Findings from one of these reports demonstrate 

that whilst overexpression of TBCC leads to an increase in G2/M cells, silencing of TBCC 

increases the percent of S phase cells, stemming from reduced MT growth, increased 

stabilisation, and increased pool of nonpolymerizable tubulins [320]. Further highlighting the 

importance of TBCC to the MT, was the identification of a TBCC related protein that is a key 

regulator of internal cell organization and centrosome positioning, termed TBCC-domain 

containing 1 protein (TBCCD1) [321].  

Recent evidence has elucidated the tertiary structure of TBCB and TBCE, and their ability to 

dissociate tubulin dimers in an energy-independent process, thus allowing a deeper insight 

into their roles in MT dynamics. Both cofactors possess globular protein domains and a CAP-

Gly, and UBL domain, that is connected by a short coiled coil region in TBCB, while TBCE’s UBL 

lies adjacent to a LRR [304]. Although the CAP-Gly domain of TBCB has been demonstrated to 

interact with various microtubule binding proteins to alter MT dynamics, such as the neuron 
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specific anti-catastrophe factor dynactin subunit p150 Glued, its ability to dissociate the 

tubulin heterodimer requires the participation of TBCE [298, 322, 323]. TBCE however, can 

act in concert and independently of TBCB to dissociate the tubulin heterodimer through steric 

interactions between the α/β-tubulin interface derived from its Cap-Gly and LRR domains 

[304]. Mutations to TBCB and TBCE have been indicated in hypoparathyroidism facial 

dysmorphia and giant axonal neurophathy, resultant from impairments to MT cytoskeletal 

function [34, 112, 324].  

1.5.2 TBCD 

TBCD was first implicated in tubulin synthesis in a study published in 1992 [316]. Several 

overexpression studies implicated bovine TBCD and TBCE in MT destabilisation [302, 303]. 

However, it was only in 1996 that the purified ~120kDa protein was reported and deemed to 

be actively involved in the generation of tubulin heterodimers [52]. Lewi, Tian and colleagues 

[53], first reported the integral role of TBCD in MT dynamics in which TBCD disrupts α/β 

dimers and sequesters β-tubulin. However, it should be noted that the activity of Human 

TBCD is mediated by its interactions with Arl2 [165, 325]. In addition to its involvement in de 

novo tubulin dimer assembly and disassembly, TBCD has been implicated to facilitate the 

organization of the mitotic spindle, recruitment of γ –TuRC at centrosomes, and appropriate 

chromosomal segregation in various organisms [28, 302, 326-329]. Furthermore, genetic 

mutations to TBCD result in severe neuropathological disorders in children, with a recent 

study identifying two novel homozygous missense mutations in the TBCD gene, A475T and 

A586V (rs775014444), in two girls from two independent consanguineous families with 

infantile neurodegeneration [4]. These mutations were associated with a plethora of 

neuropathological disorders including microcephaly, epilepsy, dystonia, optic atrophy, 

nystagmus, hypotonia, generalized atrophy of white matter, thin corpus callosum, language 

deficits, and intellectual disability [4, 63]. These mutations result in a drastic reduction in the 

amount of TBCD protein in the fibroblasts of afflicted individuals. Further in vitro analysis 

revealed that while mutants were functionally capable of binding and discharging TBCD 

intermediates, they were comparatively less efficient than WT TBCD proteins at de novo 

assembly, and disassembly of heterodimers even when overexpressed. TBCD knockdown 

using short hairpin RNA (shRNA), in vitro, resulted in reduced proliferation and radial 

migration of cortical cells. These deleterious effects could be partially rescued by expressing 
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TBCD mutants and fully rescued by WT TBCD [4]. Consistent with these findings Pode-

Shakked, Barash and colleagues [63] documented perturbed MT dynamics and reduction in 

TBCD levels from samples obtained from patients harbouring the A475T and A586V 

mutations, as well as documenting an increase in re-polymerization and a significant 

reduction in β-tubulin levels. Furthermore, by silencing TBCD in a Zebra fish model, Pode-

Shakked, Barash and colleagues [63] observed a phenotype reminiscent of human 

neuropathological phenotype described in patients. In addition to these phenotypic changes, 

the authors also documented a reduced level of α and β-tubulin compared to control. Whilst 

the causes for a reduction in β-tubulin levels remains unclear, it has been attributed to an 

increased ubiquitination of TBCD bound β-tubulin or β-tubulin misfolding, or both [63].  

Following from this work, two additional research groups identified a variety of 

heterozygous and homozygous mutations to TBCD, as well as a loss-of-function (deletion) 

allele [61, 62, 330]. Notably, a P1122L mutation was associated with a more severe phenotype 

when compared with others reported in these studies, as subjects were reported to exhibit 

the following features additional to well-documented TBCD pathological traits: growth 

failure, muscle weakness, early onset cortical atrophy, developmental delay, spastic 

tetraplegia, limited response to noise and delayed myelination as determined via magnetic 

resonance imaging [61]. Thus, these results could be interpreted to mean that TBCD is 

important not only in neuronal development but also in the development of multiple organs 

of the body. The mutations reported in studies by Flex, Niceta and colleagues [61], and by 

Miyake, Fukai and colleagues [62], displayed scenarios in which a reduced pool of soluble 

tubulin and accelerated rate of MT re-polymerization was observed for several cases of 

disease-associated variants, suggestive of a rapidly growing and potentially more stable MT 

population. On the other hand, Flex, Niceta and colleagues [61], were also able to identify a 

reduced binding of β-tubulin and impaired binding to TBCE and Arl2 in TBCD mutants.  

1.6 Aims 

Unlike the other TBCs, there is little functional molecular modelling or structural biological 

data on the protein to describe its structures relative to MT biosynthetic pathway complexes, 

leaving a gap in knowledge into the exact mechanisms of function and the alternate effect 

that mutations in this gene may encompass. However, the significant insights into genotype-

phenotype relationships documented in abovementioned studies of the 15 TBCD mutations 
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already provide clues to suggest the importance for this chaperonin in MT folding and, hence, 

serve as motivation to clarify its mode of action.  

In this thesis, the role of TBCD in neurogenesis and neurodevelopment is investigated. To 

achieve this, a combination of molecular modelling, cell culture and preclinical (mouse) 

models, was used. Firstly, the biophysical properties of TBCD as a protein complex with its 

binding partners TBCE, ARL2 and β-tubulin, essential to its role as a microtubule biosynthetic 

chaperone, were explored. Next, to understand the biological roles of TBCD in cells, the 

impact of TBCD gene disruption on cell cycle, cell viability, energy metabolism, mitochondrial 

function, and redox status was investigated. Finally, to understand the physiological impact 

of TBCD mutations on mammalian neuronal development and disease, a novel knock-in 

mouse model harbouring the TBCD clinical mutation (A475T) was characterised to understand 

the impact of this mutation in neurodevelopment and disease. Altogether, these studies 

delineate the molecular functions for TBCD in neural cells, and how disease-associated 

mutations directly influence mammalian nervous system development resulting in disease.  
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Chapter 2 General Materials and Methods 

2.1 Reagents 

All chemicals, reagents and media were purchased from Sigma-Aldrich, unless indicated 

otherwise. Primary antibodies to αβ-Tubulin, β-actin, Ki67, cyclin D1, p70S6K and Total S6, as 

well as a Glycolysis Antibody Sampler Kit to detect Pkm1/2, Pkm2, Hexokinase 1, Hexokinase 

2 and GAPDH were all obtained from Cell Signalling Technology, (Beverly, MA, USA). 

Additionally, rabbit anti-Sox2, anti-Synapsin I and mouse anti-NeuN were obtained from 

Merck Millipore (Burlington, MA, USA), while rabbit anti-Pax6 and anti-TBCD were obtained 

from BioLegened (San Diego, CA, USA) and Protein Tech (Chicago, IL, USA) respectively. 

Secondary antibodies consisted of horseradish peroxidase conjugated goat anti-mouse or 

anti-rabbit antibodies (Dako Cytomation, Carpinteria, CA, USA). Mammalian expression 

plasmid constructs encoding either full-length human wild type (WT) or mutant TBCD cDNA, 

and shRNAs containing a GFP cassette, that were consisting of either scrambled shRNA or the 

TBCD shRNA3 (denoted sh3) (5′ CAGGCTTGTCACAGACTATCTGGATGAGA 3′) that had been 

previously validated in the pcDNA3 vector (Invitrogen, Inc.) [1] were obtained and re-

sequenced. Stock solutions of 100μM Exendin-4 (E7144) were prepared by pre-dilution in 

sterile water and stored at -20°C. 

2.2 Plasmid preparation and isolation  

Transformation of competent Escherichia coli (C3040H), obtained from New England Biolabs 

(Ipswich, MA, USA), was carried out by adding 1-2μL of the plasmid DNA (at a concentration 

of 100pg-100ng) to 50μL of cells in pre-chilled tubes, and carefully flicked to mix. Cells were 

incubated on ice for 30 minutes prior to incubation for 45 seconds in a 42°C water bath and 

then rested on ice for a further 2 minutes. Following this 250μL of Lysogeny broth (LB) (1% 

(w/v) Tryptone, 0.5% (w/v) Yeast Extract, 1% (w/v) NaCl, pH 7.5 (NaOH), 1.5% (w/v) 

bacteriological agar) media without antibiotics, mixed and gently spread onto LB agar plates 

supplemented with ampicillin (100ug/ml ampicillin) and incubated overnight (O/N) at 37°C. 

After O/N incubation single colonies were placed in 5-10mL of LB supplemented with 

ampicillin, and incubated on a shaker at 200 revolutions per minute (rpm) at 37°C for 12-16 

hours. Cells were then harvested at 10,000g’s for 1 minute and Plasmid DNA extracted using 

the Qiagen Plasmid Mini Kit (12125) (Hilden, Germany) according to the manufacturer’s 
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instructions. Following extraction, the DNA was eluted in 50μL of elution buffer. For long term 

storage of plasmids transformed E.coli were grown O/N in the presence of antibiotics, spun 

down at 3,000 rpm for 10 minutes, resuspended and gently mixed in culture media containing 

20% (v/v) sterile glycerol prior to snap freezing in liquid nitrogen and storage at -80°C.  

2.3 Cell culture  

The P19 Embryonic Carcinoma (P19ECs) cell line was seeded and cultured overnight in 

different formats according to the requirement for subsequent measurements. Cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) high glucose media (4500mg/L), 

with 1% v/v L-Glutamine, supplemented with 5% (v/v) Foetal bovine serum (FBS) (Sigma-

Aldrich USA), at 370C in a humidified atmosphere of 95% air and 5% CO2 in accordance with 

previous findings [2, 3]. For splitting, seeding and sub-culturing, P19ECs were required to be 

at ~75% confluency. Cells were then washed with phosphate buffer saline (PBS), without 

calcium, magnesium, and phenol red, and incubated at 37°C for 4-5 minutes in 0.25% Trypsin 

with EDTA 0.53mM (pre warmed at 37°C). Complete media, with a volume equal to or greater 

than the volume of trypsin, was added to stop the enzymatic activity of trypsin, and the cells 

transferred to a 15mL tube for a 5 minutes centrifugation at 300 x g at room temperature. 

Next, the supernatant was discarded and the cells were resuspended in a fresh volume of 

complete media, and aliquots taken for counting using the 0.4% Trypan Blue dye exclusion 

test. Cells were cultured overnight in various densities and plate formats, in accordance with 

the subsequent measurements. 

Cells were then co-transfected with shRNA or sh3, and a mammalian expression plasmid 

construct encoding either a full-length human WT, A475T or A586V mutant TBCD. 

Transfections were performed using Lipofectamine 2000 (Thermo Fisher Scientific San Jose, 

CA, USA) in accordance with the manufacturer’s protocol, with equal quantities of expression 

plasmids for each condition and collected 48 hours post-transfection to measure various 

functional parameters. In some experiments, transfected cells were treated in the presence 

or absence of 50nM Exendin-4 for 18 hours prior to assessment, in standard culture media as 

previously outlined [4, 5].  
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2.4 Flow Cytometry 

After 48 hours, transfected cells, pre-conditioned in the presence or absence of 50nM 

Exendin-4 for 18 hours, were washed with PBS, collected by trypsinization and resuspended 

in complete media. Cells were then processed for flow Cytometry sorting utilising either the 

FACS Jazz or LSRFortessa (BD Biosciences, Heidelberg, Germany) and subject to assessment 

via various assays outlined below.  

2.4.1 Cell Cycle Analysis 

P19ECs were seeded at a density of 2.0x104 in a 24-well plate format, cultured overnight, 

transfected, and pre-treated in the presence or absence of 50nM Exendin-4 for 18 hours as 

outlined. Following transfection, 48 hours later, cells were collected and subject to 

paraformaldehyde (PFA) fixation, ethanol permeabilization and stained with FxCycle 

Propidium iodide/RNAse staining solution (Thermo Fisher Scientific San Jose, CA, USA). To 

achieve this, transfected cells were collected by trypsinization and subsequently washed with 

PBS. Cells were then spun down at 300xg and resuspended in 500μL of ice cold PBS and 500μL 

of 4% Paraformaldehyde (PFA) (to achieve a 2% PFA final concentration), and incubated at 

4°C for ~30 minutes. Fixed cells then underwent another ice cold PBS wash prior to 

permeabilization with -20°C 70% ethanol for ~30 minutes. Cells were then washed a final time 

with ice cold PBS, followed by treatment with 500μL of FxCycle per 1x106 cells, and incubated 

for ~15 minutes at room temperature in the dark, in accordance with company’s protocol. 

After incubation the cells were filtered through a 40μm cell strainer. Unlabelled control cells 

were generated by preparing cells as described above, however in the absence of GFP and or 

FxCycle. Cells stained with GFP (FITC) and PI (FxCycle) were analysed (blue-488 nm and yellow 

green-561 nm lasers) using FACS LSR Fortessa flow cytometer (BD Biosciences, Heidelberg, 

Germany). GFP and PI signals were measured upon excitation by the lasers using 530/30 nm 

and 610/20 nm bandpass filters respectively. A minimum of ten thousand GFP+ cells were 

selected and data was analysed using the FlowLogic FCS analysis software (Inivai 

Technologies, Melbourne, Australia). Cell debris was excluded from analysis by pulse 

processing side scatter area (SSC-A) and forward scatter area (FSC-A). After gating for GFP 

negative cells, GFP positive cells were identified and their median fluorescence intensities 

(MFI) for FxCycle, SSC and FSC fluorescence were obtained.  
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2.4.2 Mitotracker Deep Red, DHE and MitoSOX Red assays  

Mitochondrial membrane potential of P19ECs was determined using the Mitotracker 

DeepRed assay (Thermo Fisher Scientific San Jose, CA, USA). Cells were seeded at a density of 

2.0x104 in a 24-well plate format, cultured overnight, transfected and pre-treated in the 

presence or absence of 50nM Exendin-4 for 18 hours as previously outlined. After 48 hours 

cells were incubated in the presence or absence of 5nM Mitotracker DeepRed, in the dark, at 

37°C for 30 minutes in complete media. Cells were then detached with trypsin, washed in PBS, 

resuspended in 120μl of PBS and kept at 4°C prior to sorting. Unlabelled control cells were 

generated by preparing cells as described above, however in the absence of GFP and/or 

Mitotracker DeepRed. Cells stained with GFP (blue-488 nm), Mitotracker DeepRed (red-640 

nm), dihydroethidium (DHE) (yellow-green-561 nm) and MitoSOX Red (yellow-green-561 nm) 

were analysed using FACS LSR Fortessa flow cytometer (BD Biosciences, Heidelberg, 

Germany). GFP, DHE, MitoSOX Red and Mitotracker DeepRed signals were measured upon 

excitation by lasers using 530/30 nm, 610/20 nm, 575/26 nm, and 670/14 nm bandpass filters 

respectively. A threshold of ten thousand cells co-labelled with Mitotracker DeepRed and 

GFP, was set for collection and analysis on the LSR Fortessa (BD Biosciences, Heidelberg, 

Germany).Data was analysed using the FlowLogic FCS analysis software (Inivai Technologies, 

Melbourne, Australia). Median Mitochondrial fluorescence was obtained after gating for 

single GFP positive cells. In order to estimate cellular reactive oxygen species (ROS) and 

mitochondrial superoxide respectively, DHE and MitoSOX Red Mitochondrial Superoxide 

indicator assays (Thermo Fisher Scientific San Jose, CA, USA) were performed. Following 

experimental treatments, cells were incubated with either 5μM DHE, in serum-free DMEM 

media, or 5nM MitoSOX Red, in PBS, at 37°C in the dark for 15 minutes and median 

fluorescence intensities immediately assessed by flow cytometry as described above.  

2.5 Immunoblotting 

Cells were GFP positively sorted following indicated treatments, washed in PBS at 4°C and 

lysed in 1x RIPA buffer (Astral Scientific, Sydney, Australia) containing protease and 

phosphatase inhibitors cocktail (1x) (Cell Signalling Technology, Beverly, MA, USA). Whole 

brains were collected from mice, put on ice, and weighed. Next, the whole brains were placed 

in a 2mL tube with Tris-buffered saline (TBS) and protease and phosphatase inhibitors cocktail 

(2x) at a 1:1.5 weight-to-volume ratio (brain weight: TBS and inhibitor 2x) prior to several 
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rounds of vortexing to homogenise the tissue. Once homogenised RIPA buffer was added, 

creating 1:3 weight-to-volume ratio, following which homogenates were incubated for 1 hour 

at 4°C and agitated to mix (spinning wheel). Following this, GFP+ sorted cells and whole brain 

homogenates were subject to multiple rounds of sonication at 4°C, ensuring complete lysis, 

spun down at 14,000 x g for 10 minutes, and the supernatant transferred to a new tube. Total 

protein concentrations were determined using Pierce BCA protein assay kit (Life 

Technologies, Gaithersburg, MD, USA) and a colorimetric capable plate reader (Enspire 

Multimode Plate Reader, PerkinElmer, USA). Cells were diluted in Bolt™ Sample Reducing 

agent (1x) and Bolt™ LDS Sample Buffer (1X) (Thermo Fisher Scientific, San Jose, CA, USA). 

Equal amounts of protein extracts were separated by SDS-PAGE Electrophoresis using Bolt™ 

4–12% Bis-Tris precast gels in Bolt™ MES SDS Running Buffer at 120 volts for ~1 hour. 

Following migration gels were prepared for transfer onto 0.45μm nitrocellulose membranes 

(Bio-Rad Laboratories, Hercules, CA, USA) by soaking both in transfer buffer (25mM Tris Base, 

192mM Glycine, 20% (v/v) methanol). To ensure an even transfer, a “sandwich” consisting of  

two foam pads, filter paper, the gel being transferred, filter paper, and two more foam pads 

was prepared, all of which were pre-soaked in transfer buffer prior to construction of the 

sandwich. The sandwich then had all air pockets removed using a roller and was placed with 

gel adjacent to the cathode in a Bio-Rad Mini Trans-Blot® Cell transfer tank and run at 150mA 

for 2 hours at 4°C. 

After transfer, membranes were placed in a blocking solution (3% (w/v) of dry bovine serum 

albumin (BSA) dissolved in 1x TBS with Tween 20 (TBST) (Tris 20mM (pH 7.4), NaCl 140mM. 

0.01% (v/v) Tween-20 detergent) for a minimum of 30 minutes, gently rocking at room 

temperature. Transfer efficiency was checked prior to blocking using Ponceau stain. Primary 

antibodies were diluted in blocking buffer with 0.02% sodium azide, for long term storage, 

and are listed in Supplementary Data Table 1. Membranes were incubated overnight at 4 °C 

with primary antibodies as indicated, and were subsequently subject to 4 TBST washes using 

the SNAP i.d. quick immunoblot vacuum system (Millipore, MA, USA) prior to incubations with 

the appropriate secondary antibody. Secondary antibodies (horse radish peroxidase 

conjugated) were diluted in blocking solution, and incubated on the membrane for a 

minimum of 1 hour at room temperature, which was then removed and membrane washed 

again with TBST 4 times. Following the final wash membranes were removed and incubated 
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in Clarity Western ECL substrate (Bio-Rad Laboratories, Hercules, CA, USA) to develop bands. 

Band visualization was performed using the Chemiluminescent protocol of a BioRad 

Chemidoc and quantitative densitometry analysis performed with BioRad Image Lab Software 

6.1. Total S6 protein expression was used as a normalisation marker to avoid any possible 

confounding factors.  

2.6 Extracellular Flux analysis and total ATP measurements 

XFe96 Extracellular Flux Analyser (Agilent Technologies, USA) was used to determine 

bioenergetics parameters including mitochondrial electron transport and glycolytic flux of 

transfected cells. Following indicated treatments, single GFP positive cells were obtained, 

after gating for unlabelled GFP negative control cells, using the FACS Jazz (BD Biosciences, 

Heidelberg, Germany). GFP positive sorted cells were then washed in Serum-free DMEM, 

counted, seeded at a density of ~2.0x104 per well in a 96 well Seahorse plate, and rested for 

1 hour at 37 °C in a CO2-free atmosphere. Following this the basal extracellular acidification 

rate (ECAR), and oxygen consumption rate (OCR), indicators of glycolysis and/or lactate 

production and mitochondrial respiration respectively, were determined, as previously 

described [6] using Agilent Seahorse Wave software. Additionally, use of the Seahorse XF 

Glycolytic Rate Assay was undertaken in order to obtain a more accurate indication of the 

rate of glycolysis by accounting for the mitochondrial CO2 contribution to extracellular 

acidification. To achieve this, cells were prepared similar to above, with the exception that 

they were washed in Serum-Free DMEM without phenol red. Cells were then placed in the 

XFe96 Extracellular Flux Analyser, and exposed to sequential injections of a combination of 

rotenone (1μM) and antimycin A (1μM), and 2-deoxy-D-glucose (2-DG) to determine the 

poton efflux rate (PER). Five two-minute cycles of mix and measurement following each 

injection were used to measure OCR, ECAR and PER. Cells were then lysed with RIPA buffer 

(Astral Scientific, Sydney, Australia) and total DNA was quantified using Quanti-iT PicoGreen 

(Life Technologies, Gaithersburg, MD, USA) according to manufactures instructions. Analysis 

of treated cells bioenergetics was performed using Agilent Seahorse XF Report Generators 

(Agilent Technologies, USA), as described in [7], and results were normalized by total DNA 

content. For Total ATP content measurements, P19ECs cells were treated and GFP sorted as 

outlined above. Next, 1.0x103 cells per well in a white 96-well plate were lysed with CellTiter-

Glo® Reagent (Promega Corporation, Madison, WI, USA) and total ATP determined on a 
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luminescent capable plate reader (Enspire Multimode Plate Reader, PerkinElmer, USA) 

according to manufacturer’s instructions.  

2.7 Animals 

Animals were maintained within the animal research laboratories of the Animal Resources 

Centre (ARC) on a 12:12 light: dark cycle with food available ad libitum. All procedures were 

performed in accordance with existing animal licenses and guidelines (ARE2017-23). 

2.7.1 Generation of CRISPR-engineered Tbcd A475T mice cloning, rederivation and back-

crossing 

TBCD A475T knock-in CRISPR-CAS9 engineered mice were generated and genetically screened 

by M.M at the Transgenic Service Department at the Institute of Molecular Pathology (IMP) 

and Institute of Molecular Biotechnology (IMBA) in Vienna, Austria, following which they were 

imported to the ARC in Perth, Western Australia. Following quarantine, mice underwent 

standard rederivation in order to establish clean and healthy breeding colonies into the 

appropriate background strain (C57B/6J). Tbcd A475T transgenic mice were backcrossed for 

several generations prior to analysis, described below.  

2.7.2 Sample preparation for histological analysis. 

Mouse brains were collected at embryonic day 14.5 and E17.5, and postnatal day 5 (E14.5, 

E17.5 and P5) after culling the pregnant mothers in accordance with animal ethics (ARE2017-

23). Day 0 of pregnancy was determined as the day that the vaginal plug was found. After 

opening of the mesometrium, individual embryos were isolated from the uterus and placed 

in a Petri dish containing ice cold TBS. Brains were then dissected under stereotactic 

microscope. Using sterile fine scissors the cranium of the pups was opened by cutting from 

caudal to rostral, until the nose was reached. Removing the meninges layer carefully, the 

embryonic brain, including the olfactory bulbs, was isolated and transferred to a 2 mL 

Eppendorf tube of ice cold 4% paraformaldehyde (PFA) diluted in PBS for overnight fixation 

at 4°C. In addition, a small tail sample form each embryo was collected for genotyping. 

Following overnight fixation, to remove excess PFA, brains were washed 3 times for 5 minute 

in PBS at 4° (with gentle agitation), and subsequently incubated in 30% sucrose and 0.2% 

sodium azide in PBS for 3 days for cryoprotection. Tissues were then embedded in Optimal 

cutting temperature compound (OCT), snap frozen, and stored at -80°C. OCT embedded 
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tissue was then sectioned using Leica CM-3050S cryostate and 16 µm thick coronal sections 

were collected onto SuperFrost Ultra Plus Adhesion slides (Thermo Fisher Scientific). 

Sectioned slides were stored at -80°C until histological analysis was performed.  

2.7.3 Size and weight measurements of the brains.  

Prior to incubation with cryoprotectant, brains were weighed on an analytical balance, placed 

on a laminated sheet of 1 mm square graph paper, and imaged. Using the ImageJ software, 

measurements were taken from the caudal end of the olfactory bulb to the caudal end of 

each cortical hemisphere for left and right cortical length. Values from each cortices were 

averaged to obtain average cortical length of each sample. The thickness of each hemisphere 

was similarly measured, averaged and used to determine the average cortical thickness of 

each sample.  

2.7.4 Immunohistochemistry and Nissl-staining  

Sectioned slides were dried in a fume hood for 45 minutes and then washed for 5 minutes in 

PBS whilst being gently agitated on an orbital shaker. Following this primary wash, slides were 

washed 2 more times in PBS 0.1% Triton whilst on shaker. Slides were then blocked with the 

appropriate blocking serum (same species as secondary antibody). Blocking serum was 

diluted to 10% with PBS 0.1% Triton and 190μL added to the slide, after which slides were 

covered with parafilm- to prevent evaporation, and incubated in an Immunohistochemistry 

Microscope Slides Humid chamber for 30 minutes at room temperature (RT). Primary 

antibodies were diluted to the appropriate concentration (as detailed in Supplementary 

Material Table S1.) with PBS 0.1% Triton, and 100μL was added to each slide which was then 

covered again with parafilm, and incubated in Humid slides chamber at 4°C overnight. 

Following overnight incubation, slides were washed in PBS 0.1% Triton 3 times for 5minutes 

on shaker. Appropriate secondary antibodies were diluted in PB1 0.1% Triton and 100μL 

added to each slide. Slides were then covered with parafilm and incubated for 2 hours at RT 

in Humid slides chamber. After incubation, slides were washed 3 times for 5 minutes in PBS 

0.1% whilst minimising exposure to light. In order to visualize cell nuclei, slides were 

incubated with 300μL of DAPI (4’6-Diamidino-2-Phenylindole) for 15 minutes at RT. Slides 

were then subjected to another 3x 5 minute PBS 0.1% Triton washes. Glass cover slips were 

mounted with DAKO mounting media and left to dry in the dark for 24 hours. Images were 
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captured on a fluorescence microscope (BX51, Olympus) equipped with a CCD camera (Nikon, 

Japan).  

Initially, cresyl violet staining (aka Nissl-staining) stock solution was prepared by mixing 0.2g 

of 150mL of distilled water and stirred for 20 minutes by magnetic stirrer and filtered with 

blotting paper. Cresyl violet staining solution was then prepared by mixing 30mL of cresyl 

violet stock with a 300mL buffer solution containing, 282mL of 0.1M acetic acid, and 18 mL of 

0.1M sodium acetate. Prior to staining sectioned slides were equilibrated to RT. Slides were 

then stained as follows: 5 minute immersion in Xylene, followed by immersion in 95% ethanol 

and 70 % ethanol for 3 minutes each, after which excess ethanol was removed with a dry 

paper towel, slides were then immersed in deionised water for 3 minutes, followed by 

immersion in cresyl violet staining solution for 11 minutes. After removing excess cresyl violet 

staining solution with dry paper towel, slides were washed again in a second deionised water 

for another 3 minutes. Slides were then immersed in: 70% ethanol for 3 minutes, followed by 

immersion in 95% ethanol for 1 minute, then immersed in 100% ethanol twice (two dips), 

following which slides were immersed for 5 minutes in xylene, and then for another 5 minutes 

in a new xylene solution. Glass cover slips were mounted with DAKO mounting media and left 

to dry overnight. Nissl-stained sections were imaged on an Olympus IX-51 using CellSens 

standard software. For each marker, a representative coronal section from the rostral, medial 

and caudal regions of the brain was selected for imaging and analysis. For each coronal section 

a representative field of 300 pixels was selected, wherein cell density and orientation, as 

visualised by DAPI positive cells, was used to identify subdivisions of embryonic (ventricular 

zone (VZ), sub-ventricular zone (SVZ), intermediate zone (IZ), cortical plate (CP), marginal zone 

(MZ) and corpus callosum) and postnatal brains (layers I-VI). For each marker, the thickness 

of each immunostained layer was measured and compared to the thickness of the respective 

DAPI positive layer to determine total and relative immunostained layer thickness. 

Measurements of cortical layer thickness, corpus callosum thickness, and positive cell number 

count were performed blind to the condition on representative fields of randomized stained 

sections using ImageJ software.  

2.8 Generation of CRISPR IGF-1R and INSR stable knockout cell lines 

Two independent optimal gRNA sequences to target mouse Igf1r and Insr were taken from 

https://www.genscript.com/gRNA-database.html?src=leftbar (Supplementary material Table S2).  

https://www.genscript.com/gRNA-database.html?src=leftbar
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Each gRNA sequence was designed along with flanking BamHI and HindIII restriction sites, a U6 

promoter and a gRNA scaffold sequence, then synthesised as a block with Integrated DNA 

Technologies (IDT) (Fig. 2.1).  

 

This synthesised cassette was cloned into Plasmid B, a vector already containing a mammalian 

expression cassette for tdTomato to generate two gRNA vectors (gRNA1 and gRNA2) for each 

target gene, Igf1r and Insr. These gRNA vectors were co-transfected with pSpCas9(BB)-2A-

GFP (Addgene Plasmid #48138), an expression vector containing Cas9 from S. pyogenes with 

2A-EGFP, into P19ECs to disrupt the coding sequences of Igf1r and Insr. The molecular cloning, 

transfection and cell cloning procedures are described in detail below. 

Plasmid B, a pUC19 derived vector containing a tdTomato expression cassette followed by a 

multiple cloning site was prepared via mini-prep, and digested with BamHI and HindIII, then 

quick CIP added. Product run on 0.8% agarose 40 minutes at 130V. Top band 4069bp was cut 

and purified leaving 120μL of ~100ng/μL of linearized plasmid DNA. gRNA cassettes (gBlocks 

from IDT, above) were resuspended in 50μL H2O (final 10ng/ μL), then 10μL of each (100ng) 

were digested with BamHI and HindIII for 30min. Products were purified by PCR clean up kit, 

and eluted in 10μL (concentrations ranged around 15ng/ μL). Ligation reactions were done in 

10μL (50ng vector + 1.5 μL inserts + 0.5μL T4 ligase) overnight at 16°C (Vector: insert molar 

ratio ~1:4). Following this, 2μL of the ligation products were transformed into 20μL of NEB 

competent cells. Cells were left to recover for 1 hour at 37°C in 400μL SOC, then 150μL were 

plated in LB Amp plates. All plasmids were confirmed correct by digestion with BamHI and 

HindIII, (donor plasmid #B should release a fragment of 760bp and Igf1r and Insr gRNA 

plasmids release a fragment of 392bp). Plasmids were transformed into competent cells and 

plated on ampicillin plates for selection. Bacteria were then grown in LB with ampicillin for 

12-16 hours and miniprep conducted, as previously outlined. P19ECs were co-transfected 

Figure 2.1. gRNA expression cassette.  
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with pSpCas9(BB)-2A-GFP alone or in combination with Igf1r or Insr gRNA plasmids for 48 

hours as previously described. Following transfection, cells were subject to single cell sort via 

FACS Jazz (BD Biosciences, Heidelberg, Germany), with GFP+ and tdTomato+ single cells 

sorted into individual wells in a 96-well plate, and purities obtained. Single cell colonies were 

cultured in DMEM, high glucose media (4500mg/L), with 1% v/v L-glutamine, supplemented 

with 5% (v/v) FBS and 100 U/mL penicillin and 0.1 mg/mL streptomycin, pH 7.4, at 370C in a 

humidified atmosphere of 95% air and 5% CO2.  Cells reaching ~75% confluency were split and 

re-seeded, as previously outlined, in a larger receptacle until the appropriate cell numbers 

were reached. Knockouts were confirmed via immunoblot assay for IGF1R and INSR, and 

validated colonies were frozen down as stocks and/or used for further experiments.  

2.9 Statistical analysis 

All analyses were performed using GraphPad Prism 6 software (GraphPad, San Diego, CA, 

USA). Variables are reported as ± SEM. For variables that were normally distributed, ANOVA 

with a Tukey post hoc test was used when more than two experimental groups were 

compared, and Student’s t-test when only two experimental groups were compared to 

evaluate statistical significance. For non-normally distributed variables the non-parametric 

equivalents were used, namely Kruskal-Wallis and Mann Whitney tests. Statistical significance 

was set at P < 0.05 (two-tailed). All graphs were generated using GraphPad Prism 6 software 

(GP Prism, San Diego, CA, USA). 
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Chapter 3 TBCD influences cell cycle and metabolic homeostasis 

in vitro 

3.1 Introduction  

Nervous system formation and function relies upon the coordinated, spatiotemporal 

proliferation, migration and differentiation of neuronal stem/progenitor cells (NSC/NPCs). 

These processes require the organisation, disassembly, assembly and coordinated 

remodelling of the highly dynamic neuronal cytoskeleton [1-3]. The structural framework of 

the cell, the neuronal cytoskeleton is composed of three essential filaments, microtubules 

(MTs), actin and intermediate filaments. During brain development, the organisation and 

dynamic remodelling of the actin and MT cytoskeleton is crucial for appropriate neuronal 

development and maturation [4-6]. The largest of the filaments, MTs are composed of 

repeating αβ-tubulin subunits, and are considered dynamically unstable due to their rapid 

stochastic switching between phases of polymerisation and depolymerisation in a guanosine 

triphosphate (GTP)-dependent manner [2, 5-8]. It is this dynamic instability that allows MTs, 

acting in concert with actin filaments, to mediate the wide-range of cellular functions required 

for appropriate neuronal development and nervous system formation, including 

proliferation, migration, axon and dendrite formation, establishment of cellular polarity and 

intracellular trafficking [2, 9-12]. Unsurprisingly, cytoskeletal defects in developing neurons 

lead to a plethora of debilitating neurodevelopmental disorders and nervous system 

abnormalities [5, 9, 13]. Recently, several studies have identified mutations in the gene 

encoding the tubulin-specific chaperone D (TBCD) protein to be responsible for the observed 

severe infantile neurodegenerative pathologies including; microcephaly, cortical atrophy and 

dystonia, resulting in intellectual disability and seizures [14-18]. These mutations have been 

reported to perturb TBCD’s critical role in the in the polymerisation and depolymerisation of 

MTs, consequently impacting neuronal function and development.  

The dynamic nature of MTs are regulated by specific molecular chaperones influencing 

synthesis, subcellular-localisation and protein stability of the α and β-tubulin subunits, as 

previously described. Briefly, the α and β-tubulin polypeptide sequences are taken from the 

ribosome by the chaperonin prefoldin (PFD) and transferred to the chaperonin containing 

TCP-1 (CCT) [19-21]. CCT then encloses the tubulin subunits in its centre, following which 
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multiple rounds of ATP-dependent binding drive conformational changes in CCT and 

consequently tubulin, resulting in tubulin to dissociate in a more native conformation [2, 20, 

22-26]. Of note, both α and β-tubulin are GTP-binding proteins, with α-tubulin binding GTP 

nonexchangeably, whilst β-tubulin requires an exchangeable GTP for both heterodimer 

formation and incorporation into the MT lattice [22, 27, 28]. Released in a quasi-native, α and 

β-tubulin can then be bound by the tubulin binding cofactors B and A (TBCB and TBCA) 

respectively. Once bound, TBCA and TBCB transfer the bound tubulins to the TBCD-TBCE-Arl2 

(TBC-DEG) superstructure, which in turn promotes the association of TBCC and its subsequent 

hydrolysis of the β –tubulin bound GTP [7, 29, 30]. This enables the dissociation of TBCC and 

the αβ- heterodimer from the super-complex, with the latter now able to be incorporated 

into the growing MT lattice. Additionally, TBCD and TBCE are able to participate in the 

destruction of heterodimers, with α-tubulin being bound by TBCE, alone or in concert with 

TBCB, and β-tubulin being sequestered by TBCD in the absence of Arl2 [31-33]. Perturbations 

to either the subunits or molecular chaperones in this system are known to lead to a plethora 

of cortical malformations, often stemming from impaired NPC proliferation, migration and 

differentiation [14-17, 32, 34, 35].  

The first of these studies, by Edvardson, Tian and colleagues  identified two novel homozygous 

missense mutations in TBCD, A475T and A586V (rs775014444), with reduced abundance in 

patient fibroblasts [14]. Whilst able to participate in heterodimer assembly, the mutant 

variants were reported to be less efficient in dimer disassembly, they also lead to an increase 

in MT stability, and were indicated to compromise neuroprogenitor proliferation and 

migration [14]. Additionally, three other research groups reported on a range of heterozygous 

and homozygous mutations to TBCD, as well as a loss-of-function (deletion) allele, with 

phenotypes of varying severity [15, 16, 36]. Findings from Flex, Niceta and colleagues [15], 

reported that while there was no significant alterations to the rate of proliferation in patient 

derived fibroblasts harbouring a mutant TBCD, the cells displayed aberrant mitotic MTs, 

enlarged centrosomes and enhanced γ-tubulin signalling. In addition to its involvement in de 

novo tubulin dimer assembly, TBCD has been implicated to facilitate the organization of the 

mitotic spindle and recruitment of γ –TuRC at centrosomes [33, 37]. Interestingly, histological 

examination of a morphololino-mediated TBCD silencing in Zebrafish by Pode-Shakked, 

Barrash and colleagues [17], revealed that either loss of or overexpression of TBCD resulted 
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in brain atrophy, decreased neural density, thin neuronal layering, defective retinal 

lamination and myocyte disorganization. Further extending these findings, Miyake et al. [16], 

hypothesized that disrupted mitochondrial transport in neuronal cells, resultant from TBCD 

perturbations, may underlie the cactus and somatic sprout formations observed in the 

Purkinje cells of the cerebellum in the autopsied brain from one individual. Consistent among 

these studies however, was the finding that perturbations to TBCD disrupted MT dynamics in 

several ways, including, accelerating the rate of MT re-polymerisation, altering tubulin 

expression levels, and impacting the binding and release of tubulin, all of which thereby result 

in an increase in MT stability [14-16, 36]. Taken together, data from these studies indicate 

that disease-associated TBCD mutations influence the polymerisation and depolymerisation 

of MTs, and such mutations could directly impact proliferation, neuronal differentiation and 

metabolic homeostasis during brain development. However, the functions for TBCD in 

neuronal homeostasis and cell proliferation remain poorly characterised. Furthermore, due 

to its large size and insolubility when not bound to interacting partners, a crystallographic 

structure of TBCD either alone or in complex with its binding partners has yet to be obtained. 

Although a low resolution structure of the TBC-DEG super complex (from a yeast homolog) 

has recently been obtained by electron microscopy, work conducted by Francis et al. has 

identified a different predominant form of TBCD and its binding partners in mammalian cells 

[32, 38]. Taken together, these findings provide a biologically relevant complex in which to 

assess the impact and interaction of the various β-tubulin isoforms with the TBC-DEG 

supercomplex.  

In this chapter, atomistic models of the TBC-DEG supercomplex bound to β-tubulin isoforms 

were developed by fitting predicted and experimentally determined structures of the 

supercomplex components into the previously determined electron microscopy structure 

(accession EMDB-6390), refining these by a range of molecular dynamics-based approaches, 

followed by docking of a representative β-tubulin to the refined supercomplex and an 

estimation of the associated binding energy of all β-tubulin isoforms with the supercomplex. 

The function of TBCD on neuronal cell viability, cell cycle, energy metabolism, mitochondrial 

function and redox status was also investigated, achieved by shRNA-mediated silencing of 

TBCD coupled with expression rescue with wildtype TBCD or disease-associated missense 

variants (A475T and A586V) using the P19 embryonic carcinoma (P19EC) cell line. These data 
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demonstrate that TBCD and its disease-associated variants influence cell cycling, 

neurodifferentiation, as well as parameters of cellular metabolism in different ways. 

3.2 Specific Methods 

3.2.1 Prediction of TBCD-Arl2 complex structure 

The sequence of human TBCD was obtained from UniProt (accession Q9BTW9). The 

secondary structure of TBCD was predicted using PSIPRED [39], and based on this, the TBCD 

sequence was divided into a series of overlapping fragments (Fig. S1 and Table S4), each 

comprising approximately 400 amino acids and containing four helix-loop-helix regions. The 

sequence of each fragment was submitted to the NeBcon server to predict likely residue-

residue contacts in the fragments [40]. The predicted residue-residue contacts, along with the 

fragment sequences, were submitted to the C-QUARK server [41], yielding five potential 

structures for each fragment. These structures were further refined by energy minimisation 

using Prime (Schrodinger Suite). The full length TBCD structure was assembled by aligning the 

fragments to the Kap95p-RanGDP complex (PDB 3EA5) [42], as well as by overlaying the 

overlapping portions of adjacent TBCD fragments. The structure of Arl2 (PDB 3DOE) [43] was 

overlaid to RanGDP in the Kap95p-RanGDP complex to yield a TBCD-Arl2, and this complex 

was refined by energy minimisation in Prime. The complex was further refined via adiabatic 

biased molecular dynamics (ABMD) [44] to yield a more compact assembly. The complex was 

parameterised for simulation in AmberTools [45] using the AMBER ff14SB force field [46], 

converted to GROMACS format using acpype [47], and subsequently solvated in TIP3P water 

[48], charge neutralised, and sodium chloride added to 0.1 M using GROMACS 2018.3, with 

all subsequent steps performed in GROMACS [49]. GTP and magnesium were parameterised 

using previously published parameters [50, 51]. The prepared system was energy minimised, 

and short equilibrations in the NVT and NPT ensembles (0.1 ns each) with harmonic position 

restraints on heavy atoms (1000 kJ/(mol nm2)) were carried out. Following NVT and NPT 

equilibration, an ABMD simulation was conducted, biasing on the radius of gyration (Rg) of a 

portion of TBCD (residues 1-837) and the complete Arl2. The bias force was set to 50,000 

kJ/(mol nm2), and target Rg set to 3.0 nm, corresponding with the most compact portion of 

the Kap95p-RanGDP complex (residues 1-861 of Kap95p, and the entire RanGDP). 
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3.2.2 Prediction of TBCE structure 

A similar approach to modelling TBCD was employed to predict the TBCE structure. Due to its 

substantially smaller size, only two fragments were defined and modelled. The first fragment 

comprised the N-terminal CAP-Gly domain and the leucine-rich repeat region, while the 

second fragment comprised the leucine-rich repeat region and the ubiquitin-like domain. The 

full-length structure was assembled by overlaying the leucine-rich repeat regions of the 

generated fragment structures. The structure of the CAP-Gly domain was predicted by 

standard comparative modelling approaches in Prime and the C-QUARK prediction for this 

region replaced by the homology modelled structure. The structure of the TBCB CAP-Gly 

domain (PDB 4B6M) [52]provided the template for modelling the TBCE CAP-Gly domain; the 

corresponding sequence alignment is shown in Supplementary Figure 2. The structure of the 

ubiquitin-like domain was obtained from PDB 4ICV [53] and the C-QUARK prediction for this 

domain replaced by the experimental structure. 

3.2.3 Assembly and refinement of the TBC-DEG complex 

The EM structure of the TBC-DEG complex was obtained from the EMDatabank (accession 

EMD-6390) and imported into UCSF Chimera [38]. Five potential TBC-DEG complexes were 

generated by semi-manual fitting of the refined TBCD-Arl2 complex and the TBCE structure, 

using a combination of manual translation and rotation into the EM volume and Chimera’s 

volume fitting tools. The complexes were then refined using Molecular Dynamics Flexible 

Fitting (MDFF) [54], facilitated by VMD [55] and NAMD [56]. System parameterisation and 

simulation setup followed that detailed in the MDFF tutorial and as previously published [57, 

58]. MDFF simulations were performed for 75ns. The degree of fit of TBCD-Arl2 and TBCE to 

the volume was assessed over the simulation time course by determining the cross-

correlation coefficient, with complexes further manually inspected to verify the compactness 

of the resulting assemblies over the course of the MDFF. The complex yielding the best fit to 

the volume and the most compact assembly was subject to a further 50ns unbiased 

simulation in GROMACS to verify the stability of the resulting complex. 

3.2.4 Prediction of β-tubulin binding to the TBC-DEG complex 

β-tubulin isoform TUBB2B was used as a representative β-tubulin for docking studies, being 

perhaps the most frequently characterised β-tubulin in the Protein Data Bank. The β-tubulin 

TUBB2B structure was obtained from the tubulin complex with zampanolide (PDB 4I4T) [59] 
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– representing the highest resolution structure of any β-tubulin available at the time the work 

was performed – and prepared using the Protein Preparation Wizard in Schrodinger Suite to 

ensure completeness. GDP co-crystallised with GTP was manually modified with the addition 

of a phosphate group, and neighbouring residues energy minimised. A previously developed 

docking and scoring procedure was utilised to predict β-tubulin binding to the TBC-DEG 

complex [60]. Briefly, ZDOCK 3.0.2 [61] was used to dock β-tubulin to TBC-DEG, employing 

dense sampling and retaining all 54000 poses. pyDockRST was used to filter prospective poses 

[62], eliminating those that substantially utilised α-tubulin-binding interfaces of β-tubulin to 

bind TBC-DEG, and favouring the selection of poses contacting TBCD residues known to be 

sites of pathogenic variation [63, 64]. The filtered poses were rescored using a variety of 

scoring functions in CCharPPI [65], covering atomic-level potentials [66], residue-level 

potentials [67], and shape-fitting functions [68]. The top 20 poses from the rescoring were 

subject to molecular dynamics simulations and a final round of rescoring using the molecular 

mechanics-generalized Born/surface area (MM-GB/SA) approach, as previously described 

[69]. Complexes were set up and equilibrated for simulations in AmberTools and GROMACS 

as described earlier, and a production run of 50ns carried out. The final 10ns of the simulation 

was used for MM-GB/SA calculations, and the poses re-ranked by the determined binding 

energy estimate. MM-GB/SA calculations were conducted using the MMPBSA.py tool of 

AmberTools [70], using the Onufriev-Bashford-Case GB model (igb = 5) [71]. The pose giving 

the best MM-GB/SA binding energy was used for subsequent modelling of remaining β-

tubulin isoforms with the TBC-DEG supercomplex. 

3.2.5 Binding energy estimation for β-tubulin isoforms to the TBC-DEG supercomplex 

The structures of β-tubulin isoforms in complex with GTP-Mg were prepared by multi-

template homology modelling against PDBs 4I4T and 1Z5V (γ-tubulin bound to GTP-Mg) using 

Prime (Schrodinger Suite). The majority of the β-tubulin structures were predicted based on 

PDB 4I4T, while GTP-Mg and residues likely to be within 4 Å of this predicted based on PDB 

1Z5V (Fig. S3) [59, 72]. The β-tubulin isoform structures were overlaid to β-tubulin 2B in the 

derived TBC-DEG-β-tubulin 2B complex, prepared for simulation, and up to five simulations 

of each complex were performed and MM-GB/SA calculations performed as previously 

described. The three simulations affording the most stable complexes during the final 10ns of 
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the simulation were selected for MM-GB/SA calculations, with the calculated energy 

determined from considered frames from each of the three simulations. 

3.3 Results 

3.3.1 Molecular modelling of TBCD and the interactions of different β-tubulin isotypes  

Of the five TBC-DEG assemblies prepared by manually fitting the atomic structures of the 

components to the EM volume, only one yielded a visibly tight complex with a reasonable fit 

to the volume following molecular dynamics flexible fitting at 75 ns (Fig. 3.1A-F). Further 

molecular dynamics simulation in explicit solvation and without the constraint of the EM 

volume revealed the stability of this assembly (Fig. 3.1G-I). Molecular docking of β-tubulin to 

this assembly was then carried out, following by contact-based filtering and rescoring, from 

which the top 20 poses obtained were subject to further rescoring by MM-GB/SA (Table 1); 

the top-ranked pose following MM-GB/SA rescoring – ranked 4th by the docking, filtering and 

rescoring procedure – was used as the basis for 

preparing complexes of the remaining β-

tubulin isoforms with TBC-DEG. In the selected 

pose, the C-terminal domain of β-tubulin binds 

to the C terminus and leucine-rich repeat 

domains of TBCE. Additionally, the TBCE CAP-

Gly domain residues near the C terminus of 

Arl2, which nestles in the core of TBCD, and 

close to the N-terminus of TBCD. The C 

terminus of TBCD binds to the α-helices of β-

tubulin (residues 213-282) (Fig. 3.2). Molecular 

dynamics simulations and MM-GB/SA 

calculations performed on all β-tubulin 

isoforms bound to TBC-DEG revealed that 

TUBB2A and TUBB2B formed energetically 

favourable interactions with the TBC-DEG 

complex, whereas TUBB and TUBB4A, and 

TUBB8 exhibited less favourable binding to the 

Docking rank 
MM-GB/SA ΔGBind 
(kcal/mol) 

1 -34.4 
2 -57.8 
3 -6.9 
4 -78.6 
5 -44.9 
6 -39.3 
7 -25.0 
8 -62.2 
9 -2.5 
10 -29.8 
11 +7.6 
12 -35.5 
13 -40.8 
14 +13.9 
15 -34.3 
16 -68.4 
17 -20.9 
18 -16.9 
19 -26.6 
20 -2.4 

Table 1. Binding energy for the top 20 TBC-DEG 
complex poses re-ranked 
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TBC-DEG complex (Table 2). The β-tubulin 

isoforms TUBB1, TUBB3, TUBB4B, and TUBB6 

bound the TBC-DEG complex with a similar 

binding energy to one another. Extending these 

findings, per-residue decomposition of the MM-

GB/SA-derived binding energies was undertaken 

to understand the interactions in each complex 

in finer detail (Table 3). Structural examination of 

the TBCD interface with TBCE and the various β-

tubulin isoforms illuminated the particular 

intermolecular interactions associated with 

residues affording substantial contributions to the binding energies (Fig. 3.2). The β-tubulin 

residues Arg213, Tyr281, Arg282, and Arg390, the TBCD residues Tyr1133, Val1152, and 

Asp1157, and the TBCE residue Arg480 were found to be consistent contributors to the 

binding of the TBC-DEG complex with the majority of β-tubulin isoforms (Table 3 and Figs. 

3.2A and B, S5-9). 

 

 

 

 

 

 

 

 

 

 

 

β-Tubulin variant ΔGBind (kcal/mol) 
TUBB -39.5±0.4 
TUBB1 -49.9±0.3 
TUBB2A -65.5±0.3 
TUBB2B -66.7±0.4 
TUBB3 -49.3±0.5 
TUBB4A -31.2±0.6 
TUBB4B -52.4±0.5 
TUBB6 -48.9±0.3 
TUBB8 -42.4±0.5 

Table 2. Binding energy for each β-tubulin 
isoform interacting with the TBC-DEG super 
complex 
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Figure 3.1. TBC-DEG assembly from Cryo-EM (volume) 

(A-C) All-atom TBC-DEG complex fitted inside single particle reconstruction of TBC-DEG negative-stain 
EM data EMD-6390, shown in three different orientations. (D-F) TBC-DEG complex following 75ns 
molecular dynamics flexible fitting. in EMD-6390 volume. (G-I) TBC-DEG complex following 50 ns 
molecular dynamics simulation and prior to β-tubulin docking. In all models, the proteins are coloured 
as follows TBCD- green; TBCE- cyan; ARL2- grey. 
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Protein Residue TUBB TUBB1 TUBB2A TUBB2B TUBB3 TUBB4A TUBB4B TUBB6 TUBB8 
β-Tubulin Arg213 -3.47 -5.96 -7.16 -5.85 -5.39 -6.58 -5.50 -3.19 -0.18 
β-Tubulin Phe260 -1.12 -1.79 -2.16 -1.82 -1.64 -1.78 -2.84 -1.03 -2.14 
β-Tubulin Tyr281 -2.84 -2.64 -3.77 -3.06 -3.20 -2.93 -1.68 -2.11 -2.96 
β-Tubulin Arg282 -3.77 -11.96 -8.52 -8.06 -11.45 -3.78 -6.82 -10.74 -9.67 
β-Tubulin Trp344 -3.58 -1.79 -2.02 -2.85 -0.79 -0.64 -1.49 -0.21 -1.19 
β-Tubulin Phe389 -0.49 -1.00 -0.96 -1.56 -0.53 -1.13 -2.59 -2.98 -1.08 
β-Tubulin Arg390 -5.64 -1.02 -2.73 -0.82 -2.63 -4.31 -5.42 -3.52 -1.88 
β-Tubulin Gly409 -0.91 -0.46 -1.71 -1.06 -0.80 -0.79 -1.16 -1.59 -2.51 
β-Tubulin Ser420 0.28 -2.73 -5.39 -2.39 -0.27 -0.04 -1.59 -2.00 -1.44 
β-Tubulin Gln423 -0.27 -0.33 -3.66 -0.10 -0.84 -0.16 -0.17 -1.57 0.31 
β-Tubulin Phe425 -0.23 -0.37 -2.71 -1.59 -1.22 -0.99 -0.62 -0.15 -2.50 

TBCD Tyr1133 -2.92 -2.76 -2.22 -3.26 -2.01 -4.63 -2.23 -2.76 -2.95 
TBCD Val1152 -2.60 -2.13 -3.03 -3.55 -1.49 -3.01 -2.16 -2.73 -2.57 
TBCD Ser1156 -1.60 -0.76 -1.42 -1.32 -0.28 -2.61 -0.70 -1.47 0.09 
TBCD Asp1157 -2.78 -3.01 -2.73 -2.61 -2.75 -2.38 -1.40 -3.32 -3.28 

TBCE Lys192 -1.23 -0.23 0.07 -1.13 -0.38 -1.65 -4.00 -0.20 -1.73 
TBCE Pro194 -1.95 -1.51 -2.25 -2.45 -2.45 -1.01 -4.99 -2.64 -2.53 
TBCE Ser195 -0.32 -0.95 0.16 -0.87 -1.61 -1.66 -2.22 -3.08 -2.52 
TBCE Asn268 -0.14 0.42 -4.19 -0.02 0.00 0.34 -0.69 0.42 0.50 
TBCE Gln269 -1.58 -1.92 -1.41 -1.00 -2.68 -0.51 -1.64 -1.87 -0.79 
TBCE Tyr271 -3.18 -0.54 -1.79 -3.56 -1.03 -1.79 -3.26 -2.24 -1.81 
TBCE Lys473 -4.96 -0.98 -2.22 -1.04 -2.98 -1.52 -1.38 0.00 -2.46 
TBCE Arg480 -3.76 -0.42 -5.86 -7.77 -7.75 -3.23 -3.47 -5.92 -6.52 
TBCE Pro485 -2.50 -1.57 -2.63 -2.09 -2.53 -2.17 -1.73 -0.86 -2.73 

Table 3. Binding energy decomposition for selected residues in TBC-DEG/β-tubulin isoform complexes 
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3.3.2 TBCD alterations impact cell cycle dynamics 

In the developing neocortex, cortical expansion relies upon the exponential expansion of the 

NPC population, their appropriate exit from cell cycle, migration and consequent 

differentiation [1, 3]. Due to the crucial role of MT dynamics in each of these processes, 

coupled with previous findings that TBCD is linked with centriologenesis, cell abscission and 

mitotic spindle organisation [5, 32, 73], I sought to determine how alterations to TBCD may 

be influencing neuronal cell cycle using the well characterized P19 mouse embryonal 

carcinoma cell line (P19ECs) (Fig. 3.3). Euploid pluripotent cells, P19ECs can be induced to 

differentiate into neurons and glia, or cardiac and skeletal muscle with retinoic acid (RA) or 

dimethyl sulfoxide (DMSO) respectively [74-77]. Additionally, the functional and 

morphological changes during neuronal differentiation from neuroepithelial-like cells to 

postmitotic neurons in P19ECs closely resembles that of the mammalian central nervous 

system (CNS), making them an invaluable and suitable tool to analyse the regulation of 

Figure 3.2. Model of TBC-DEG interactions with β-tubulin isoform TUBB2B 

Representative images of TBC-DEG complex docked with the β-tubulin isoform TUBB2B. (A-C) 
Representative images of close up views for each TBC-DEG complex highlighting energetic contribution 
of selected residues between TUBB2B and TBCE (B), and TBCD (C). Favourable intermolecular 
interactions are represented as dashed yellow lines. In all models, the proteins are coloured as follows 
TBCD- green; TBCE- cyan; ARL2- grey; β-tubulin- magenta; magnesium- green sphere.   
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proliferation and neurogenesis [74-79]. To delineate the role TBCD plays in regards to NPC 

proliferation, silencing, overexpression and expression rescue experiments were conducted. 

Cells were co-transfected using either the previously generated and characterized TBCD 

targeting short hairpin RNA (TBCD shRNA) or scrambled shRNA (SCR shRNA), cloned in a 

vector containing a green fluorescent protein (GFP) expression cassette, in a balanced 

stoichiometry with mammalian expression vectors containing either wild-type human TBCD 

(WT), the A475T or the A586V TBCD mutation [14]. Following transfection, GFP+ single cells 

were sorted and processed for cell cycle and immunoblot analysis (Fig. 3.3). Initially, 

immunoblot was used to validate the silencing, overexpression and rescue of TBCD. 

Confirming TBCD silencing and rescue, assessment of TBCD protein expression in silenced and 

overexpressed cells was reduced and increased by ~70%  for both groups (p < 0.0001), whilst 

no significant differences were observed in TBCD WT, A475T or A586V rescued cells compared 

to scrambled control (Fig. 3.3D and E). Additionally, the impact of TBCD perturbations on 

expression on the cytoskeletal subunits’ actin and αβ-tubulin was assessed. Interestingly, cells 

expressing the A475T mutant variant trended towards a decreased expression of both total 

αβ-tubulin and actin. The expression of total actin was also observed to be significantly 

reduced in cells rescued with the A586V variant compared to control (p < 0.05) (Fig. 3.3A, C 

and D).  

Next, cell cycle analysis was conducted on GFP+ sorted cells (Fig. 3.3E-H). Using FxCycle 

Propidium Iodide/RNAse staining solution (Thermo Fisher Scientific, San Jose, CA, USA) it was 

observed that either alterations to TBCD level (silenced or overexpressed), or structure 

(A475T and A586V variants) impacted cell cycle dynamics characterized by a significant 

increase to the percent of cells in G2 (Fig. 3.3E-H). TBCD silenced cells rescued with WT TBCD 

however, did not display any difference in cell cycle dynamics compared to control cells. Cell 

cycle analysis also revealed significant increases in the percent of TBCD silenced (~10%, p < 

0.0001), overexpressed (~5%), A475T rescued (~14%, p < 0.0001) and A586V rescued (~7%, 

p<0.05) cells in G2 compared to scrambled control (Fig. 3.3H). Furthermore, there was a 

significant decrease in the percentage of S-phase cells rescued with either TBCD A475T (~7%, 

p<0.01) or A586V (~8%, p<0.01) compared to control (Fig. 3.3G). Whilst no significant 

differences were observed for any group in G1 compared to scrambled control, there was a 
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significant increase in the percentage of TBCD A586V cells compared to TBCD silenced cells 

(~35%, p < 0.05) (Fig. 3.3F).  

In order to confirm this G2 delay, the protein expression levels of cyclin D1 (CD1), a 

regulatory subunit of the Cdk4/Cdk6 complex and a marker for cell cycle progression, was 

assessed [80, 81]. Highly expressed during G1, CD1 is reduced to low levels during S phase 

and must be upregulated by the Ras/extracellular-signal-regulated kinase (ERK) pathway 

during late G2/M to promote continued proliferation and re-entry into G1 [80, 82-84]. 

Validating the observed G2 delay, immunoblot and band densitometry analysis showed a 

drastic reduction in CD1 protein expression in both the A475T (~65%, p < 0.01) and A586V 

(~50%, p < 0.01) TBCD rescued cells, and to a lesser extent in TBCD silenced (~20%) cells. No 

differences were observed in either TBCD overexpressed or WT rescued cells (Fig. 3.3I and J). 

Taken together, these findings strongly support the notion that disruptions to TBCD 

expression levels or function perturb MT dynamics, consequently impacting appropriate cell 

cycle dynamics. 
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3.3.3 Perturbations to TBCD impact glycolytic flux and mitochondrial bioenergetics 

Progression through cell cycle checkpoints, G1/S and G2/M, is an energy-intensive process, 

requiring the co-ordinated action of mitochondria, cell cycle regulators and MTs [85-89]. 

Coupling this with the knowledge that both CD1 and MTs can alter mitochondrial 

dynamics/activity prompted the investigation of TBCD’s impact on cellular metabolism [79, 

80, 87, 90-94]. In order to determine whether perturbations to TBCD altered metabolism, the 

XF Seahorse flux analyser was utilised to assess transfected GFP+ sorted cells. Here, I 

undertook oxygen consumption (OCR), and extracellular acidification rate (ECAR) 

measurements to determine the impact of TBCD alterations on mitochondrial respiration and 

Figure 3.3. TBCD influences cell cycle dynamics 

Cell cycle analysis, immunoblot and band densitometry analysis of GFP positive (GFP+) P19 cells co-transfected 
with shRNA vectors and TBCD expression constructs, as indicated. Transfected cells were processed for cell cycle, 
and GFP+ cells analysed by flow cytometry. (A-D) Band densitometry analysis of TBCD, αβ-tubulin and β-Actin. (E) 
Cell cycle profile of GFP+ transfected cells red for G1, yellow for S-phase and green for G2. (F-H) Cell cycle analysis 
of co-transfected GFP+ P19 cells, assessing percentage of cells in G1 (F), S-phase (G) and G2 (H) as determined by 
Dean-Jett fox algorithm. (I and J) Immunoblot and band densitometry analysis of Cyclin D1. Data represents mean 
± SEM. n≥ 5 independent experiments. * represents comparisons against scrambled control cells. ᴪ represents 
comparisons against TBCD WT rescue cells. # represents comparisons against TBCD silenced cells. $ represents 
comparisons against TBCD overexpressing cells. Ω represents comparisons against TBCD A475T rescued cells. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ᴪP < 0.05, ᴪᴪP < 0.01, ᴪᴪᴪᴪ P < 0.001.  #P < 0.05, ##P < 0.01, 
###P < 0.001, ####P < 0.0001. $P <0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001. &P <0.05, &&P < 0.01, &&&P < 
0.001, &&&&P < 0.0001. ΩP <0.05, ΩΩP < 0.01. 
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glycolytic flux respectively (Figs. 3.4 and 3.5). OCR measurements were collected pre and post 

injection of 25 mM glucose followed by sequential injections of compounds that target 

different elements of the electron transport chain (ETC), (oligomycin A, FCCP, and 

rotenone/antimycin A) as specified in Materials and Methods section and the Mito stress test 

(Agilent Technologies, USA). Calculations from these OCR measurements demonstrated that, 

similar to above, TBCD WT rescued cells did not differ in OCR measurements when compared 

to scrambled control cells. However, when compared to control cells, TBCD A475T and A586V 

rescued cells possessed a significantly enhanced basal respiration (~3.5-fold, p < 0.0001 and 

~3.2-fold, p < 0.0001), maximal respiration (~5-fold, p < 0.0001, and ~4-fold, p < 0.0001) and 

ATP production (~4.5-fold, p < 0.0001, and ~3.8-fold, p < 0.0001) (Fig. 3.4A-D). A similar 

response was seen when comparing WT TBCD rescued cells to TBCD A475T and A586V 

rescued cells with an average increase of approximately 3.9-fold and 3.3-fold respectively, for 

all of the above mentioned parameters (p < 0.0001) (Fig. 3.4.A-D). Additionally, an increase 

was observed for TBCD overexpressing cells in these parameters when compared to 

scrambled control or TBCD WT rescued cells, whilst no statistically significant differences were 

observed in TBCD silenced cells compared to WT TBCD rescued cells or control (Fig. 3.4A-D). 

In order to confirm the observed increase in ATP production, assessment of total cellular 

content via the ATP luciferase assay was undertaken. Analysis of these data revealed 

significant increases in the TBCD WT, A475T and A586V rescued cells when compared to 

control (~1.1-fold, p < 0.0001, ~1.2-fold, p < 0.0001, and ~1.15-fold, p < 0.0001 respectively), 

and in the clinical A475T variant against WT TBCD rescued cells (~1.15-fold, p < 0.001) (Fig. 

3.4E). Taken together, these results suggest that TBCD perturbations induce an increase in 

either mitochondrial mass and/or function. Thus, assessment of the protein levels of 

succinate dehydrogenase complex, subunit A (SDHA), a key enzyme in the ETC was 

undertaken. Findings from immunoblot and band densitometry analysis demonstrated an 

increased trend in SDHA expression in all groups compared to scrambled control, which only 

reached significance in A475T expressing cells (~2.8-fold, p < 0.05), indicating an increase in 

cellular mitochondrial function and mass (Fig. 3.4F and G) [95]. Extending these findings, 

Mitotracker Deep Red analysis revealed that compared to both control and TBCD WT rescued 

cells, there was an increased fluorescence intensity in the TBCD overexpressing cells (~1.4-

fold), the TBCD A475T (~2-fold, p < 0.001), and the TBCD A586V rescued cells (~1.9-fold, p < 

0.001) (Fig. 3.4H and I). Mitotracker Deep Red staining is a measure of mitochondrial 
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membrane potential [96], which when at high levels is a significant producer of ROS. 

Sustained excessive high membrane potential however, can potentially lead to an excessive 

and damaging ROS production [97-99].  

In support of this, measurements of total ROS and mitochondrial superoxide levels, from 

dihydroethidium (DHE) and Mitosox respectively, displayed the expected increase associated 

with elevated mitochondrial membrane potential, as well as enhanced mitochondrial mass 

and/or function (Fig. 3.4I and J). These data revealed a significant increase in TBCD A475T and 

A586V rescued cells compared to both DHE (~1.9-fold, p < 0.01, and ~1.7-fold, p < 0.01 

respectively) and MitoSox (~1.4-fold, p < 0.05 for both) (Fig. 3.4I and J). No significant 

differences were observed between control and TBCD silenced cells, however they did trend 

towards a decrease in both measurements. Similar to the clinical TBCD mutant rescued cells, 

TBCD overexpressing cells displayed a non-significant increase in DHE and MitoSox when 

compared to control (~1.4-fold for both measurements), and in DHE for TBCD WT rescued 

Figure 3.4. TBCD influences mitochondrial metabolism in a cell autonomous manner  

Extracellular flux analysis, flow cytometry, immunoblot and band densitometry analysis of GFP positive (GFP+) sorted P19 
cells co-transfected with or without TBCD shRNA vectors and TBCD expression as indicated. (A-E) Sequential injections of 
25mM glucose, 2μM of oligomycin, 0.3μM FCCP and 1μM each of rotenone and antimycin A, enabled the generation of an 
Oxygen consumption rate (OCR)/mitochondrial stress test profile. (B-D) Mitochondrial parameters, were calculated from 
OCR profile using Mito Stress Test Agilent Seahorse XF Report Generator (Agilent Technologies, USA). (E) Assessment of ATP 
content from GFP+ sorted cells by Luciferase assay. (F and G) Immunoblot and band densitometry analysis of succinate 
dehydrogenase complex subunit A (SDHA). Flow cytometry analysis of median fluorescence intensities (MFI) of (H) 
MitoTracker Deep Red, (I) dihydroethidium (DHE), and (J) mitochondrial superoxide (MitoSox). Data represents mean ± 
SEM. n ≥ 3 independent experiments. Each point, n=5 technical replicates. * represents comparisons against scrambled 
control. ᴪ represents comparisons against TBCD WT rescued cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ᴪ P 
< 0.05, ᴪᴪ P < 0.01, ᴪᴪᴪ P < 0.001, ᴪᴪᴪᴪ P < 0.0001. 
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cells compared to control (~1.3-fold). Taken together, this data indicates that the enhanced 

OCR observed in the TBCD clinical mutations is accompanied by an increased mitochondrial 

function and levels of ROS.  

Next, ECAR measurements were performed to further analyse the impact of TBCD disruptions 

on cell metabolism. Calculations obtained from ECAR measurements demonstrated an 

increase in glycolysis, glycolytic capacity, and glycolytic reserve in the A475T rescued cells 

when compared to either scrambled or WT TBCD rescued cells (~1.8-fold, p < 0.0001, ~2.3-

fold, p < 0.0001, and ~4.2-fold, p < 0.0001, against both groups) (Fig. 3.5A-D). Furthermore, 

TBCD A475T rescued cells displayed an increased glycolytic capacity and glycolytic reserve 

when compared to TBCD A586V rescued cells (~1.15-fold, p < 0.01, and ~1.3-fold, p < 0.01 

respectively) (Fig. 3.5C and D). A similar increase, although to a lesser extent, was observed 

in the TBCD A586V rescued cells compared to either scrambled or WT TBCD rescued cells 

~1.6fold, p < 0.0001, ~2.0-fold, p < 0.0001, and ~3.2-fold, p < 0.0001, against both groups) 

(Fig. 3.5A-D). TBCD silenced cells did not significantly differ from control cells in any 

measurement, whilst only the glycolytic capacity of TBCD overexpressed cells was significantly 

increased from scrambled control (~1.25-fold, p < 0.05) (Fig. 3.5A-D). No differences were 

observed in WT TBCD rescued cells compared to control.  

In order to better understand these data, the Seahorse Glycolytic Rate Assay was used to 

assess the extracellular proton efflux in the absence of mitochondrial-derived CO2 

extracellular acidification. Glycolytic rate measurements obtained from the glycolytic-derived 

proton efflux rate (PER) profiles, showed a decrease in the % of PER from glycolysis and an 

increase in acidification from mitochondrial-derived CO2 in the TBCD A475T (~4%, p < 0.01, 

and ~1.6-fold, p < 0.01 respectively) and A586V mutant rescued cells (~4%, p=0.06, and ~1.5-

fold) (Fig. 3.5E-G). These data indicate that the increased ECAR and PER measured from TBCD 

A475T and A586V rescued cells is resultant from CO2 acidification derived from their 

enhanced mitochondrial respiration. 
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Consistent with this inference, cells rescued with either TBCD mutant variant exhibited 

decreased expression of glycolytic enzymes. Band densitometry analysis of P19ECs identified 

a trend towards an increase in Hexokinase 1 (HK1) and Pyruvate kinase isozymes 1 and 2 

(PKM1/2) protein expression, and a similar decreased trend in Hexokinase 2 (HK2), PKM2 and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression in TBCD A475T rescued 

Figure 3.5. Metabolic adaptations arise from TBCD mutants 

Glycolytic capacity of the P19 cell line was assessed following transfection and GFP+ cell sorting as previously 
outlined. (A) Extracellular acidification rate (ECAR) profiles were generated after sequential injection of 25mM 
glucose and 2μM oligomycin for GFP+ sorted cells. (B) Glycolysis, glycolytic capacity (C) and glycolytic reserve 
(D) were calculated from the ECAR profile using the Glycolysis stress tests report generator (Agilent 
Technologies, USA). (E) Glycolytic-derived proton efflux rate (PER) profiles of transfected cells were generated 
following sequential injections as indicated. (F-H) Basal glycolysis, the rate of protons extruded into the 
extracellular medium during glycolysis (% PER from glycolysis), and the rate of acidification due to 
mitochondrial metabolism (mitoOCR/glycoPER) were calculated from PER profile. (H and I) Protein expression 
of Hexokinase 1, Hexokinase 2, Pyruvate kinase isozymes 1/2 (PKm1/2), PKM2 and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were quantified by immunoblot and band densitometry analysis. Data 
represents mean ± SEM. n ≥ 3 independent experiments. Each point, n=5 technical replicates. * represents 
comparisons against scrambled control. ᴪ represents comparisons against TBCD WT rescued cells. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. ᴪ P < 0.05, ᴪᴪ P < 0.01, ᴪᴪᴪ P < 0.001, ᴪᴪᴪᴪ P < 0.0001. 
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cells compared to control (~1.1-fold, ~1.6-fold, ~40%, and ~22% respectively) (Fig. 3.5H and 

I). A similar response, but to a lesser extent, was observed in A586V expressing cells, TBCD 

silenced, and TBCD overexpressing cells, with an increase in HK1 (~1.05-fold, ~1.1-fold, and 

1.05-fold respectively), PKM1/2 (~1.5-fold, N/A, and ~1.26-fold respectively), a decrease in 

HK2 (~23%, ~22%, and ~20% respectively), as well as PKM2 (~20% for all groups) (Fig. 3.5H 

and I). No differences were observed in WT TBCD rescued cells compared to control.  

Recent reports have identified a similar metabolic phenotype in P19ECs and NPCs undergoing 

terminal cell cycle exit and differentiation [79, 91, 92, 100-104]. Findings from these studies 

show that terminal cell cycle exit and differentiation is accompanied by remodelling of the 

mitochondrial network, increased mitochondrial function/respiration, an increased 

membrane potential, elevated level of ROS, and a decreased expression of the glycolytic 

enzymes HK2 and PKM2  [79, 91, 92, 100-104]. These metabolic alterations were paralleled 

by a loss of pluripotency markers, such as sex determining region Y-box 2 (Sox2), and an 

increase in differentiation markers, such as Neuronal Nuclei (NeuN), β-III tubulin (Tuj1), 

Synapsin I and Forkhead Box G1 (FoxG1) [77, 79, 92, 105-107]. Therefore, I sought to assess 

the expression of different differentiation markers and pluripotency markers in this model. 

Corroborating these findings, a significant decrease was observed in the expression of the 

pluripotency marker Sox2 in A475T and A586V rescued cells (~41%, p<0.01 and ~44%, p=0.06 

respectively) (Fig. 3.6A and B).  

 

 

 

 

 

 

 

 

Figure 3.6. TBCD perturbations impact the expression of differentiation and pluripotency markers 

GFP+ sorted P19 cells were assessed by immunoblot and band densitometry analysis. (A-D) Protein expression of 
the differentiation markers Sex determining region Y-box 2 (Sox2), Neuronal Nuclei (NeuN) and Forkhead Box G1 
(FoxG1) in P19 transfected cells lysates. Data represents mean ± SEM. n≥ 3 independent experiments. * represents 
comparisons against scrambled control. ᴪ represents comparisons against TBCD WT rescued cells. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001. ᴪ P < 0.05. 
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Whilst no differences were observed in the TBCD WT rescue group, a decrease in Sox2 

expression was also observed in the TBCD silenced and overexpressing cells (~21% and 28% 

respectively). This was paralleled by an increased expression of the neuronal marker, 

neuronal nuclei (NeuN), in the A475T and A586V rescued cells (~1.25 and ~1.1-fold 

respectively) (Fig. 3.6A and B), although this did not reach statistical significance. Similar, 

although less pronounced, responses were observed in the TBCD silenced and overexpressed 

groups but not TBCD WT rescued cells (Fig. 3.6). Interestingly, an increase was also observed 

in the transcription factor FoxG1, in the TBCD A475T and A586V rescued cells, and to a lesser 

extent in the TBCD silenced cells (~1.3-fold, ~1.3-fold, and ~1.2-fold respectively). FoxG1 has 

a dynamic expression during cortical development, thereby enabling it to play a central role 

in progenitor proliferation, differentiation, and metabolism, and is further detailed in the 

discussion [105, 108-112]. Taken together, these findings suggest that TBCD may influence 

the pluripotency and stemness of P19ECs [79, 90, 92, 105, 113-115]. 

3.4 Discussion  

TBCD, a key regulator of MT dynamics, is essential to the synthesis of tubulin heterodimers, 

as well as their dynamic assembly and disassembly. TBCD is involved in neuronal 

morphogenesis, cell adhesion and signalling, and appropriate cell cycle progression [73, 87, 

116, 117]. Highly expressed during foetal development in the brain and spinal cord, TBCD 

expression levels are maintained in a precise and delicate balance, with disruptions to this 

equilibrium impacting various aspects of neuronal development [5, 9, 14-17]. The importance 

of TBCD in human neuronal development is further supported by findings from recent studies 

identifying mutations in the TBCD gene to be causative for a severe, early onset 

neurodegenerative condition in infants [14, 17]. Beginning with the initial identification of the 

novel homozygous missense mutations in the TBCD gene, A475T and A586V, and 

recapitulated throughout each subsequent study, is the finding that the mutations identified 

in TBCD perturb MT dynamics and stability, leading to the associated plethora of 

neuropathological symptoms including; secondary microcephaly, dystonia, cortical atrophy, 

seizures, language deficits, and intellectual disability [14-17, 36]. Given the extensive MT 

organisation and remodelling required during NPC proliferation and neurogenesis, the 

perturbed dynamics and increased stability of the MT network incurred from TBCD mutations 
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may be relevant to the molecular mechanism through which it influences NPC proliferation, 

migration and differentiation essential to the formation of the brain [3, 5, 118].  

Due to the lack of an atomic structure of the TBC-DEG assembly, a molecular model of this 

complex was prepared by fitting predicted structures of the TBCD bound to Arl2 and TBCE to 

the previously determined cryoEM structure of this assembly [38]. The approach undertaken 

to exploring both TBCD structure and the TBC-DEG assembly differs from previous studies. 

The TBCD structure was generated ab initio, whereas previous studies have utilised sequence 

homology-based strategies [15-17]. As TBCD affords less than 20% sequence identity to the 

nearest structurally characterised protein and likely has a simplistic fold consisting of a series 

of helix-loop repeats, template-based approaches (both sequence homology-based and fold 

recognition-based) are likely to be unsuitable for generating a structural model of TBCD 

capable of yielding meaningful interpretations of biological phenomena. Similarly, the TBCE 

leucine-rich repeat region shares limited sequence identity to proteins with known structure, 

with this region generated by ab initio means in this study, and the full-length structure 

predicted by combining this with crystallographic knowledge of the ubiquitin-like domain and 

a homology model of the CAP-Gly domain. In the study describing the determination of the 

TBC-DEG complex by cryoEM, a pseudoatomic structure based mostly on the nearest 

homologues of the protein components was prepared to illustrate the potential assembly, 

rather than using models of the protein components themselves [38]. The protein 

components were also individually fit to the cryoEM volume, without considering how 

particular protein-protein interactions between similar types of proteins occur. Both of these 

issues have been at least partially addressed in this study, wherein structures of the assembly 

proteins have been predicted by alternative means besides comparative modelling, and a 

TBCD-Arl2 complex developed based upon comparison to a crystallographic complex of a 

HEAT repeat-containing protein bound to a GTPase and specifically used for fitting [119]. In 

particular, by incorporating knowledge of how at least one protein-protein interface within 

the assembly is likely to occur, the complexity of the fitting is reduced, as that complex 

effectively functions as a single protein unit throughout the process. In addition to the 

development of this in silico model, it was observed that the β-tubulin isoforms TUBB2A and 

TUBB2B had the most energetically favourable interactions with the TBC-DEG complex, whilst 

TUBB, TUBB4A and TUBB8 exhibited less favourable binding, suggesting that the TBC-DEG 
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complex shows preference for binding to distinct β-tubulin isoforms. Notably, recent studies 

have demonstrated that tubulin isoforms have different dynamic properties, and can strongly 

impact the structural and dynamic features of MTs and MT motors [120-123]. Coupling this 

knowledge with the observations that TBC-DEG preferentially binds distinct β-tubulin 

isoforms, it would be beneficial for future studies to explore the impact of TBCD, alone or in 

complex, on binding the various β-tubulin isoforms and its effect on MT dynamics. Further, 

incorporating knowledge of such assemblies (and maintaining those assemblies throughout 

refinement) is likely to achieve more realistic results. The models derived in this study provide 

unprecedented detail into the TBC-DEG assembly, and may be beneficial to future studies 

exploring the impact of TBCD variation on MT biosynthesis.  

Considering the important and interconnected role of MT dynamics, mitochondria and cell 

cycle dynamics [79, 87, 124, 125], it was hypothesised that perturbations to TBCD may impair 

appropriate cell cycle progression and cell fate. Data presented herein supports this notion, 

as well as identifies a unique mechanism wherein TBCD A475T and A586V mutant variants 

impact not only cell cycle dynamics, but also alter cellular bioenergetics, and likely affect fate 

determination and pluripotency (as evidenced by expression of pluripotency and neuronal 

markers). Here evidence is provided, through shRNA silencing and rescue experiments, that 

TBCD mutations and to a lesser extent TBCD expression levels, impairs cell cycle dynamics 

leading to an increase of P19ECs at the G2 checkpoint. This is concluded from evidence 

provided by cell cycle analysis and immunoblot assay of CD1 - a key component of CDK4 and 

6 which regulates progression into and through G1 (Fig. 3.3). The expression of CD1, which is 

downregulated in S phase, will only be upregulated by Ras in G2 if conditions are conducive 

for continued proliferation [80, 94, 126-129]. However, failure for CD1 to accumulate during 

G2 has previously been shown to prevent entry into subsequent rounds of cellular division 

[83, 94, 126]. Consistent with these findings, in this model a significant reduction in CD1 was 

observed when cells express either the TBCD A475T or A586V mutant variants, and is thus 

strongly indicative of cells stuck in G2 and/or undergoing terminal cell cycle exit.  

Progression through G2 is an energy-intensive phase, with an increased energy demand as 

cells compensate for the doubling of cellular contents, segregation of chromosomes and 

nuclear envelope breakdown [88, 91, 92, 130]. In order to meet this enhanced energy 

demand, the cell adapts the mitochondria into a more polarized tubular network during the 
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G1-S transition, modifying their respiratory super complexes, thereby driving mitochondrial 

OXPHOS and increased generation of ATP [88, 125]. As the cell progresses into G2 the 

mitochondria become fragmented but OXPHOS still remains active, most likely as a result of 

Cdk-dependent activation, and the reduced expression of CD1 [88, 91]. Due to the G2 arrest 

and decreased CD1 expression observed in this model, coupled with MTs role in 

mitochondrial dynamics, I sought to assess whether the perturbations to TBCD were altering 

the metabolic state of the transfected cells [86, 131-133]. Through the use of the Seahorse XF 

flux analyser, flow cytometry and immunoblot assay, it was determined that the TBCD 

mutants, but not TBCD silenced or overexpressing cells, possessed a significantly enhanced: 

oxidative respiratory capacity, levels of ATP, mitochondrial activity and ROS presence (Fig. 

3.4). These increases were accompanied by a significantly increased rate of glycolysis in the 

TBCD A475T and A586V cells, however through the use of the Glycolytic Rate assay, this was 

observed to be attributable to extracellular acidification from mitochondrial derived CO2 

production (Agilent Technologies, USA) (Fig. 3.5). 

Whilst these data support the energy demands required in G2, the severe phenotype 

observed in the OCR profile of the A475T and A586V mutants is reminiscent of the enhanced 

mitochondrial metabolism and metabolic profile observed in both embryonic stem cells 

(ESCs) and NSCs previously reported to be undergoing terminal differentiation [79, 92, 130]. 

Findings from both in vivo and in vitro studies reported that ESCs and NSCs undergoing 

differentiation, switch from a primarily glycolytic to a more oxidative metabolism and possess 

profound changes in mitochondrial morphology and activity [79, 87, 88, 91-93, 130, 134]. 

These changes to metabolic signalling have been shown to influence cell fate determination. 

In this model, increased mitochondrial fission and activity can influence stem cell fate decision 

by acting as an upstream regulator of developmental gene expression and physiological ROS 

levels [79, 130]. Increased mitochondrial activity, demonstrated by an increase in OCR and 

ATP production, then leads to an increase in both cytoplasmic ROS and mitochondrial 

superoxide (mtROS) [79, 92, 107]. This increase in ROS, in turn, is believed to signal a series 

of downstream events leading to stabilization of the master redox regulator, nuclear 

respiratory factor 2 (NRF2). Finally, stabilised NRF2 is then translocated to the nucleus where 

it mediates the transcriptional up-regulation of genes required to suppress self-renewal and 

activate differentiation [79, 106, 107]. Concurrent with changes in mitochondrial dynamics, 
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the loss of stemness and initiation of differentiation, several changes occur in glycolytic 

metabolism including: reduced expression of the enzymes hexokinase HK2 and lactate 

dehydrogenase (LDH), as well as an mRNA splicing shift from PKM2 to PKM1 [113]. However, 

it should be noted that it is believed the expression of PKM1, not the loss of PKM2, impairs 

progression through the cell cycle. This impediment to cell cycle is not associated with cell 

differentiation however, rather it is believed to promote a metabolic state in which DNA 

synthesis is not supported [135]. Indeed, similar changes were observed in mitochondrial 

metabolism in this work, as well as alterations in the glycolytic enzymes HK and PKMs. 

Consistent with the altered trajectory of neurodifferentiation, the data revealed a reduced 

expression of the pluripotency and proliferation markers Sox2 and CD1 respectively, as well 

as an increasing expression of the recognised neuronal differentiation marker NeuN [3, 81, 

113, 136, 137] (Fig. 3.6). In addition to its role in cell cycle, several non-canonical functions of 

CD1 have also been recognised including: the targeting and inhibiting differentiation factors, 

such as neurogenic differentiation factor 1 (NEUROD1), as well as inhibiting mitochondrial 

respiration and biogenesis, such as through the repression of NRF1 and 2 [81, 90, 125, 131, 

132, 138]. Therefore, these results altogether indicate that the reduced CD1 expression 

observed in this study reflects the increased mitochondrial activity and decreased 

proliferative capacity, which may increase cellular differentiation. It is noteworthy to 

mention, that the transcription factor FoxG1 is dynamically expressed during cortical 

development and plays a central role in progenitor proliferation. However, various studies 

identify contrasting results in FoxG1 expression, with some studies indicating that loss of 

FoxG1 induces neurodifferentiation, and others that overexpression of FoxG1 induces 

premature differentiation, all of which can differ depending on the cellular compartment, 

such as VZ compared to sub-VZ [105, 108-112]. FoxG1 has also been proposed to localise to 

the mitochondria, enhancing mitochondrial dynamics, increasing mitochondrial membrane 

potential and promoting neuronal differentiation [105]. Furthermore, it has been shown that 

overexpression of FoxG1 is able to restrict differentiation and even trigger dedifferentiation 

returning the cell to a proliferative NSC fate [139]. Combined with the observations that 

FoxG1 expression is increased in the TBCD A475T and A586V expressing cells’, it is attractive 

to hypothesise that the upregulation of FoxG1 is resultant from both the cells enhanced state 

of differentiation and increased mitochondrial activity. Further investigation of the variable 

expression of FoxG1 however, is necessary before a definitive conclusion can be drawn.  
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In summary, a novel action of TBCD in the development of P19ECs which delays cell-cycle 

progression, and stimulates metabolic/bioenergetics reprogramming resulting in a primarily 

OXHPOS phenotype has been demonstrated. Altogether, this work points to a “double hit” 

scenario, whereby the TBCD mutations induced perturbations to MT dynamics, leading to cell 

cycle delay and metabolic reprogramming, which can act synergistically to promote both cell 

cycle exit and differentiation. These data provide evidence for the role of TBCD in cell cycle 

and metabolism, and offer unique insights into the neurodegenerative phenotype observed 

in patients, and a molecular mechanism for further elucidation through in vivo models. 
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Chapter 4 Characterisation of a TBCD A475T CRISPR Mouse Line 

4.1 Introduction 

The cerebral cortex (also called the neocortex) constitutes the major information processing 

network of the mammalian brain responsible for higher order functions, including 

sensorimotor planning, language, and learning [1-5]. The cerebral cortex is the outermost 

layer of the cerebrum and is comprised of specialled neurons organised into six histologically 

distinct layers (I-VI) that arise in an inside-out pattern along the ventrodorsal axis of the 

developing brain [6-11]. The earliest migrating neurons form the deepest layers of the cortex 

(V and VI), whilst the later migrating neurons sequentially form more superficial layers. Each 

cortical layer contains neurons that can be broadly categorised by their morphology and 

neurotransmitter properties into two distinct groups: interneurons (INs) and projection 

neurons (PNs) [6, 7, 10-13]. Whilst both are essential for information processing and 

distribution, INs establish local connections, whereas PNs can establish both short and long-

range connections by extending their axons to subcortical and intercortical targets [14-18]. 

Establishment of these neurons in their appropriate locations is crucial for appropriate 

neuronal development and function [19-23]. 

Neocortical development is mediated by actions of the highly dynamic neuronal cytoskeleton 

within neural cells. Cytoskeleton organisation, assembly, disassembly, and coordinated 

remodelling facilitates neuronal proliferation, migration and terminal differentiation in order 

to establish cortical layers [9, 24, 25]. Dysregulation of neuronal cytoskeleton dynamics (for 

example due to clinical mutations) leads to neurodevelopmental disorders such as 

microcephaly [26], which is characterised by severe intellectual disability and microcephaly 

(small brain). Microcephaly is a consequence of impaired brain development and maturation 

resulting in a head circumference more than three standard deviations below the norm for a 

given age [22, 23, 26, 27]. Primary microcephaly (also known as microcephaly vera) is a foetal 

neurodevelopmental disorder and presents with microcephaly at birth. Primary microcephaly 

is characterised by molecular perturbations in neuronal proliferation during embryonic 

development. Some of these molecular perturbations are attributed to disruptions to MT 

cytoskeleton dynamics [20, 26, 28, 29]. Secondary microcephaly is characterised by post-natal 

microcephaly, and can arise due to disruptions to neuronal migration and/or increased 
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degeneration/death of neurons resulting in microcephaly. In contrast to primary 

microcephaly, majority of secondary microcephaly cases are not associated with disruptions 

of the MT cytoskeleton dynamics [26, 30-32]. Recently however, several studies have 

reported clinical mutations in the key MT biosynthesis chaperone tubulin folding co-factor D 

(TBCD) that compromise the dynamic behaviour of the neuronal cytoskeleton, leading to an 

infantile neurodegenerative disorder characterized by global developmental delay, dystonia, 

seizures, and acquired microcephaly (also known as secondary microcephaly) [33-37].  

TBCD acts as a scaffold for the assembly of several co-factors involved in the assembly and 

disassembly of αβ-tubulin heterodimers, and is essential to the polymerization and 

depolymerisation of MTs [25, 38-42]. TBCD acts in concert with ADP ribosylation factor-like 

protein 2 (Arl2), TBCE and TBCC to catalyse the formation of the αβ-tubulin dimers from the 

individual monomeric subunits. The αβ-tubulin heterodimers can then be incorporated into 

the growing MT lattice in a GTP-dependent manner. Acting in reverse, TBCE can bind the αβ-

heterodimers, dissociating α-tubulin and subsequently mediating its proteolytic degradation 

alone or in concert with TBCB [9, 43-45]. Similarly, TBCD binds, dissociates and sequesters β-

tubulin in the absence of Arl2. Overexpression of either TBCE or TBCD leads to the rapid and 

unregulated destruction of the cells MT network. In addition, TBCD has been implicated in 

mitosis, spindle morphology and cell abscission in various organisms [41, 46-51].  

Recent studies have identified clinical mutations in the TBCD gene that perturb the critical 

role of TBCD in MT dynamics, leading to severe infantile neurodegenerative pathologies, like 

cortical atrophy and acquired microcephaly, resulting in intellectual disability, seizures, and 

dystonia [33, 34, 36, 37, 52]. Two of the recent case studies have identified the homozygous 

missense mutations A475T and A586V, resulting in reduced expression of TBCD [33, 37]. 

Additionally, A475T and A586V mutant TBCD proteins were found to be functionally less 

efficient in αβ-tubulin heterodimer disassembly. Nevertheless the mutant TBCD proteins 

partially restored neural progenitor proliferation and radial migration in TBCD knockout cells 

[33, 37]. Several other studies have identified a further 13 clinical mutations in the TBCD gene, 

each of which perturbed MT dynamics resulting in increased MT stability [33, 34, 36, 37, 52]. 

Although TBCD clinical mutations have indicated a critical role for TBCD in MT cytoskeleton 

formation and neuronal development, the exact molecular mechanism underlying this 

process is not yet fully understood. A detailed analysis of the previously identified clinical 
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mutations may offer new and unique insights into molecular mechanisms of TBCD’s mode of 

action and its role in brain development and diseases.  

In this chapter, a transgenic TBCD clinical mutation A475T knock-in mouse model was 

characterised. The results demonstrate that this mutation leads to prenatal aberrations in 

NSCs proliferation, migration and identity. Postnatally, mice with a TBCD A475T mutation 

showed evidence of cortical malformation, observed as disruptions in cortical lamination, 

significantly reduced cortical thickness, weight, and length. These data suggest that TBCD 

mutations influence the proliferation, migration and development of NSCs, and the mouse 

model may be useful to understand disease progression in vivo.  

4.2 Results 

4.2.1 CRISPR-engineered TBCDA475T/A475T mice have perturbed brain anatomy 

To investigate the pathogenesis of the TBCD Alanine to Threonine (TBCDA475T) amino acid 

substitution detected in patients diagnosed with secondary microcephaly, I used a recently 

generated CRISPR-Cas9 knock in mouse model carrying the corresponding patient single 

nucleotide variant in homozygous and heterozygous mice (Homo sapiens, TBCD gene, Chr 17: 

NM_005993, c.G1423A, p.A475T, Mus musculus, TBCD gene, Chr 11: NM_029878.4, c.G1429A, 

p.A477T ) [33, 37]. To achieve this, the mouse model was assessed by examining, at different 

embryonic time points, the gross brain morphology of the heterozygous and homozygous 

A475T mutations, from now on referred to as TBCDA475T/WT and TBCDA475T/A475T  respectively, 

compared to their wild-type (WT) littermates (Fig. 4.1) 

 

 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/NM_005993
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Cortical weight measurements at embryonic day E14.5 (E14.5), revealed that TBCDA475T/A475T 

mice had significantly heavier cortices (~40.3 mg) compared to WT mice (~29.9 mg, p <0.01), 

but not heterozygous TBCDA475T/WT mice (~37.06 mg) (Fig. 4.1B). No statistically significant 

differences were observed between the cortical weight of WT and TBCDA475T/WT mice. 

Extending these findings, assessment of gross brain morphology at E14.5, showed that 

TBCDA475T/A475T mice trended towards an increase in both cortical thickness and length (~1.7 

mm, and ~3.1 mm, respectively) compared to both WT (~1.4 mm, and ~2.9 mm, respectively), 

and TBCDA475T/WT littermates (~1.6 mm, and ~3.0 mm, respectively) (Fig. 4.1C and D).  

Figure 4.1. TBCDA475T/A475T mice display a perturbed brain anatomy  

Gross brain morphology was assessed at embryonic day 14.5 (E14.5) (A-F) and E17.5 (G-L) for wild-type mice 
and mice carrying the TBCD A475T mutation variant in a heterozygous (TBCDA475T/WT) and homozygous 
fashion (TBCDA475T/A475T). (A and G) Representative images of wild-type, heterozygous and homozygous mice 
brains at E14.5 and E17.5. (B and H) Assessment of cortical weight (mg). (C, D, I and J) Measurements of 
gross cortical thickness and length at all time points. (E, F, K and L) Assessment body weight (mg) and brain 
weight (as % of total weight) at E14.5 (E and F) and E17.5 (K and L). Data represents mean ± SEM. n ≥ 2 brains 
per genotype at E14.5 and n ≥ 5 brains per genotype at E17.5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001.  
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At E17.5, TBCDA475T/A475T cortices had a reduced cortical weight, thickness, and length 

compared to their WT (~15%, p < 0.001, ~7%, p=0.06, and ~6%, p < 0.05, respectively) and 

TBCDA475T/WT litter mates (17%, p < 0.0001~7%, p < 0.05, and 7%, p < 0.05, respectively) (Fig. 

4.1G-J). However, when comparing cortical weight relative to total body weight, 

TBCDA475T/A475T mouse brains were significantly heavier versus WT (~15%, p < 0.05) and 

TBCDA475/WT (13%, p < 0.05) at E17.5 (Fig. 4.1J-L). To elucidate the impact of the TBCDA475T/A475T 

mutation on cortical 

development, 16µm thick 

coronal cryo-sections of foetal 

brains at E14.5 and E17.5 were 

Nissl-stained to assess brain 

morphology (Fig. 4.2).  

 

 

Figure 4.2. Alterations to cortical 
morphology are observed in 
TBCDA475T/A475T mice  

Representative Nissl staining of 
coronal sections from WT, 
TBCDA475T/WT and TBCDA475T/A475T 
mice at E14.5 (A) and E17.5 (D). 
(B, C, E and F) Quantification of 
Nissl stained coronal sections 
assessing total cortical thickness 
(B and E) and individual cortical 
layer thickness of the 
Ventricular/Sub-ventricular zone 
(VZ/SVZ), Intermediate zone (IZ), 
Subplate (SP), and Cortical plate 
(CP) and Marginal zone (MZ) at 
all time points. For each brain, a 
rostral, medial and caudal 
section for the right and left 
hemisphere were measured and 
results averaged. Data 
represents mean ± SEM. n ≥ 2 
brains per genotype at E14.5 and 
n ≥ 5 brains per genotype at 
E17.5. *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001. Scale 
bar 200 μm. 
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4.2.2 Alterations to cortical morphology are observed in TBCDA475T/A475T mice 

Nissl-stained coronal sections at E14.5 revealed no significant changes between the groups at 

E14.5, however, this is most likely due to the small sample size of the WT group at this time 

point, and would require a larger sample size in order for the differences to be observed, and 

is further detailed in the discussion. Although no significant differences were observed for 

Nissl-stained coronal sections at E14.5, a slight increase in total cortical thickness was 

observed in TBCDA475T/A475T mice (293.3 μm ± SEM 9.16 μm), and to a lesser extent in 

TBCDA475T/WT brains (290.4 μm ± SEM 20.25 μm), compared to WT (261.66 μm ±SEM 9.28 μm, 

p= 0.09 and 0.17, respectively) (Fig. 4.2A and B). No significant difference was observed in 

the thickness of individual cortical layers at E14.5 (Fig. 4.2C).  

At E17.5, TBCDA475T/A475T mouse brains had severely perturbed cortical morphology and 

laminar organisation (Fig. 4.2D-F), with a significant reduction of approximately 20% observed 

in the total cortical thickness compared to WT (p < 0.01) (Fig. 4.2E). Whilst the cortical 

thickness of TBCDA475T/WT foetal brains at E17.5 were smaller and larger compared to WT 

(~8%) and TBCDA475T/A475T respectively (~10%), this was not significantly different to either 

group (Fig. 4.2E). On closer inspection, and in comparison to WT foetal brains at E17.5, 

TBCDA475T/A475T had on average an approximate reduction of 23% in thickness of the 

intermediate zone (IZ) (p < 0.001), subplate (SP) (p < 0.05), and cortical plate (CP) (p < 0.01), 

whilst a non-significant increase of approximately 10% was observed in the thickness of the 

ventricular/sub-ventricular zone (VZ/SVZ) (Fig. 4.2F). A similar but statistically insignificant 

decrease was observed in TBCDA475T/A475T mice compared to TBCDA475T/WT in the thickness of 

the IZ (~12%), SP (~21%, p=0.07) and CP (~16%) (Fig. 4.2F). In addition, both TBCDA475T/WT and 

TBCDA475T/A475T mice had an approximate reduction of 21% in marginal zone (MZ) thickness in 

comparison to WT littermates (p < 0.05 for both) (Fig. 4.2F). Taken together, these data 

indicate that the TBCD clinical mutation A475T results in premature cortical growth and 

lamination early in embryonic development (E14.5), leading to a progressively reduced brain 

anatomy at later developmental stages (E17.5). 

4.2.3 Reduced TBCDA475T/A475T stability leads to developmental disturbances 

Previous studies analysing TBCD clinical mutations have indicated a reduction in mutant TBCD 

protein expression, attributed to the impact of the mutations on protein structure and 

function [33-37]. Reduced expression or changes in structure of TBCs severely perturbs the 
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MT lattice and dynamics, leading to a plethora of neurodegenerative and developmental 

disorders [9, 24, 25, 44]. Thus, I sought to assess the protein expression of TBCD, total αβ-

tubulin, and β-actin in whole brain lysates at E14.5 (Fig. 4.3) and E17.5 (Fig. 4.4). Similar to 

previous studies, analyses revealed a significant reduction in expression of mutant TBCD 

protein levels in TBCDA475T/A475T mice (~20%, p < 0.0001) (Figs. 4.3A and B, and 4.4A and B) 

[33-37]. Interestingly, a statistically significant increase in TBCDA475T/A475T foetal brains was 

observed at E14.5 and E17.5 in the total level of αβ-tubulin (26%, p < 0.05 and 31%, p < 0.05, 

respectively), and a similar although non-significant trend towards an increase in β-actin 

levels (27% and 10%, respectively) compared to WT (Figs. 4.3A and B 4.4A and B). No 

significant changes in protein expression were observed in the TBCDA475T/WT- mice at either 

time point for any markers assessed. These data are unique in that they differ from those of 

previous studies, wherein the authors do not assess the total level of αβ-tubulin, rather they 

report only changes in either α or β-tubulin, and is further detailed in the discussion [33, 34, 

36, 37, 52].  

To elucidate the role that the TBCD A475T mutation plays in neuronal development, 

immunofluorescent staining was used to investigate the expression of the early neuronal 

marker β-III Tubulin (Tuj1), and Pax6 (Paired box protein Pax-6), a homeodomain transcription 

factor involved in proliferation, lamination and differentiation in the developing cortex(Fig. 

4.3) [6, 53]. Examination of coronal sections from E14.5 mice revealed that, whilst there was 

no significant differences in the thickness of either the Tuj1 positive or Pax6 positive 

immunostained layers, and/or cell number, between any groups, there was a slight increase 

in the total layer thickness of Tuj1 and Pax6 of approximately 1.27 and 1.20-fold respectively 

in TBCDA475T/A475T cortices, when compared to WT (Fig. 4.3C-I). Additionally, when compared 

to WT littermates, TBCDA475T/A475T mice brains displayed an increase of approximately 1.15-

fold in the total and relative number of Pax6 positive (Pax6+) cells, as well as an approximate 

2.5-fold increase in the total and relative number of ectopic Pax6+ cells (Fig. 4.3F-I). Similar, 

but still statistically insignificant increases were observed in Tuj1+ immunostained layer 

thickness (~1.3-fold), and the number of ectopic Pax6+ cells (~2.5-fold) in TBCDA475T/WT mice 

when compared to WT (Fig. 4.3F-I). No significant changes were observed in either the total 

or relative number of Pax6+ cells for TBCDA475T/WT cortices in comparison to all other groups 

(Fig. 4.3D and E).  
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Adding to these 

findings, analysis of whole brain lysates from E14.5, revealed an approximate 1.45-fold 

increase of Tuj1 protein expression in TBCDA475T/A475T mice compared to WT control (p < 0.05), 

while a similar but non-significant increase was observed in the TBCDA475T/WT brains compared 

to WT (~1.37-fold) (Fig. 4.3J and K). 

Figure 4.3. Reduced TBCD 
stability leads to 
developmental 
disturbance in 
TBCDA475T/A475T mice  

(A and B) Immunoblot and 
band densitometry analysis 
of TBCD, total αβ-Tubulin 
and β-Actin protein 
expression levels from wild-
type (WT), TBCDA475T/WT and 
TBCDA475T/A475T mice at 
E14.5, (B) Representative 
images of immunostained 
coronal sections of E14.5 
mice for DAPI (blue), Paired 
box protein Pax-6 (Pax6) 
(red) and class III β- tubulin 
(Tuj1) (green). (C-I) 
Quantification of the Pax6- 
and Tuj1-positive total and 
relative immunostained 
layer thickness (C and D), 
total DAPI positive (+) cells 
(E), total Pax6+ cells (F), 
ectopic Pax6+ cells (G), 
relative (%) of Pax6+ cells 
(H) and ectopic Pax6+ cells 
(I). (J and K) Analysis of Tuj1 
protein expression from 
whole brain lysates. For 
each brain, a rostral, medial 
and caudal section were 
measured and results 
averaged. Data represents 
mean ± SEM. n ≥ 2 brains 
per genotype. *P < 0.05, 
**P < 0.01, ***P < 0.001, 
****P < 0.0001. Scale bar 
100μm 
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Extending these early embryonic findings, examination of E17.5 cortices revealed an increase 

of approximately 22% and 45% in the total and relative Pax6 layer thickness of TBCDA475T/A475T 

cortices compared to either WT ( p < 0.001 and p < 0.0001, respectively) or TBCDA475T/WT 

littermates (p < 0.01 and p < 0.001, respectively) (Fig. 4.4C-E). Additionally, the total number 

of Pax6+ and DAPI+ cells in TBCDA475T/A475T mice were increased by approximately 30%, 

compared to either WT (p < 0.05 and p < 0.05, respectively) and 40% versus heterozygous 

littermates (p < 0.01 and p < 0.01, respectively) (Fig. 4.4F and G). Whilst no differences were 

observed between any group in the relative number of Pax6+ or DAPI+ cells, TBCDA475T/WT 

cortices possessed a significant increase in the total and relative number of ectopic Pax6+ 

cells compared to both WT (~2-fold, p < 0.05, and ~3-fold p < 0.0001, respectively) and 

TBCDA475T/A475T mice (~1.4-fold, p < 0.01, and ~1.3-fold, p < 0.0001, respectively) (Fig. 4.4G-J). 

In contrast to the earlier embryonic findings, the expression of Tuj1 in both tissue sections 

and protein lysates at E17.5, was significantly decreased in TBCDA475T/A475 mice compared to 

their WT littermates (~20%, p < 0.0001, and ~25%, p < 0.01, respectively) (Fig. 4.4A-F). Pax6 

is known to have a dosage dependent control on proliferation, neurogenesis and laminar fate, 

with both overexpression and under expression leading to neurogenesis at the expense of 

self-renewal, albeit via distinct mechanisms [6, 7, 10, 53]. Whilst the loss of Pax6 expression 

leads to reduced expression of cell cycle regulators, and thus premature neurogenesis, 

enhanced Pax6 expression upregulates key transcription factors, such as T-box brain protein 

2 (Tbr2), thereby promoting neurogenesis and basal progenitor genesis (BP, aka intermediate 

progenitor cells (IPCs) [53-60]. It is thus attractive to hypothesise that in this model, the 

increased expression of Pax6 in TBCDA475T/A475T mice may result in premature BP genesis at 

the expense of self-renewal.  
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Figure 4.4. Changes in markers of cell proliferation and neuronal maturation in TBCDA457T/A475T mice  

(A and B) Assessment of TBCD, total αβ-Tubulin, β-Actin and Tuj1 protein expression levels from 
whole brain lysates of WT, TBCDA475T/WT and TBCDA475T/A475T mice at E17.5. (C) Representative images 
of immunostained coronal sections of E17.5 mice for DAPI (blue), Pax6 (red) and Tuj1 (green). (D-J) 
Quantification of the Pax6- and Tuj1-positive total and relative immunostained layer thickness (D and 
E), total DAPI positive (+) cells (F), total Pax6+ cells (G), ectopic Pax6+ cells (H), relative (%) of Pax6+ 
cells (I) and ectopic Pax6+ cells (J). For each brain, a rostral, medial and caudal section were measured 
and results averaged. Data represents mean ± SEM. n ≥ 5 brains per genotype. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Scale bar 100μm. 
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4.2.4 TBCD impacts neuronal identity in vivo  

Switching of NSCs from symmetric divisions to asymmetric divisions marks the beginning of 

neurogenesis and results in the generation of two daughter cells. One daughter cell will retain 

the self-renewal capacity of the mother cell and can be another NSC or a radial glial cell (RGC). 

Whereas the other daughter will become either an apical RGC (a highly related but distinct 

NSC type), a BP/IPC or a postmitotic neuron. [6, 61, 62]. Fortunately, a plethora of research 

examining this coordinated stepwise process has identified a range of neuronal markers that 

can be sequentially expressed and repressed during neurogenesis, thereby enabling an 

estimation of their current developmental state [6, 12, 53, 63, 64]. One such example of this, 

is the sequential expression of Pax6→Tbr2→Tbr1 during the differentiation of RGC to IPC to 

postmitotic projection neuron respectively. Highly expressed in the VZ/SVZ, Tbr2 (aka Eomes) 

is upregulated and Pax6 downregulated as cells transition from RG to IPCs/BPs [53, 54, 57-60, 

65, 66]. It should be noted however, that in rodents a small proportion of newly 

differentiating IPCs can co-express Pax6 and Tbr2, whilst many progenitors co-express Pax6 

and Tbr2 in primates [6, 53, 54, 67]. Following this, the majority of progenitors will undergo 

terminal division, and migrate towards the CP. Migration towards the CP is marked by the 

upregulation of T-box brain protein 1 (Tbr1), a regulator of postmitotic neurons regional and 

laminar identity, and BAF Chromatin Remodelling Complex Subunit BCL11B (Ctip2), a zinc 

finger protein essential for proliferation, differentiation and subcortical projection neuron 

identity [14-16, 53, 65, 66]. Coupling this knowledge with the altered cortical morphology and 

aberrant Pax6/Tuj1 expression observed in TBCDA475T/A475T embryonic mice, prompted 

investigation to delineate the impact of the clinical TBCD A475T mutation on cortical 

lamination and neuronal identity. To achieve this, immunofluorescence staining was 

conducted to investigate the expression of the neuronal markers; Tbr2, Tbr1, and Ctip2.  

Examination of E14.5 cortices revealed no significant differences in the total or relative 

number of Tbr2+ cells between any groups (Fig. 4.5A, D-F). However, TBCDA475T/A475T mice did 

display a slight increase in total Tbr2 layer thickness, compared to WT (~21%) and 

TBCDA475T/WT mice (~15%) (Fig. 4.5A-C). Extending these findings, TBCDA475T/A475T E14.5 

cortices stained with Tbr1 and Ctip2 displayed an approximate increase in relative layer 

thickness of 40% and 45%, respectively, compared to WT (p < 0.05 for both markers), and 

20%, for both markers, when compared to TBCDA475T/WT mice (Fig. 4.5H-J). No significant 
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differences were observed in the total number of Tbr1+ and Ctip2+ cells between the groups. 

However, quantification of the relative number of Tbr1+ and Ctip2+ cells revealed an increase 

of approximately 26% in TBCDA475T/A475T mice cortices compared to WT (p < 0.01 and p < 0.05, 

respectively), and 16% compared to TBCDA475T/WT litter mates (p < 0.05 and p < 0.05, 

respectively) (Fig. 4.5N and O). Thus, at E14.5, TBCDA475T/A475T mice possess an increased 

expression of deep layer neuronal markers, compared to WT or TBCDA475T/WT littermates. 

Figure 4.5. TBCDA475T/A475T display altered cortical lamination. 

Representative images of E14.5 coronal sections for WT, TBCDA475T/WT and TBCDA475T/A475T embryonic mice. (A-O) 
Immunostaining and quantification for T-box brain protein 2 (Tbr2) (A-G), and Tbr1 and BAF Chromatin 
Remodelling Complex Subunit BCL11B (Ctip2) (H-O) (A) Co-staining of Tbr2 (green) and DAPI (blue) stained E14.5 
cortices. (B-G) Quantification of total and relative Tbr2+ immunostained thickness (B and C), DAPI + cells (D), 
total and relative Tbr2+ cells (E and F), and Tbr2+ cells in the IZ (G). (H) Tbr1 (green), Ctip2 (red) and DAPI (blue) 
stained WT, TBCDA475T/WT and TBCD A547T/A475T brains at E14.5. (I and J) Total and relative Tbr1 and Ctip2 layer 
thickness, (K) DAPI + cells, total and relative number of Tbr1+ and Ctip2+ cells in the cortical plate (CP) (L-O). For 
each brain, a rostral, medial and caudal section were measured and results averaged. Data represents mean ± 
SEM. n ≥ 2 brains per genotype at E14.5 and n ≥ 5 brains per genotype at E17.5. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. Scale bar 100 μm.  
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Given these observations, it was then 

assessed whether the changes 

observed persisted at E17.5 in the 

TBCDA475T/A475T mice. Immunostaining 

and analysis of Tbr2 expression showed 

a significant increase of TBCDA475T/WT 

against WT mice (~15%, p < 0.001), and 

in the TBCDA475T/A475T mice compared to 

both WT and TBCDA475T/WT (~35%, p < 

0.0001 and ~20%, p < 0.01, 

respectively) (Fig. 4.6A-C). No other 

significant differences were observed 

between TBCDA475T/WT and any other 

group (Fig. 4.6B-H). A significant 

increase of approximately 40% in both 

the total and relative number of Tbr2+ cells, in the VZ/SVZ of the TBCDA475T/A475T mice 

compared to WT counterparts was observed (Fig. 4.6D-F). In addition, a decrease in the 

relative number of Tbr2+ cells in the IZ (ectopic) was observed for the TBCDA475T/A475T mice 

Figure 4.6. Perturbed expression of 
intermediate progenitor cells in 
TBCDA475T/A475T mutant cortices. 

Coronal sections from E17.5 WT, TBCDA475T/WT 

and TBCDA475T/A475T embryonic mice assessing 
Tbr2 expression (A-H). (A) Immunostaining for 
Tbr2 (green) and Nuclei (DAPI, blue). (B and C)) 
Quantification of total and relative Tbr2+ 
immunostained layer thickness, (D) DAPI + 
cells, (E and F) total and relative Tbr2+ cells, 
(G), Tbr2+ cells in the IZ and (H) Tbr2+ cells per 
100μm2 in the IZ. For each brain, a rostral, 
medial and caudal section were measured and 
results averaged. Data represents mean ± 
SEM. n ≥ 6 brains per genotype. * represent 
comparisons against WT littermates. # 
represents comparisons against heterozygous 
littermates. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. #P < 0.05, ##P < 0.01, 
###P < 0.001. Scale bar 100μm. 
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compared to both WT (~30%, p=0.062) and to a lesser extent, heterozygous littermates 

(~15%) (Fig. 4.6G and H). Previous studies identifying the ectopic expression of Tbr2, have 

observed disruptions to laminar positioning and neuronal fate, including, a strong reduction 

in the expression of the key deep cortical marker Tbr1 [63, 65, 68]. 

Consistent with these findings, TBCDA475T/A475T mice cortices immunostained with Tbr1 and 

Ctip2 displayed an approximate decrease of 30% and 25% in their total and relative SP layer 

thickness, respectively, in comparison to all other groups (Fig. 4.7A-C). In contrast, an increase 

of approximately 35% in the relative, but not total, thickness of Tbr1 and Ctip2 in the CP was 

observed for TBCDA475T/A475T mice in comparison to WT (p < 0.01 and p < 0.01, respectively) 

and TBCDA475T/WT (p < 0.001 and p < 0.05, respectively) (Fig. 4.7B and C). Additionally, the 

relative number of Tbr1+ and Ctip2+ cells in the SP was significantly decreased in the 

TBCDA475T/A475T mice (~25%) compared to both WT (p < 0.01 and p < 0.05, respectively) and 

TBCDA475T/WT mice (p < 0.05 and p < 0.001, respectively) (Fig. 4.7D-H).  

Known to play important roles in the proliferation, migration and maturation of neurons in 

the developing cortex, loss of Tbr1 and Ctip2 results in neuronal fate switching and severe 

cortical malformations [14-16, 53, 69, 70]. Coupled with the knowledge that SP neurons are 

also crucial to the organization of the cerebral cortex [14, 16, 71, 72], the alterations observed 

in Tbr1/2 and Ctip2 expression may impact neuronal number, identity and laminar fate in the 

TBCDA475T/A475T mice. Therefore, I sought to examine the DNA-binding protein Special AT-Rich 

Sequence-Binding Protein 2 (Satb2), which is initially strongly expressed around E14.5/E15.5 

and is required for upper layer projection neurons, neuronal migration, and identity [17, 69, 

70, 73, 74]. Quantification of Satb2 immunostaining at E17.5, revealed a significantly 

decreased total and relative number of Satb2+ cells, in TBCDA475T/A475T mice compared to WT 

(~33%, p < 0.05, and 21%, p < 0.01, respectively), and TBCDA475T/WT mice (~40%, p < 0.01, and 

30%, p < 0.001, respectively) (Fig. 4.8A-C). No differences were observed for TBCDA475T/WT 

mice when compared against WT for either total or relative Satb2+ cell number.  
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Figure 4.7. TBCD impacts cell cycle and neuronal identity in vivo.   

(A) Co-immunostaining for Tbr1 (green), Ctip2 (red) and DAPI (blue) cells from coronal sections of WT, 
TBCDA475T/WT and TBCDA475T/A475T embryonic mice at E17.5. (B and C) Quantification of relative and total 
Tbr1 and Ctip2 thickness, (D) number of DAPI+ cells, (E-H) and total and relative number of Tbr1 and 
Ctip2 cells in the SP and CP. For each brain, a rostral, medial and caudal section were measured and 
results averaged. Data represents mean ± SEM. n ≥ 6 brains per genotype. * represent comparisons 
against WT littermates. # represents comparisons against heterozygous littermates. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001. Scale bar 100μm. 
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Next, immunoblot analysis of whole brain lysates from E14.5 and E17.5 mice was undertaken 

to assess the protein expression of various mitochondrial, glycolytic and neuronal markers 

(Figs. 4.9 and 4.10). Previous studies assessing the metabolic state of NPCs and postmitotic 

neurons during embryonic development have reported, that the onset of neurogenesis marks 

a progressive shift from a primarily glycolytic state in uncommitted Sox2+ NSCs, towards an 

increased mitochondrial respiration. This metabolic switch is marked by increased 

mitochondrial mass/activity, increased reactive oxygen species (ROS) presence, and 

enhanced oxidative phosphorylation (OXPHOS), to meet energy demands [75-77]. 

Figure 4.8. 
TBCDA475T/A475T mice 
display altered 
expression of callosal 
projection neuron 
regulator 

(A-C) Immunostaining 
and quantification for 
Special AT-Rich 
Sequence-Binding 
Protein 2 (Satb2). (A) 
Representative images 
on coronal sections from 
WT, TBCDA475T/WT and 
TBCDA475T/A475T 
embryonic mice at E17.5 
co-stained with Satb2 
(green) and DAPI (nuclei, 
blue). (B) Quantification 
of the total number of 
Satb2+ cells, and (C) 
relative number of 
Satb2+ cells (%).For each 
brain, a rostral, medial 
and caudal section were 
measured and results 
averaged. Data 
represents mean ± SEM. 
n ≥ 6 brains per 
genotype. *P < 0.05, **P 
< 0.01, ***P < 0.001, 
****P < 0.0001. #P < 
0.05. Scale bar 100μm. 
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Concomitant with this shift to mitochondrial-dependent energy production, a decrease in the 

expression of the glycolytic enzymes such as Hexokinase 2 (HK2), critical in controlling the 

amount of glucose entering into glycolysis, and Pyruvate Kinase Isozyme M2 (PKM2), 

hypothesised to aid in the accumulation of metabolites for biosynthetic pathways, have been 

reported both in vivo and in vitro models [78-80]. Contrastingly, a minor increase in the 

expression of Hexokinase 1 (HK1), which is required to provide sufficient pyruvate for the TCA 

cycle, and PKM1, which functions to increase oxygen consumption and reduce lactate 

production, have also been observed during NSC fate commitment [78, 80, 81].  

Validating these studies and similar to the increased mitochondrial mass observed in TBCD 

perturbed P19ECs, expression of the mitochondrial markers succinate dehydrogenase 

complex subunit A (SDHA), and cytochrome c oxidase subunit 4 (COXIV), two key enzymes in 

the electron transport chain, were observed to be significantly upregulated in the 

TBCDA475T/A475T mice compared to WT at E14.5 (~16%, p < 0.01 and ~35%, p < 0.01) (Fig. 4.9A 

and B). TBCDA475T/WT mice did not significantly differ from either WT or TBCDA475T/A475T 

littermates. Extending these findings, assessment of the various glycolytic markers known to 

be altered during neuronal differentiation was undertaken. Analysis of whole brain lysates 

from TBCDA475T/A475T mice at E14.5 revealed a statistically significant increase and decrease in 

PKM1/2 and HK2, respectively, versus WT littermates (~14%, p < 0.05 and ~16%, p < 0.05, 

respectively) (Fig. 4.9C-E). Consistent with previous studies, it was observed that 

TBCDA475T/A475T mice at E14.5 had an increased expression of HK1, and a decreased expression 

PKM2 and GAPDH in comparison to WT mice, only reaching significance in the latter (~15%, 

~10%, and ~20%, p < 0.05) (Fig. 4.9C-E) [78, 80-82]. These shifts in metabolic enzyme 

expression are in line with a glycolysis to OXPHOS reprogramming, which would be expected 

from cells undergoing differentiation. Thus, I sought to investigate the impact of the TBCD 

A475T clinical mutation on the expression of early neuronal differentiation markers [24, 77]. 

Confirming these findings, protein expression of the neuronal markers Tuj1 (previously 

mentioned), Neuronal Nuclei (NeuN), and Forkhead Box G1 (FoxG1), was found to be 

significantly increased in the TBCDA475T/A475T mice compared to WT mice at E14.5 by ~1.45 (p 

< 0.01), 1.4 (p < 0.05), and 2.7-fold (p < 0.0001), respectively (Figs. 4.3J and K, and 4.9F and 

G). A similarly significant decrease in the expression of the pluripotency marker sex 

determining region Y-box 2 (Sox2), and the proliferation marker cyclin D1 (CD1), was also 
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observed in the TBCDA475T/A475T mice at E14.5 compared to WT mice (~21%, p < 0.05 and 31%, 

p < 0.001, respectively) (Fig. 4.9F and G). TBCDA475T/WT mice did not display any differences in 

CD1 or FoxG1 expression, but did show a statistically significant increase in NeuN expression 

(~48%, p < 0.05) and a trend towards a decreased Sox2 expression (~15%), when compared 

to WT littermates at E14.5 (Fig. 4.9F and G). The changes observed in the metabolic, 

pluripotency, proliferative, and neuronal markers, are strongly indicative that, in comparison 

to WT mice at E14.5, TBCDA475T/A475T mice possess an increased proportion of NSCs that have 

begun the transition from NSC to IPC and/or postmitotic neuron [78-80, 83-85].  

Similar to the earlier embryonic findings, at E17.5 TBCDA475T/A475T mice displayed an increased 

expression of the mitochondrial markers SDHA and COXIV (~1.24-fold, p < 0.05 and 1.26-fold, 

p < 0.05, respectively) (Fig. 4.10A and B). Furthermore, when compared to WT mice, the 

expression of the glycolytic markers in the TBCDA475T/A475T mice at E17.5 is reminiscent of the 

expression profile observed at E14.5, with decreased expression of HK2, PKM2, and GAPDH, 

and increased expression of PKM1/2 and HK1, however this only reached statistical 

significance for the latter (~1.34-fold, p < 0.05) (Fig. 4.10C and D). Strikingly, E17.5 

TBCDA475T/A475T mice also exhibited a reduction in CD1 (~35%, p < 0.05), Tuj1 (~24%, p < 0.01), 

and to a lesser degree in NeuN and FoxG1, whilst Sox2 expression was increased (~40%, p < 

0.05) in comparison to WT (Fig. 4.10E and F). The reduced expression of neuronal markers in 

the TBCDA475T/A475T mice is consistent with the immunohistochemistry findings, and may be 

indicative of a reduced prevalence of late-stage neurons. Although the reduced expression of 

CD1 can be attributed to the increased mitochondrial activity [86-88], the altered glycolytic 

and mitochondrial metabolic profile, increased expression of Sox2, increased number of Pax6 

+ cells, and Tbr2 + cells (mitotically active IPCs), is highly suggestive of an increased proportion 

of actively proliferating cells in the TBCDA475T/A475T cortices at E17.5 [6, 53, 57, 59, 65, 75, 89-

93]. Collectively, these data strongly support the notion that disruptions to TBCD in vivo affect 

neuronal development, with serious impacts on cell cycle dynamics, metabolism, and 

neuronal identity. 
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Figure 4.9. Perturbations to TBCD impact neuronal differentiation in vivo 

Whole brain protein lysates from WT, TBCDA475T/WT and TBCDA475T/A475T mice assessing protein expression 
of various metabolic, glycolytic and neuronal markers via immunoblot at E14.5. (A and B) Immunoblot 
and densitometry analysis of the mitochondrial metabolic markers, succinate dehydrogenase complex 
subunit A (SDHA), and cytochrome c oxidase subunit 4 (COXIV). (C-E) Assessment of glycolytic markers 
Hexokinase 1 and 2 (HK1 and HK2), Pyruvate Kinase Isozymes M1/M2 (PKM1/2), PKM2, and 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (F and G) Similar to above, analysis of the 
neuronal markers Neuronal nuclei (NeuN), Forkhead Box G1 (FoxG1), the pluripotency marker sex 
determining region Y-box 2 (Sox2), and the cell cycle marker Cyclin D1 (CD1). Data represents mean ± 
SEM. n ≥ 6 animals per genotype. * represents comparisons against WT littermates. # represents 
comparisons against heterozygous littermates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. #P 
< 0.05, ##P < 0.01, ###P < 0.001. 
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4.2.5 Cortical malformations persist postnatally in TBCDA475T/A475T mice  

In order to delineate the impact that the A475T clinical mutation has postnatally, a similar 

array of tests as above were conducted on mice obtained at postnatal day 5 (P5) (Figs. 4.11-

15). Assessment of the gross brain morphology at P5 revealed a reduction of approximately 

9% in the cortical weight, thickness, and length in TBCDA475T/A475T mice compared to WT 

littermates (p < 0.05, p < 0.05 and p < 0.05, respectively) (Fig. 4.11A-D). Although the body 

weight of TBCDA475T/A475T mice was increased compared to WT (~20%, p < 0.05), the relative 

brain weight was drastically reduced in TBCDA475T/A475T mice (~30%, p < 0.0001) (Fig. 4.11E and 

Figure 4.10. TBCDA475T/A475T 

mutant mice alter 
metabolism and 
differentiation in vivo 

Similar to above, whole brain 
protein lysates from WT, 
TBCDA475T/WT and 
TBCDA475T/A475T mice assessing 
protein expression of various 
metabolic, glycolytic and 
neuronal markers via 
immunoblot at E17.5. (A and 
B) Immunoblot and 
densitometry analysis of the 
mitochondrial markers, SDHA, 
and COXIV. (C and D) 
Assessment of glycolytic 
markers HK1, HK2, PKM1/2, 
PKM2, and GAPDH. (E and F) 
Analysis of the neuronal 
markers NeuN, and FoxG1, as 
well as the pluripotency and 
proliferative markers Sox2 
and CD1. Data represents 
mean ± SEM. n ≥ 6 animals per 
genotype. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 
0.0001.  
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F). Immunoblot analysis of TBCD, total αβ-tubulin and β-actin protein expression confirmed 

previous findings of a reduced TBCD abundance and increase to the key cytoskeletal proteins 

in TBCDA475T/A475T mice brains (~16%, p < 0.05, 1.16-fold, p < 0.05, and 1.15-fold, respectively) 

(Fig 4.12A and B) [33, 34, 36, 37, 39-41]. No differences were observed between WT and 

heterozygous mouse, and as such heterozygous mice were not included in further analysis. 

Following this, assessment of Nissl-stained coronal sections from TBCDA475T/A475T mice 

revealed significant reductions in both corpus callosum (CC) and cortical thickness compared 

to WT litter mates (~30%, p < 0.05 and 14%, p < 0.05, respectively) (Fig. 4.12C-G).  

 

 

 

 

 

 

 

 

 

Figure 4.11. Cortical 
malformations are present in 
postnatal TBCDA475T/A475T mice  

Mice brains were collected at 
postnatal day 5 and gross 
morphology assessed as previously 
described. (A) Representative 
images of WT and TBCDA475T/A475T 
brains at P5. (B) Measurements of 
gross cortical thickness, (C) cortical 
length, (D) cortical weight, (E) body 
weight, and (F) relative (%) brain 
weight. Data represents mean ± 
SEM. n ≥ 7 brains per genotype. *P 
< 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.  
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Figure 4.12. TBCDA475T/A475T mice display altered brain anatomy postnatally 

(A and B) Band densitometry analysis of TBCD, total αβ-Tubulin, and total Actin protein expression 
in postnatal day 5 (P5) brains. (C-F) Nissl staining and quantification of coronal sections of WT and 
TBCDA475T/A475T brains assessing cortical (D) and corpus callosum thickness (F) at P5. For each brain, 
a rostral, medial and caudal section for the right and left hemisphere were measured and results 
averaged. Data represents mean ± SEM. n = 4-6 brains per genotype. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. Scale bar 100μm. 
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Subcortical projections stemming from neurons in layers 5 and 6 can target the spinal cord, 

midbrain, thalamus and pons. It is therefore essential that the appropriate number of neurons 

are generated, as perturbed expression to layer 5 and 6 neurons (marked by Ctip2 and Tbr1 

specific markers, respectively) may impede specific sensory, motor or multimodal information 

processing and distribution [14-18]. Therefore, I next sought to assess whether or not the 

cortical lamination defects observed at the embryonic time points persisted postnatally. To 

achieve this, immunostaining of Tbr1, Ctip2 and Satb2 was undertaken (Figs 4.13 and 4.14). 

These data showed that although TBCDA475T/A475T mice trended towards a decrease in Tbr1 

and Ctip2 total layer thickness, this was ablated when assessing relative layer thickness (Fig. 

4.13A-C). Furthermore, whilst there was no difference in the total number of either Tbr1+ or 

Ctip2+ cells, there was an increase in the relative number of Ctip2+ cells for TBCDA475T/A475T 

mice compared to WT counterparts (~39%) (Fig. 4.13D-I). Following this, I assessed the 

expression of Satb2, which is known to be critically important in both the adult CNS and 

developing CNS, wherein it regulates synaptic plasticity and identity of callosal projection 

neurons through its repression of Ctip2 [69, 70, 73]. Although a significant decrease of Satb2+ 

cells at E17.5 was observed, no differences were observed in any parameters measured for 

Satb2 stained sections at P5 (Fig. 4.14A-C). 

Finally, immunoblot analysis was undertaken of whole brain lysates from P5 mice in order to 

determine if there were any alterations in the expression of neuronal, mitochondrial, 

glycolytic, cell cycle or ER stress markers (Fig. 4.15). Similar to findings from E17.5, there was 

a significant increase in the expression of Sox2, SDHA, Cox4, NeuN, and HK1 in TBCDA475T/A475T 

mice (~1.6-fold, p < 0.001, ~1.15-fold, p < 0.05, ~1.25-fold, p < 0.05, ~1.25-fold, p<0.001, and 

~1.25-fold, p < 0.05, respectively) (Fig. 4.15A-F). These increases in the TBCDA475T/A475T mice 

were paralleled by a decrease in the expression of Synapsin 1 (Syn1) and PKM2, however this 

only reached significance in the latter (~22%, p<0.05, and 12%, p < 0.05, respectively) (Fig. 

4.15A-F). A neuron specific phosphoprotein, Syn1 plays a key role in axonogenesis, 

synaptogenesis, and neurotransmitter release [94-96]. Perturbation to Syn1 can impair 

neuronal outgrowth, synaptic vesicle trafficking, and synaptic transmission, leading to seizure 

development and synaptic depression [94-100]. Given that perturbations to TBCD can impair 

MT dynamics, which are essential for synaptic plasticity and functioning [94, 101-103], it is 

plausible that the decreased expression of Syn1 observed in TBCDA475T/A475T mice is an 
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indication of impaired synaptic functioning and or a reduction in the number of postmitotic 

neurons. However further studies are required before a definitive conclusion can be drawn.  

Strongly expressed at developmental time points that correspond with NPC withdrawal from 

cell cycle and/or initiation of terminal differentiation, NeuN has recently been recognised as 

a member of the RNA-binding protein Fox-1 gene family, Fox-3 [104-108]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Clinical TBCD A475T mutation impacts laminar identity postnatally in mice 

Coronal sections from P5 WT and TBCDA475T/A475T mice assessing the deep layer neuronal markers Tbr1 and 
Ctip2. (A) Immunostaining for Tbr1 (green), Ctip2 (red) and Nuclei (DAPI, blue) on coronal cryosections. (B 
and C) Quantification of Tbr1 and Ctip2 total and relative layer thickness, (D and E) DAPI+ cells in cortical 
layer 5 and 6, (F-G) total and relative (%) Tbr1+ and Ctip2+ cells. For each brain, a rostral, medial and caudal 
section were measured and results averaged. Data represents mean ± SEM. n = 5-6 brains per genotype. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar: 100 μm. 
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Additionally, as expression levels of 

NeuN are believed to correspond to 

several other factors, including state 

of differentiation, level of neuronal 

function, neuritogenesis, 

axonogenesis and state of 

polarization, it is difficult to fully interpret the increased expression of NeuN observed in 

TBCDA475T/A475T mice at P5 [105-109]. However, coupling the increased expression of NeuN, 

the pluripotency marker Sox2, the metabolic markers HK1, SDHA, and Cox4, with the 

decreased expression of Syn1, Tuj1 and PKM2, these data are suggestive of an increased pool 

of mitotically active NPCs and a reduction in postmitotic neurons in the cortex of 

TBCDA475T/A475T mice.  

Furthermore, it was observed that TBCDA475T/A475 mice had an increased expression of 

unfolded protein response (UPR) pathway elements, protein kinase-like endoplasmic 

reticulum kinase (p-PERK) and Activating Transcription Factor 4 (ATF4), that have previously 

been reported to be upregulated during neurogenesis, (Fig. 4.15G and H) [109-112]. 

Interestingly, immunoblot analysis of cleaved caspase 3 expression was increased by ~1.3-

fold in the TBCDA475T/A475T brains compared to WT (p < 0.01) (Fig. 4.15G and H). It should be 

noted however, that caspase 3 IHC and the terminal deoxynucleotidyl transferase dUTP nick 

end labelling (TUNEL) assay could not be achieved in order to validate this potential increase 

in cell death. Whilst caspase cleavage events are usually associated with cell death, several 

Figure 4.14. Impact of clinical TBCD A475T 
mutation on laminar identity in postnatal 
mice 

Coronal sections from P5 WT and 
TBCDA475T/A475T mice assessing the deep 
layer neuronal marker Satb2. (A) Co-
stained cortices positive for Satb2 (green) 
and DAPI (blue). (B) Quantified number of 
DAPI+ cells, (C and D) total and relative 
number of Satb2+ cells. For each brain, a 
rostral, medial and caudal section were 
measured and results averaged. Data 
represents mean ± SEM. n = 5-6 brains per 
genotype. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. Scale bar: 200 μm. 
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recent studies have identified a role for caspase in cellular differentiation and synaptic 

plasticity, and is further detailed in the discussion [113-117]. Taken together, these data 

indicate that homozygous TBCD475T/475T mutant mice display defective cortical development 

during embryogenesis and in early postnatal (P5) life, with hallmarks of changes to NPCs 

cortical neurogenesis and cell migration, leading to altered cerebral cortical size and disrupted 

laminar identity.  

 

 

 

 

Figure 4.15 Altered metabolic and 
differentiated state of TBCDA475T/A475T 
mice is accompanied by increase 
endoplasmic reticulum stress and 
death markers postnatally per 
metabolism and differentiation  

P5 whole brain protein lysates from 
WT and TBCDA475T/A475T mice assessing 
TBCDs impact across various aspects 
of cellular function from neuronal 
identity, to metabolism and through 
to cell death. (A and B) Immunoblot 
and band densitometry analysis of 
neuronal markers-β-III Tubulin (Tuj1), 
Neuronal nuclei (NeuN), sex 
determining region Y-box 2 (Sox2), 
Synapsin I (Syn I), (C and D) 
mitochondrial markers SDHA and 
Cox4, (E and F) glycolytic markers 
Hexokinase 1, Hexokinase 2, Pyruvate 
Kinase Isozymes M1/M2 (PKM1/2), 
PKM2 (E and F) and cell death and 
stress markers, Active (Cleaved) 
Caspase-3, Activating Transcription 
Factor 4 (ATF4), and phosphorylated-
Protein kinase-like endoplasmic 
reticulum kinase at Th980 (p-PERK) (G 
and H). Data represents mean ± SEM. 
n = 5-6 animals per genotype. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001. 
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4.3 Discussion 

The dynamic properties of the neuronal cytoskeleton are essential for the establishment of 

the neocortex, which relies upon the proliferation, migration and terminal differentiation of 

neurons. This coordinated stepwise process is achieved through the organisation, assembly 

and remodelling of the cytoskeletal elements in order to establish the complex neuronal 

circuitry required for cognitive functioning [6, 9, 24, 25]. Perturbations to these processes can 

impact neuronal signalling and/or morphology, impeding appropriate development, which 

can result in cognitive impairment [20, 22]. In support of this notion, recent findings identified 

mutations in TBCD, a key regulator of MT biosynthesis, to be causative for a severe, early 

onset neurodegenerative condition in infants [33, 34, 36, 37]. Findings from these studies are 

unique however, as they attribute the secondary microcephaly reported in patients to 

disruptions in MT function [33, 37]. Despite being identified over 20 years ago, there is still a 

gap in knowledge regarding the extensive role of TBCD in MT biosynthesis [118, 119]. Data 

presented herein exams a novel mouse model carrying the recently reported autosomal 

recessive clinical TBCD A475T mutation and details the impact of this mutation on neuronal 

development. These data support and extend the in vitro findings from the P19ECs, wherein 

perturbations to TBCD altered cell cycle dynamics, metabolism and fate commitment. 

Consistent with clinical findings, the mouse model presented herein displays perturbed 

cortical morphology and laminar organisation.  

Examination of cortices from mice harbouring the clinical A475T mutation at E14.5, revealed 

significantly heavier, longer and thicker brains in TBCDA475T/A475T mice compared to WT 

littermates (Fig. 4.1). While no significant differences were observed in Nissl-stained cortices 

at E14.5, with the caveat that a small sample size of the WT group was sampled for this time 

point. Based on these findings, power analysis calculations were conducted and revealed that 

for a desired power of 0.80 a sample size of 7 for each group would be required, although this 

is currently beyond the capability of this work currently. By the end/late stage of cortical 

development (E17.5) however, the homozygous TBCD mutant mice possessed a severely 

perturbed morphology, with clear reductions in size, weight and cortical layering compared 

to their WT and TBCDA475T/WT counterparts (Figs. 4.1-8). These perturbations persisted 

postnatally, with examination of mice at P5 validating the aberrant lamination, size and 

expression of deep layer neuronal markers (Figs. 4.13-15). This phenotype was paralleled, at 
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all time points, by the expected reduction in TBCD protein expression, attributable to protein 

instability leading to proteasomal degradation [37], as well as by an unexpected increase in 

the expression of the total level of αβ-tubulin and β-actin (Figs. 4.3,4.4 and 4.12). Previously, 

studies have only assessed either, the level of β-tubulin, noting a reduced protein expression 

that was resultant from accelerated degradation, or α-tubulin protein expression, with no 

identifiable changes, except for a reduction in the soluble pool of tubulin [33, 36, 37]. 

Interestingly, studies assessing MT stability and tubulin expression have observed that 

increasing MT stability decreases the soluble pool of tubulin dimers, leading to an 

upregulation of tubulin mRNA, synthesis and subsequent MT incorporation [120-124]. Taken 

together with the increased MT stability, resultant from the TBCDA475T/A475T mutation, these 

data provide a possible explanation for the enhanced tubulin expression observed in this 

model. 

In addition to the enlarged state of the E14.5 cortex in TBCDA475T/A475T mice, a corresponding 

increase in cortical lamination, enhanced expression of neuronal markers and a decreased 

expression of proliferation markers was also observed (Figs. 4.1-3, 4.5 and 4.9). On the other 

hand, examination of brains at E17.5 revealed a significant reduction in the expression of the 

early neuronal marker Tuj1, accompanied by a drastic increase in expression and distribution 

of the transcription factor Pax6 in the TBCDA475T/A475T mice (Fig. 4.4). Consistent between both 

embryonic time points however, is the downregulation of CD1 (Figs. 4.9 and 4.11). Once 

activated, CD1 binds and activates Cdk4 and Cdk6, thereby enabling G1 entry and progression 

[125-128]. The observations that CD1 is downregulated at E14.5 and E17.5, are supported by 

the increased expression of Pax6, which has been reported to bind directly to and repress 

expression of Cdk4 and Cdk6. By binding and repressing these cell cycle regulators, when 

overexpressed, Pax6 impairs NPC proliferation and promotes neurogenesis at the expense of 

self-renewal [54-57, 59, 60]. Systems overexpressing Pax6 promote BP genesis over 

proliferation, leading to an increase in the BP/IPC marker Tbr2, which is believed to regulate 

the early steps of fate commitment/differentiation in projection neurons (PNs) [53, 55-57, 59, 

60]. Additionally, it has also been shown that Tbr2 is highly expressed in IPCs undergoing the 

S- and M-phase of cell cycle [53]. Consistent with this notion, and in support of the observed 

G2/M delay in TBCD perturbed P19ECs, a significant increase in the number of Tbr2+ cells is 

seen in the TBCDA475T/A475T mouse cortices at E17.5 (Fig. 4.6), although no difference was 
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observed in Tbr2 expression at E14.5 (Fig. 4.5). Tbr2 expressing cells are characterised as 

progenitor cells that divide at positions away from the ventricular surface, non-surface 

divisions (NS-div), for one or more rounds of symmetric/proliferative division prior to a 

neurogenic division [6, 53]. This is notable as IPCs are believed to contribute a significant 

proportion of neurons to most layers, with NS-div cells generating >50% of neuron-producing 

mitoses during early neurogenesis, and between 32-100% during mid-neurogenesis [53, 129, 

130]. Consequently, misexpression of Tbr2 can cause severe neurodevelopmental syndromes 

by impeding cell cycle progression, forcing differentiation towards an IPC fate, ultimately 

leading to inappropriate cortical lamination and neuronal fate, [53, 55-57, 59, 60]. Given that 

both Pax6 and Tbr2 regulate discrete steps in PN differentiation, it is unsurprising that at E14.5 

and E17.5 a significant increase and reduction, respectively, is observed in the relative 

number of Tbr1+ and Ctip2+ cells in TBCDA475T/A475T mice (Figs. 4.5-7). Tbr1 and Ctip2+ cells, 

markers of layer 5 and 6 neurons respectively, play important roles in the developing cortex, 

as they are required for the specification, migration, and maturation of neurons in the 

developing cortex, as well as establishing subcortical projections targeting the spinal cord, 

midbrain, thalamus and pons [14, 15, 18, 53, 131, 132]. Disruptions to the precise 

spatiotemporal patterning of these markers therefore, deleteriously impacts the appropriate 

establishment of the cellular architecture, and may impede specific sensory, motor responses 

and/or multimodal information processing and distribution [14-18]. Future investigations 

validating this hypothesis would be beneficial given that patients with TBCD mutations display 

impaired motor control and response to physical and auditory cues [33, 37]. Taken together, 

the altered expression of neuronal and proliferative markers observed at E14.5 and E17.5, are 

strongly indicative of perturbed timing of NPC proliferation, terminal cell cycle exit and 

differentiation in TBCDA475T/A475T mice.  

Cells undergoing terminal cell cycle exit and neurogenesis display an increased mitochondrial 

metabolism and decreased reliance on glycolysis as they differentiate. The shift from 

glycolysis to OXPHOS and enhanced mitochondrial activity can increase ROS accumulation, 

which triggers NRF2-mediated retrograde signalling to promote differentiation over self-

renewal [9, 77, 133-136]. Therefore, it is perhaps unsurprising that a similar expression profile 

is observed in the TBCDA475T/A475T mice at E14.5, with increases seen in markers of 

mitochondrial mass/function, and a decreased expression of certain glycolytic enzymes, such 
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as HK2, PKM2 and GAPDH compared to WT littermates (Fig. 4.9). These findings are further 

supported by the downregulation of CD1, which when present has been reported to impede 

mitochondrial function and OXPHOS, as well as decreased expression of the pluripotency 

marker Sox2 in the TBCD mutant mice brains [87, 88, 126, 128, 137]. Although a similar 

expression profile of mitochondrial and glycolytic markers is observed in the TBCDA475T/A475T 

mice at E17.5, this is accompanied by an increase in the expression of Sox2, Pax6 and Tbr2 

(Figs. 4.5 and 4.10). Furthermore, TBCDA475T/A475T mice at E17.5 display a decrease in Tuj1, 

NeuN and FoxG1 expression compared to their WT counterparts. Taken together, these 

findings are strongly indicative that whilst there is a decreased NPC proliferation and 

increased commitment to neurogenic divisions at E14.5, there is an increased population of 

mitotically active NPCs in the TBCDA475T/A475T mice compared to their WT littermates at E17.5. 

Given that appropriate cortical development requires coordinated spatiotemporal NPC 

proliferation, migration and differentiation, the TBCD induced perturbations to these 

processes are highly likely to ultimately lead to postnatal cortical malformations.  

In support of this hypothesis, examination of TBCDA475T/A475T postnatal brains revealed that P5 

mice had a significantly reduced cortical weight, thickness and length compared to WT 

counterparts (Figs. 4.11 and 4.12). Additionally, TBCDA475T/A475T mice were also observed to 

have a significant reduction in CC thickness (Fig. 4.11). Consisting of white matter tracts 

linking associative areas of the two cerebral hemispheres, the CC functions primarily to 

integrate, transfer and process motor, sensory and high-level cognitive signals between these 

two regions [138-140]. Abnormalities in size and development of the CC have been reported 

in a wide array of neurological disorders [138-143], including patients harbouring the TBCD 

A475T and A568V clinical mutations [37]. These findings, coupled with the altered cortical size 

and CC thickness observed in the TBCDA475T/A475T mice, may be indicative of adverse 

neurodevelopmental outcomes in this mouse model. Although assessment of cognitive 

deficits is beyond the scope of this study, these data not only highlight future areas for 

investigation, but also offer strong support for the biological validity of the TBCDA475T/A475T 

mouse mode. Due to the integral role that layer 5 and 6 neurons also play in establishing 

subcortical projections and transmitting information between and to different regions of the 

brain, I next sought to assess the expression of the markers Tbr1 and Ctip2. In contrast to the 

significant decrease in the relative number Tbr1+ and Ctip2+ cells seen at E17.5, 
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TBCDA475T/A475T mice at P5 were only observed to trend towards an increase in the relative 

number of Ctip2+ cells, and a decrease in DAPI+ cells (Fig. 4.13). Similarly, immunostaining of 

Satb2 at P5 revealed that the number of Satb2+ cells did not differ between the groups (Fig. 

4.15). In light of the partially restored number of Satb2, Tbr1 and Ctip2 cells at P5, it is 

attractive to hypothesise that this restoration is resultant from the increased population of 

mitotically active NPCs observed in the TBCDA475T/A475T mice at E17.5 [76, 144-147]. However, 

this is an avenue for future explanation and is currently beyond the scope of this study. 

Strikingly though, a significant increase in the expression of active caspase 3- typically a cell 

death marker, was observed. Whilst immunoblot results from previous time points revealed 

no significant differences in cell death or stress markers (data not shown), data obtained from 

P5 mice reveals an increase in active caspase-3 and a slight decrease in CHOP (Fig. 4.15). 

Unfortunately, additional assessment of cell death via immunostaining of caspase-3 and 

TUNEL assay failed to yield results, and thus leaves this area open for speculation and further 

investigation. Of note, several previous studies have reported on the non-apoptotic roles for 

caspase-3 during neuronal development, differentiation and functioning [113-117]. Findings 

from these in vivo and in vitro models have shown that caspase-3 is required for facilitating 

NPC neurogenesis and even has a role in neuroplasticity/synaptic functioning [113-117]. 

Coupled with upregulation of the UPR arm PERK-eiF2α-ATF4, which is known to be involved 

in neurogenesis, these data are indicative of a late stage increase in neurogenesis for the 

TBCDA475T/A475T mice at P5 (Fig. 4.15) [109-112]. Furthermore, not only was there a significant 

increase in the pluripotency marker Sox2, but TBCDA475T/A475T mice also exhibited 

perturbations to the energy metabolism of the cell at P5, with significant increases in the 

mitochondrial markers SDHA and CoxIV, as well as the glycolytic enzymes HK I, and a decrease 

in PKM2 (Fig. 4.15C-F). Taken together with the data above, the increased expression of Sox2, 

active caspase-3, and the metabolic alterations observed at P5 are indicative of an impaired 

and protracted period of cortical neurogenesis in the TBCDA475T/A475T mice. Given the 

perturbed metabolic phenotype observed in the P19ECs and the TBCDA475T/A475T mouse 

model, the recent findings that mitochondrial dynamics can regulate stem cell fate provides 

a potential avenue for exploration in an effort to mitigate the neuropathological condition 

and neurodegeneration resultant from TBCD perturbations [148]. This is further emphasised 

by the knowledge that a metabolic switch from OXPHOS to glycolysis can convert 

differentiated cells to pluripotent stem cells [82, 149, 150]. Intriguingly, studies have begun 
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to elucidate the protective and restorative capability of pharmacological or genetic 

manipulations that can target and alter glycolytic enzymes, enhancing glycolytic flux, glucose 

uptake and availability [148, 151-153]. Augmentation of these pathways enhances glycolytic 

production of ATP, alleviating energy defects, increasing redox buffering capacity and alters 

related signalling pathways [84, 149, 154]. Several recent reports have identified such effects 

to occur in response to treatment with GLP-1R agonists in multiple tissues, most relevantly, 

the brain (detailed in chapter 5). Briefly, these studies reveal that in addition to its original 

purposing as a type 2 diabetic therapy to elevate β-cell glucose metabolism to meet the 

increasing insulin demand, GLP-1R agonists are able to cross the blood brain barrier and 

initiate a downstream signalling cascade resulting in neuroprotection, progenitor cell 

proliferation, and neurogenesis [151, 155-161]. This neuroprotective capacity has been 

shown to be effective in animal models and has furthermore been implemented in several 

clinical trials globally to tackle the plethora of emerging neurodegenerative diseases [162-

168]. Chronic exposure of long lasting GLP-1R agonist, such as Exendin-4, are known to alter 

β-cell bioenergetics through a PI3K/mTOR/HIF-1α pathway, resulting in augmented glucose 

production and upregulation of key glycolytic enzymes [152, 153, 169]. Furthermore, it can 

upregulate the expression of the insulin like-growth factor receptor 1 (IGF1R), the insulin 

receptor (INSR) and their associated products, ultimately leading to an autocrine loop [152, 

153, 169]. Stimulation of the GLP-1R and its downstream signalling pathways, including IGF1R 

and INSR, has been reported to impact cell cycle dynamics, proliferation, metabolism, and 

cytoskeletal re-organisation [120, 170-183]. Coupling these data with the observed metabolic 

and mitotic perturbations in the model presented herein, it is attractive to hypothesise that 

GLP-1R agonists, such as Exendin-4, may offer a potential therapeutic avenue of exploration 

to alleviate the homeostatic imbalance resultant from TBCD induced perturbations. In 

support of this notion, chronic exposure of P19ECs to Exendin-4 was able to alleviate the TBCD 

induced homeostatic perturbations, as detailed in Chapter 6, and has provided support for an 

animal study evaluating the effect of Exendin-4 given to pregnant TBCDA475T/A475T mutant mice 

in the future.  

Consistent with the critical role in heterodimer assembly/disassembly and thus MT dynamics, 

the findings presented herein show that perturbations to TBCD can deleteriously impact 

multiple facets of cortical formation. By disrupting the coordinated stepwise process of 
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proliferation, migration and differentiation, TBCD mutations can prematurely reduce the pool 

of NPCs, alter NPC fate and lead to abnormal cortical lamination through a multitude of 

systems. This can impact connectivity and signalling, ultimately leading to severe 

neurodegenerative phenotypes [10, 22, 184]. Taken together with the findings from the in 

vitro study with P19ECs, the analysis of this in vivo model has aided the elucidation of the 

underpinning molecular mechanisms arising from compromised interactions of TBCD, and its 

effectors, on the dynamic behaviour of the neuronal cytoskeleton throughout neuronal 

development. This preclinical animal model may be essential to the development of therapies 

that counteract the detrimental impact of TBCD perturbations in the nervous system.  
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Chapter 6 GLP-1R agonism, a potential therapeutic avenue to 

alleviate the effects of TBCD mutations  

6.1 Introduction 

Disruptions to the neuronal cytoskeleton to lead to a multitude of deleterious phenotypes, 

with recent reports segregating genetic mutations in the gene of the MT biosynthesis enzyme, 

tubulin binding co-factor D (TBCD), with the novel severe neurodegenerative condition 

observed in infants [1-8]. Originally identified by Edvardson and colleagues in 2016 [8], the 

TBCD homozygous missense mutations, A475T and A586V, were reported to lead to a 

functional deficiency in the MT biosynthesis pathway, impairing MT dynamics, which in turn 

contributed to secondary microcephaly. Of the two mutations reported, the TBCD A475T 

mutation was observed to lead to greater biological deficits than the A586V mutation in all 

systems observed, however the underlying molecular mechanisms for these severe 

phenotypes remained elusive Edvardson, Tian [8]. Utilising both in vivo and in vitro 

approaches, I was able to identify a potential mode of action to address this gap in knowledge, 

wherein the expression of the mutant TBCDs altered cell cycle dynamics, leading to a loss of 

pluripotency accompanied by metabolic reprogramming, finally accumulating in premature 

cell fate acquisition (discussed in chapter 4). Whilst these results strongly align with various 

studies detailing MTs and TBCDs role [5, 8], they also provide a unique and novel insight into 

the essential role of the tubulin co-factors and their impact on cellular mechanics.  

More importantly, delineating the molecular mechanisms underpinning these mutations has 

enabled the identification of potential therapeutic targets that may be explored to alleviate 

the deleterious mutational effects. One such target of interest is the incretin peptide 

glucagon-like peptide-1 (GLP-1). Although it was originally appropriated for use as a type 2 

diabetes (T2D) therapy, a plethora of physiological effects have been observed in a variety of 

tissues from both acute and chronic GLP-1 receptor (GLP-1R) activation (detailed in chapter 

5) [9-11].  

Secreted from either the enteroendocrine L-cells, pancreatic α-cells or the preproglucagon 

(PPG) neurons in the brain stem, GLP-1 can then bind to the GLP-1R initiating a cascade of 

signalling events beginning with the activation of membrane bound Adenyl Cyclase (AC) and 
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consequent production of cyclic adenosine monophosphate (cAMP) [12]. Following this, 

cAMP leads to the activation of the cAMP effectors, exchange protein directly activated by 

cAMP (EPAC) and Protein kinase A (PKA) [12-15]. Downstream of these two main pathways is 

the activation and inducement of the extracellular-signal related kinases (ERK) 1 and 2, cAMP 

responsive element binding (CREB) signalling, transcriptional induction of insulin receptor 

substrate (IRS)-2, and activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway [12, 

16]. In addition, it has recently been demonstrated that the acute stimulation of the GLP-1R 

results in the secretion of insulin like growth factor 1/2 (IGF-1/2) and insulin, whilst prolonged 

GLP-1R activation promotes the expression of the Insulin-like growth factor 1 receptor (IGF1R) 

and, to a lesser extent, the insulin receptor (INSR) [12]. Activation of these two growth factor 

receptors can trigger a variety of downstream signals including IRS phosphorylation, AKT/PKB, 

and ERK activation [17, 18]. In the brain, activation of these pathways has been shown to 

promote progenitor cell proliferation, reduce oxidative stress, reduce inflammation, inhibit 

apoptosis, promote neurogenesis, as well as aid mitochondrial function and bioenergetics 

[12, 19]. Notably, several studies have also highlighted that both IGF1R and INSR signalling 

pathways are able to interact with the cytoskeleton and its various elements, increasing MT 

dynamics, triggering cytoskeletal reorganisation, and even stabilizing tubulin mRNA [12, 20]. 

These studies, coupled with the previous observations that perturbations to TBCD can disrupt 

cell cycle dynamics, enhance mitochondrial metabolism, increase reactive oxygen species 

(ROS), and increase differentiation, offer a potential mechanism to alleviate the issues arising 

from the clinical TBCD mutations.  

Here, the potential therapeutic benefit of chronic GLP-1R activation on perturbations arising 

from the TBCD silencing, and the clinical TBCD A475T mutation, as well as the involvement of 

IGF1R and IR in this process, was investigated. Through TBCD shRNA knockdown (KD) and 

rescue experiments it was demonstrated, that chronic exposure to Exendin-4, a long lasting 

GLP-1 analogue, alleviates the G2 cycle delay, promotes bioenergetics reprogramming and 

alters the enhanced cell fate commitment resultant from the clinical TBCD A475T mutation. 

In addition, knock outs (KO) of the Igf1r and Insr in P19 embryonic carcinoma cells (P19ECs) 

via CRISPR-CAS9 was performed, following which TBCD shRNA silencing and rescue 

experiments were conducted in the presence or absence of Exendin-4 for 18 h. Exendin-4 

effects were completely lost in Igf1r KO P19ECs, but unchanged in Insr KO P19ECs. This 
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demonstrated that GLP-1Rs restorative abilities were dependent on IGF1R but no INSR. These 

data highlight that Exendin-4 acts via an IGF1R dependent mechanism to alleviate TBCD 

induced perturbations to cell cycle dynamics. These results suggest that GLP-1R agonism may 

be an effective therapeutic treatment for the cellular pathologies that arise form TBCD 

missense mutations. 

 

6.2 Results 

6.2.1 Ex-4 alleviates cell cycle delay  

GLP-1R agonists have been reported in several studies to increase both proliferation and 

differentiation of neuronal stem/progenitor cells (NSC/NPC) [21-32]. Therefore, the impact of 

GLP-1R signalling in the context of TBCD perturbations was investigated. In order to achieve 

this, P19ECs were co-transfected with either the previously generated and characterized GFP 

positive (GFP+) TBCD targeting short hairpin RNA (shRNA) or scrambled shRNA, in a balanced 

stoichiometry with mammalian expression vectors containing either wild-type human TBCD 

(WT), the A475T or the A586V TBCD mutation, as previously described [12, 22, 33-36]. After 

30 h of transfection, cells were treated or not, with the long lasting GLP-1 analogue Exendin-

4, and incubated for an additional 18 h. Following this FxCycle PI/RNAse staining solution and 

flow cytometry to assess cell cycle dynamics in GFP+ sorted cells was utilised, as previously 

outlined (Fig. 6.1). Data obtained from cell cycle analysis revealed a significant decrease in 

the percent of TBCD silenced and A475T rescued cells in G1 compared to control (~30%, p < 

0.05 and ~40%, p < 0.001 respectively) (Fig. 6.1A). No significant differences were observed 

for either TBCD silenced or TBCD A475T rescued cells in S phase compared to control (Fig. 

6.1B). Confirming the previous observations, assessment of cells in G2 revealed a significant 

increase of approximately 1.8-fold for both TBCD silenced and A475T rescued cells in 

comparison to control (p < 0.001) (Fig. 6.1C). Next, the impact of Exendin-4 on cell cycle 

dynamics was explored. Interestingly, compared with corresponding control cells, treatment 

with Exendin-4 led to an increased percentage of G1 cells in scrambled control cells (~1.5-

fold, p < 0.0001), TBCD silenced cells (~1.5-fold, p < 0.001) and to a lesser extent in TBCD 
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A475T rescued cells (~1.3-fold); restoring the latter two to a level similar to that of control 

(Fig. 6.1A). 

No significant differences were observed in S phase between control cells, TBCD A475T 

rescued, TBCD silenced, or TBCD silenced cells in the presence of Exendin-4 (Fig. 6.1B). 

However, control cells and TBCD A475T rescued cells incubated with Exendin-4 displayed a 

decrease and increase in S phase cells respectively, compared to their own untreated controls 

(~11%, p < 0.01, and ~5% respectively) (Fig. 6.1B). Whilst the presence of Exendin-4 did not 

significantly alter the number of control cells in G2, the G2 cycle arrest observed in TBCD 

silenced and A475T rescued cells was ablated in the presence of Exendin-4 (~50%, p < 0.0001 

Figure 6.4. GLP-1R agonism mitigates cell cycle delay 

As previously described P19ECs were co-transfected with shRNA vectors and TBCD expression constructs, as 
indicated, and incubated for 30 h, followed by addition, or not of 50nm Ex-4 for an additional 18 h. Following 
transfection GFP+ cells were sorted and processed for cell cycle analysis (A-C), or immunoblot assay of TBCD, 
total αβ-tubulin, and total actin expression levels (D). (A-C) Cells stained with FxCycle PI/RNAse staining solution, 
and a minimum of 1.0x104 GFP+ cells were collected by flow cytometry and analysed using the Dean-Jett Fox 
algorithm model. Cell cycle analysis indicates that the TBCD induced G2 arrest is mitigated in cells treated with 
Ex-4 (A-C). (D) Band densitometry analysis indicated alterations to TBCD actin and tubulin are not altered by 
administration of Ex-4. Data represents mean ± SEM. n ≥ 5 independent experiments. * represents pairwise 
comparisons against own Exendin-4 untreated control. # represents comparisons against scrambled control 
cells. $ represents comparisons against Exendin-4 treated scrambled control cells. & represents comparisons 
against WT cells. ᴪ represents comparisons against Exendin-4 treated WT cells. Ω represents comparisons 
against TBCD silenced cells. ᶲ represents comparisons against Exendin-4 treated TBCD silenced cells. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001. $P < 0.05, $$P < 0.01, $$$P < 
0.001. &P <0.05, &&P < 0.01, &&&P < 0.001, &&&&P < 0.0001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 0.001, ᴪᴪᴪᴪP < 
0.0001. ΩP <0.05, ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, ᶲᶲP < 0.01, ᶲᶲᶲP < 0.001, ᶲᶲᶲᶲP < 0.0001. 
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and ~45%, p < 0.01 respectively), restoring the number of cells in these groups to a level 

similar to that of the control (Fig. 6.1C). Following this, transfected cells in the presence or 

absence of Exendin-4 were GFP+ sorted and subject to immunoblot assay and protein 

expression analysis of TBCD, total αβ-Tubulin and total actin. Band densitometry analysis 

validated the previously observed results, confirming TBCD silencing, overexpression, and 

rescue (Fig. 6.1D). Chronic exposure to Exendin-4 however, did not significantly alter either 

TBCD protein expression levels or the expression of the cytoskeletal elements αβ-Tubulin and 

β-Actin (Fig. 6.1D).  

6.2.2 Chronic GLP-1R receptor stimulation rescues TBCD perturbation effects, promotes 

metabolic reprogramming and protein expression associated with stemness 

Cell cycle entry and progression requires coordinated interaction of the cytoskeleton and 

metabolic machinery in order to synthesise and segregate a large number of cellular 

components [8]. Highly proliferative NPCs are primarily glycolytic, requiring fast glucose 

turnover to efficiently generate the precursors needed for synthesis and division [37-41]. 

During cell cycle however, NPCs will initially adapt their mitochondrial network into a more 

polarized tubular network, ultimately increasing mitochondrial OXPHOS and generation of 

ATP. This high level of OXPHOS is maintained until mitotic exit, when mitochondria become 

fragmented and dispersed, which is believed to be resultant from Cdk1 phosphorylation of 

the mitochondrial respiration chain complex I [40, 42]. Sustaining high levels of mitochondrial 

activity, however, can impact stem cell fate decision by acting as an upstream regulator of 

developmental gene expression and physiological reactive oxygen species (ROS) levels [40, 

43]. Increased ROS can lead to the stabilisation of the master redox regulator, nuclear 

respiratory factor 2 (NRF2), which once stabilised translocates to the nucleus and mediates 

the transcriptional up-regulation of genes required to suppress self-renewal and activate 

differentiation [44, 45]. Interestingly, this metabolic induced cell fate switch has been 

demonstrated to act in reverse, with the switch from OXPHOS to glycolysis driving somatic 

cell reprogramming, as well as in the generation of induced pluripotent stem cells [45-47]. 

Recent findings from the Newsholme lab have demonstrated that chronic GLP-1R stimulation 

enacts a bioenergetic reprograming and augmentation of glycolytic flux through mTOR/ 

Hypoxia-inducible factor 1α (HIF-1α) pathway [48-51]. Coupling these findings with the 

enhanced mitochondrial respiration observed in TBCD altered cells, the crucial role of 
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mitochondria in cell cycle and the normally high glycolytic metabolism of stem cells, the ability 

of chronic GLP-1R activation to revert or alleviate the metabolic alterations observed in TBCD 

perturbed cells was thus assessed [18, 52].  

Similar to above, cells were transfected, treated or not with Exendin-4 for 18 h, GFP+ sorted, 

then subject to oxygen consumption rate (OCR) measurements and immunoblot assessment 

of mitochondrial protein expression (Fig. 6.2). Initially, OCR measurements were conducted, 

as previously described, to determine the impact of TBCD alterations on mitochondrial 

Figure 6.2. Bioenergetics is altered by chronic exposure to Exendin-4 

Similar to above, cells co-transfected with TBCD shRNA and expression vectors for 30 h, with or without 
treatment of 50nm Ex-4 for 18 h and were GFP+ sorted. Cells were then subject to extracellular flux analysis 
using Seahorse Biosciences XFe96 Flux Analyser. (A-I) Mitochondrial parameters were measured by 
subsequent injections of 25mM glucose, 2μM of oligomycin, 0.3μM FCCP and 1μM each of rotenone and 
antimycin A, which enabled the generation of an Oxygen consumption rate (OCR)/mitochondrial stress test 
profile (A-D). (E-I) Basal respiration, maximal respiration, ATP production, Proton leak and non-mitochondrial 
oxygen consumption were calculated from OCR measurements. (J and K) Immunoblot and band 
densitometry analysis of succinate dehydrogenase complex, subunit A (SDHA). Data represents mean ± SEM. 
n ≥ 3 independent experiments. Each point, n=5 technical replicates. * represents pairwise comparisons 
against own Exendin-4 untreated control. # represents comparisons against scrambled control cells. $ 
represents comparisons against Exendin-4 treated scrambled control cells. & represents comparisons against 
WT cells. ᴪ represents comparisons against Exendin-4 treated WT cells. Ω represents comparisons against 
TBCD silenced cells. ᶲ represents comparisons against Exendin-4 treated TBCD silenced cells. *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. $P <0.05, $$P < 
0.01, $$$P < 0.001, $$$$P < 0.0001. &P <0.05, &&P < 0.01, &&&P < 0.001, &&&&P < 0.0001. ᴪP <0.05, ᴪᴪP 
< 0.01, ᴪᴪᴪP < 0.001, ᴪᴪᴪᴪP < 0.0001. ΩP <0.05, ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, 
ᶲᶲP < 0.01, ᶲᶲᶲP < 0.001, ᶲᶲᶲᶲP < 0.0001. 
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respiration with or without 18 h of Exendin-4 treatment. In these experiments, TBCD A475T 

rescued cells displayed increases in basal respiration, maximal respiration, ATP  

production, proton leak and non-mitochondrial oxygen consumption compared to all other 

groups, reaching significance in all measurements except for non-mitochondrial oxygen 

consumption (Fig. 6.2A-I). TBCD silenced and WT rescue cells did not significantly differ from 

control cells in any parameter except basal respiration (Fig. 6.2E). Following chronic receptor 

stimulation however, it was observed that control cells in the presence of Exendin-4 had an 

increase in basal respiration (~1.7-fold, p < 0.0001), maximal respiratory capacity (~1.3-fold, 

p < 0.01), ATP production (~1.25-fold, p=0.096) and proton leak (~3-fold, p < 0.001) when 

compared to untreated control (Fig. 6.2A and E-H). Similarly, TBCD silenced cells in the 

presence of Exendin-4 had significant increases in maximal respiration and ATP production 

compared to its own untreated control (~1.2-fold, p < 0.05 and 1.3-fold, p < 0.05 respectively). 

Exendin-4 treated TBCD silenced cells also displayed an increase in maximal respiration when 

compared to TBCD WT rescue cells (~1.25-fold, p < 0.01), and in ATP production, basal, and 

maximal respiration compared to untreated control cells (~1.45-fold, p < 0.001, 1.4-fold, p < 

0.0001 and 1.6-fold, p < 0.0001 respectively) (Fig. 6.2B and E-H). TBCD WT cells treated with 

Exendin-4, whilst trending towards an increase in basal respiration and ATP production, only 

reached a significant increase in maximal respiratory versus its own control (~1.3-fold, p < 

0.001) (Fig. 6.2C and E-G). Additionally, it was observed that TBCD WT rescued cells in the 

presence of Exendin-4, possessed a significantly increased maximal and basal respiration 

compared to control cells (~1.45-fold, p < 0.0001, and ~1.6-fold, p < 0.0001 respectively), and 

maximal respiration compared to TBCD silenced cells (~1.15-fold, p < 0.001) (Fig. 6.2E and F). 

Basal respiration, maximal respiration, ATP production and interestingly, non-mitochondrial 

oxygen consumption were all increased in TBCD A475T rescued cells in the presence of 

Exendin-4 by approximately 1.25-fold compared to its own untreated control (p < 0.01, p < 

0.001, p=0.076, and p < 0.05 respectively) (Fig. 6.2D-I). Furthermore, TBCD A475T rescued 

cells incubated with Exendin-4 displayed an increase in all parameters measured, except 

proton leak, of approximately 2, 1.4, 1.6, 1.3, 1.6, and 1.4-fold against control (p < 0.0001), 

control plus Exendin-4(p < 0.0001), TBCD silenced(p < 0.0001), TBCD silenced plus Exendin-4 

(p < 0.0001), TBCD WT (p < 0.0001), and TBCD WT plus Exendin-4 (p < 0.0001) respectively 

(Fig. 6.2A-I). Finally, a significantly increased proton leak in control cells plus Exendin-4, TBCD 
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A475T rescued, and TBCD A475T rescued cells plus Exendin-4 was observed when compared 

to control cells (~3.4-fold, p < 0.001, ~3.2-fold, p < 0.01, and ~3.8-fold, p < 0.0001 

respectively).  

In light of these increases in various mitochondrial parameters, an assessment of the protein 

expression of the mitochondrial marker succinate dehydrogenase complex, subunit A (SDHA) 

was conducted so as to elucidate whether Exendin-4 was altering mitochondrial function or 

mass (Fig. 6.2J and K). Interestingly, immunoblot analysis revealed that following treatment 

with Exendin-4, the increased expression of SDHA observed in TBCD A475T was reduced by 

~50%, restoring SDHA expression to a level similar to control cells. A similar restoration to 

control levels was seen in the TBCD silenced, A568V and WT rescued cells in the presence of 

Exendin-4 (Fig. 6.2J and K). Coupling these data with the observed effects in the OCR 

parameters above, it is attractive to hypothesise that chronic GLP-1R activation is driving the 

cell towards an increase in glycolysis and consequent flux of substrates into the Krebs cycle.  

In order to confirm whether chronic GLP-1R activation was altering glycolytic metabolism 

tests for Extracellular Flux glycolytic stress, glycolytic rate tests, as well as an assessment of 

panel of glycolytic proteins via immunoblot assay was conducted (Figs. 6.3-5). As shown, TBCD 

A475T rescued cells displayed an average increase of approximately 1.4-fold in glycolysis, 

glycolytic capacity and glycolytic reserve when compared to all other groups (p≤0.001) (Fig. 

6.3A-G). A significant increase in glycolysis was also observed for TBCD silenced cells 

compared to control (~1.3-fold, p < 0.001) and in glycolytic capacity when compared to TBCD 

WT rescued cells (~1.3-fold, p < 0.05) (Fig. 6.3A-G). No significant differences were observed 

for TBCD WT rescued cells compared to control (Fig. 6.3A-G). Reminiscent of data from OCR 

measurements, control cells and TBCD WT rescued cells pre-conditioned with Exendin-4 

trended towards an approximately increase of 10% in glycolysis, glycolytic capacity and 

glycolytic reserve compared to their own control (Fig. 6.3A-G). TBCD silenced and A475T 

rescued cells pre-conditioned with Exendin-4 however, were observed to increase glycolysis 

(~5% and ~7% respectively), glycolytic capacity (~14%, p=0.0543, and ~15%, p < 0.001 

respectively), and glycolytic reserve (~22%, and ~21%, p < 0.05 respectively) compared to 

their own untreated controls (Fig. 6.3A-G). Additionally, it was determined that TBCD silenced 

cells in the presence of Exendin-4 possessed a significantly increased rate of glycolysis when 

comparted to both Exendin-4 un-treated and treated control cells (~1.4-fold, p < 0.001, and 
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~1.25-fold, p < 0.0001 respectively). TBCD silenced cells plus Exendin-4 were also observed to 

have an increased glycolytic capacity compared to both control and TBCD WT rescue cells 

with or without Exendin-4 (~1.3-fold, p < 0.0001, and ~1.2-fold, p < 0.01 for both groups and 

measurements respectively) (Fig. 6.3E and F). Furthermore, TBCD A475T rescued cells in the 

presence of Exendin-4 displayed a significantly increased glycolysis, glycolytic capacity and 

reserved when compared to either, control, TBCD silenced, or TBCD WT rescued cells with or 

without Exendin-4 (~1.7 ±0.2-fold, p < 0.0001 for all groups and measurements) (Fig. 6.3A-G). 

Of note, it was also observed that in the presence of Exendin-4 all groups trended towards an 

increase in non-glycolytic acidification compared to their untreated counterparts, although 

this was most pronounced in the control, TBCD WT and A475T rescued cells (Fig. 6.3H).  

To further analyse glycolysis in these treatment groups, the Agilent Glycolytic Rate Assay 

(Agilent Technologies, USA) was applied to ascertain the contribution of mitochondrial/TCA 

cycle derived CO2 extracellular acidification [43, 45, 47, 53-56]. Similar to previous findings, 

Figure 6.3. GLP-1R signalling enhances bioenergetics despite TBCD perturbations 

Glycolytic capacity of the P19 cell line was assessed following transfection and cell sorting as previously 
outlined. (A-H) Extracellular acidification rate (ECAR) profiles were generated after sequential injection of 
25mM glucose and 2μM oligomycin for GFP+ sorted cells. (E) Glycolysis, (F) glycolytic capacity, (G) glycolytic 
reserve and (H) non-glycolytic acidification were calculated from the ECAR profile as described in the 
methods section. Data represents mean ± SEM. n ≥ 3 independent experiments. Each point, n=5 technical 
replicates. * represents pairwise comparisons against own Exendin-4 untreated control. # represents 
comparisons against scrambled control cells. $ represents comparisons against Exendin-4 treated scrambled 
control cells. & represents comparisons against WT cells. ᴪ represents comparisons against Exendin-4 
treated WT cells. Ω represents comparisons against TBCD silenced cells. ᶲ represents comparisons against 
Exendin-4 treated TBCD silenced cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, ##P < 
0.01, ###P < 0.001, ####P < 0.0001. $P <0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001. &P <0.05, &&P < 
0.01, &&&P < 0.001, &&&&P < 0.0001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 0.001, ᴪᴪᴪᴪP < 0.0001. ΩP <0.05, 
ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, ᶲᶲP < 0.01, ᶲᶲᶲP < 0.001, ᶲᶲᶲᶲP < 0.0001. 
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glycolytic rate measurements obtained from the glycolytic-derived proton efflux rate (PER) 

profiles showed that when compared to control cells, TBCD A475T rescued cells, and to a 

lesser extent TBCD silenced and WT rescued cells, had an increase in basal glycolysis (~1.4, p 

< 0.05, ~1.2, and ~1.1-fold respectively) and basal PER (~1.4, p < 0.05, ~1.2, and ~1.1-fold 

respectively) (Fig. 6.4A-I). However, it was observed that each of these groups, when 

compared to control, had an approximate 3% decrease in the % of PER from glycolysis, and 

20% increase in acidification from mitochondrial-derived CO2 (Fig. 6.4A-I). Following this, it 

was found that in the presence of Exendin-4, control-treated cells had an increased basal 

glycolysis (~1.25-fold), compensatory glycolysis (~1.2-fold, p < 0.05), and basal PER (~1.3-fold, 

p=0.063), compared to untreated control (Fig. 6.4A-I). Interestingly, it was also observed that 

control cells treated with Exendin-4 had an approximate 1.3-fold increase in 

mitOCR/glycoPER, and a 4% decrease in the % of PER derived from glycolysis compared to 

their untreated control (Fig. 6.4I). These changes are suggestive that chronic exposure to 

Exendin-4 is increasing mitochondrial derived CO2 acidification. However, coupling these data 

with the observed Exendin-4 induced increase in maximal mitochondrial respiration, these 

changes are most likely attributable to GLP-1’s ability to increase glycolysis, augmenting the 

flux of glycolytic derived pyruvate into the Krebs cycle, and consequently to the mitochondrial 

electron transport [57].  

Similar to above, TBCD WT rescued cells treated with Exendin-4 were observed to have an 

approximately 1.18-fold increase in basal glycolysis and PER, as well as a significant increase 

in compensatory glycolysis (~1.16-fold, p < 0.05) when compared to its untreated control cells 

(Fig. 6.4A-I). No changes in mitoOCR/glycoPER were observed when comparing the presence 

or absence of Exendin-4 in TBCD WT rescued cells. Additionally, when compared to control 

cells, TBCD silenced and A475T cells exposed to Exendin-4 displayed a significant increase in 

basal glycolysis (~1.4-fold, p < 0.05, and 1.6-fold, p < 0.0001), PER (~1.4-fold, p < 0.01, and 

1.6-fold, p < 0.0001), compensatory glycolysis (~1.4-fold, p < 0.001, and 1.6-fold, p < 0.0001), 

and in the percent of PER from glycolysis (~1% and 2% respectively) (Fig. 6.4A-H). 

Furthermore, when compared to their own controls, TBCD silenced and A475T rescued cells 

in the presence of Exendin-4 possessed an approximate 15% increase in basal glycolysis, basal 

PER, compensatory glycolysis, a 2% increase in the % of PER from glycolysis, and a decrease 

of approximately 21% in mitoOCR/glycoPER (Fig. 6.4 I). As the Glycolytic Rate Assay test relies 
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on lactate secretion in order to estimate glycolytic parameters, these data indicate that TBCD 

silenced and A475T rescued cells in the presence of Exendin-4 have an increased 

accumulation of glycolytic derived extracellular lactate [52, 58]. Therefore, the increased 

ECAR and PER measured in the TBCD silenced and A475T rescued cells likely reflects a 

decreased reliance on mitochondrial OXPHOS and increased rate of glycolysis to meet their 

energetic demands. In support of this notion, previous observations have shown that GLP-1R 

signalling enhances glycolytic flux through the transcriptional activation and expression of 

glycolytic genes via PI3K/mTOR/HIF-1α pathway [58]. Notably, activation of this pathway has 

been shown to upregulate protein expression of enzymes Hexokinase 1 (HK1), HK2, Pyruvate 

kinase isozymes 1/2 (PKM1/2), and PKM2 [12, 18, 52, 59]. Thus, I sought to investigate 

whether GLP-1R signalling was also able to mitigate the perturbed expression of glycolytic 

enzymes previously observed in TBCD silencing and A475T rescued cells (detailed in chapter 

4) [18, 52].  

Figure 6.4. GLP-1R signalling enhances glycolytic parameters despite TBCD perturbations 

Glycolytic-derived proton efflux rate (PER) profiles of transfected cells were generated following 
transfection and cell sorting as previously outlined. (A-D) PER profiles were generated after sequential 
injection of 1 μM each of rotenone and antimycin A and 2-Deoxy-D-glucose (2-DG) (100 mM) and 
determination of bioenergetics parameters was generated using Agilent Seahorse XF report generator. 
Calculation of (E) basal glycolysis, (F) basal PER, (G) % of PER from glycolysis, (H) compensatory glycolysis, 
and (I) the rate of acidification due to mitochondrial metabolism (mitoOCR/glycoPER) from PER profiles. 
Data represents mean ± SEM. n ≥ 3 independent experiments. Each point, n=5 technical replicates. * 
represents pairwise comparisons against own Exendin-4 untreated control. # represents comparisons 
against scrambled control cells. $ represents comparisons against Exendin-4 treated scrambled control cells. 
& represents comparisons against WT cells. ᴪ represents comparisons against Exendin-4 treated WT cells. 
Ω represents comparisons against TBCD silenced cells. ᶲ represents comparisons against Exendin-4 treated 
TBCD silenced cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001, 
####P < 0.0001. $P <0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001. &P <0.05, &&P < 0.01, &&&P < 0.001, 
&&&&P < 0.0001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 0.001, ᴪᴪᴪᴪP < 0.0001. ΩP <0.05, ΩΩP < 0.01, ΩΩΩP < 
0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, ᶲᶲP < 0.01, ᶲᶲᶲP < 0.001, ᶲᶲᶲᶲP < 0.0001. 
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Validating the previous observations, an increased expression of HK1 and PKM 1/2, paralleled 

by a decrease in HK2, and PKM2 in TBCD silenced, overexpressed, A475T and A586V rescued 

groups when compared to control (Fig. 6.5A and B). No significant changes were observed in 

TBCD WT rescued cells compared to control. Chronic exposure of control cells to Exendin-4 

however, led to an approximate 1.2-fold increase in the protein expression all glycolytic 

enzymes, except for PKM1/2, in comparison to its own control (Fig. 6.5A and B). Similarly, 

TBCD WT cells incubated with Exendin-4 displayed an approximate 1.3-fold increased 

expression of HK2 and PKM2, as well as a 20% decrease in the expression of PKM1/2 and HK1 

(Fig. 6.5A and B). 

Figure 6.5. Exendin-4 treatment enhances glycolytic enzymes  

P19ECs were transfected, treated with or without Ex-4 for 18 h and GFP+ sorted. (A and B) Immunoblot and 
band densitometry analysis of glycolytic markers Hexokinase 1, Hexokinase 2, Pyruvate kinase isozymes 1/2 
(PKM1/2), PKM2. (C and D). Data represents mean ± SEM. n ≥ 3. * represents comparisons of absence or 
presence of Ex-4 within each shRNA treatment group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Data represents mean ± SEM. n ≥ 3. * represents pairwise comparisons against own Exendin-4 untreated 
control. # represents comparisons against scrambled control cells. $ represents comparisons against 
Exendin-4 treated scrambled control cells. & represents comparisons against WT cells. ᴪ represents 
comparisons against Exendin-4 treated WT cells. Ω represents comparisons against TBCD silenced cells. ᶲ 
represents comparisons against Exendin-4 treated TBCD silenced cells. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. $P <0.05, $$P < 0.01, $$$P < 0.001, 
$$$$P < 0.0001. &P <0.05, &&P < 0.01, &&&P < 0.001, &&&&P < 0.0001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 
0.001, ᴪᴪᴪᴪP < 0.0001. ΩP <0.05, ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, ᶲᶲP < 0.01, ᶲᶲᶲP < 
0.001, ᶲᶲᶲᶲP < 0.0001. 
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In TBCD silenced, overexpressed, A475T and A586V rescued cells the presence of Exendin-4 

was noted to increase and decrease the expression of PKM2, HK2, and HK1, PKM1/2 

respectively, restoring them to a similar level to that of control (Fig. 6.5A and B). Whilst these 

data support previous findings that chronic GLP-1R activation induces the expression of 

glycolytic enzymes [12, 45, 56, 60], they also provide novel evidence that in TBCD perturbed 

cells, GLP-1R signalling impacts mitochondrial mass/function, and promoting metabolic 

reprogramming. Recently, studies have highlighted the importance of the cells metabolic 

state in cell fate decisions and neuronal reprogramming [18, 52]. Notably, a metabolic switch 

from aerobic glycolysis to OXPHOS has been demonstrated to be sufficient to lead to the loss 

of stemness and induction of differentiation. Interestingly, it has also been highlighted that 

an inverse metabolic switch from OXPHOS to glycolysis is sufficient to promote 

dedifferentiation [48, 56, 60]. Thus, the expression of neuronal markers associated with cell 

differentiation, Tuj1 (β-III tubulin), Neuronal Nuclei (NeuN), Forkhead Box G1 (FoxG1), and 

the pluripotency marker Sex determining region Y-box 2 (Sox2) was investigated. As shown, 

in the case of TBCD A475T-, as well as A586V-rescued cells, and to a lesser extent TBCD 

silenced and overexpressed cells, steady-state levels of the pluripotency marker Sox2 were 

reduced, while signals for neuronal differentiation markers NeuN and FoxG1 increased 

compared with control (Fig. 6.6A and B). Thus, the application of Exendin-4 to the TBCD 

perturbed cells may elevate Sox2 levels, and decreased the expression of FoxG1, NeuN and 

Tuj1, restoring the expression of the former three to a similar level to that of control (Fig. 

6.6A and B). It should be noted however, that in control cells treated with Exendin-4 there 

was an increase in FoxG1 and NeuN, along with a decrease in Sox2. Coupled with the 

enhanced mitochondrial metabolism, these data suggest Exendin-4 treatment induces 

neuronal differentiation, a finding that is reminiscent of the activity of Exendin-4 in other cell 

types [48-51, 56, 60, 61]. Taken together, these findings suggest that chronic GLP-1R 

activation in TBCD perturbed cells promotes glycolytic metabolism, cell proliferation and 

suppresses markers of neuronal differentiation. 

GLP-1 activation can lead to a variety of downstream signalling cascades, promoting energy 

homeostasis/metabolism, proliferation, neurogenesis, and anti-apoptotic/pro-survival 

properties [20, 22, 62]. Although several studies have proposed a pathway or pathways 

responsible for these GLP-1 mediated effects in neuronal cells [12], the molecular 
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mechanisms underpinning GLP-1s mode of action require further elucidation. Recently 

however, chronic GLP-1R activation has been shown to upregulate the Insulin-Like Growth 

Factor 1 Receptor (IGF1R) and the Insulin Receptor (INSR). Whilst induction of both these 

pathways stimulate a downstream signalling cascade impacting cytoskeletal organisation, 

proliferation, and pro-survival signalling [12, 34, 52], they are not required for the GLP-1R 

induced metabolic reprogramming [12, 15, 17, 18, 30, 63-65]. Thus, I thus sought to assess 

whether the restorative effects of chronic Exendin-4 treatment were mediated via either an 

IGF1R or INSR autocrine loop.  

 

Figure 6.6. Aberrant expression of neuronal markers rescued following Exendin-4 treatment  

P19ECs were transfected, treated with or without Ex-4 for 18 h and GFP+ sorted. (A and B). Immunoblot and 
band densitometry analysis of various differentiation markers, Tuj1 (β-III tubulin), Forkhead Box G1 (FoxG1), 
Sex determining region Y-box 2 (Sox2), and Neuronal Nuclei (NeuN) in P19ECs transfected cell lysates. Data 
represents mean ± SEM. n ≥ 3. * represents comparisons of absence or presence of Ex-4 within each shRNA 
treatment group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data represents mean ± SEM. n ≥ 3 
independent experiments. * represents pairwise comparisons against own Exendin-4 untreated control. # 
represents comparisons against scrambled control cells. $ represents comparisons against Exendin-4 treated 
scrambled control cells. & represents comparisons against WT cells. ᴪ represents comparisons against 
Exendin-4 treated WT cells. Ω represents comparisons against TBCD silenced cells. ᶲ represents comparisons 
against Exendin-4 treated TBCD silenced cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001. $P <0.05, $$P < 0.01, $$$P < 0.001, $$$$P < 0.0001. &P <0.05, 
&&P < 0.01, &&&P < 0.001, &&&&P < 0.0001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 0.001, ᴪᴪᴪᴪP < 0.0001. ΩP 
<0.05, ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. ᶲP <0.05, ᶲᶲP < 0.01, ᶲᶲᶲP < 0.001, ᶲᶲᶲᶲP < 0.0001. 
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6.2.4 Loss of IGF1R but not INSR ablates Exendin-4’s G2 rescue  

To elucidate the molecular mechanisms underlying GLP-1R signalling’s restorative abilities, 

CRISPR-CAS9 was utilised to generate stable IGF1R or an INSR knockout (KO) P19ECs for cell 

cycle analysis. Initially, single colony sorted cells were assessed for the presence or absence 

of the IGF1R or INSR. In confirmation, immunoblot analysis revealed a complete ablation of 

IGF1R protein expression in 3 out of 3 targeted cell groups, whilst INSR protein expression 

was ablated in 2 out of 3 groups compared to blank and control plasmid sorted cells (Fig. 

6.7A). Following this, plasmid control, IGF1R and INSR KO cells were subject to TBCD shRNA 

silencing and rescue experiments, in the presence or absence of 50 nM Exendin-4 for 18 h 

prior to cell cycle analysis, as previously described. Assessment of cell cycle dynamics by flow 

cytometry revealed that in all treatments and groups, except the IGF1R KO group, there was 

a trend towards an increase in the percent of G1 phase cells for Exendin-4 treated cells 

compared to their own untreated control (Fig. 6.7B-D). A significant reduction of 

approximately 10% for cells in S phase was observed in the plasmid control group for both 

TBCD silenced and A475T rescued cells in comparison to Exendin-4 treated scrambled control 

(p < 0.05) (Fig. 6.7E). However, in the plasmid control group, treatment of TBCD silenced and 

TBCD A475T rescued cells with Exendin-4 was able to increase percent of cells in S phase(~6%, 

p < 0.01 and 15%, p < 0.05 respectively), reaching a similar level to that of control (Fig. 6.7E). 

No differences were observed for any transfection in IGF1R KO cells in the S phase, whilst 

INSR KO cells displayed a similar profile to that observed in the plasmid control group, with 

Exendin-4 treatment increasing the percent of S phase cells in TBCD silenced and A475T 

rescued cells (~1.15-fold for both) (Fig. 6.7F and G). A small but non-significant reduction was 

observed in the INSR KO group, with exposure of control cells to Exendin-4 decreasing the 

percent of S phase cells by approximately 10% compared to untreated control (Fig. 6.7E and 

G). 

Extending these observations, both TBCD silenced and A475T rescued cells increased the 

percent of cells in G2 compared to control cells in the plasmid control group (~1.7-fold, p < 

0.0001 and ~1.75-fold, p < 0.0001 respectively), IGF1R KO group (~1.15-fold, p=0.08 and 1.35-

fold, p < 0.05 respectively) and INSR KO group (~1.5-fold, p < 0.0001 and ~1.7-fold, p < 0.0001 

(Fig. 6.7H-J). 
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Figure 6.7. Loss of IGF1R but not INSR ablates Exendin-4’s G2 rescue  

Knockout (KO) of the Insulin-Like Growth Factor 1 Receptor (IGF1R) or Insulin Receptor (INSR) in P19ECs was 
performed as previously described. (A) Protein expression of IGF1R or INSR P19ECs in comparison to un-
transfected and Cas9 Plasmid control, with chosen populations (highlighted by boxes) subject to further analysis. 
Control, IGF1R and INSR P19ECs were co-transfected, as previously described with shRNA vectors and TBCD 
expression constructs, as indicated, and incubated for 30 h, followed by addition or not of 50nm Exendin-4 for an 
additional 18 h. (B-J) Cells were then prepared for cell cycle analysis, by Flow cytometry. (B-D) Percent of cells in 
G1 phase, (E-G) percent of cells in S phase, (H-J) percent of cells in G2 phase of cell cycle. Data represents mean 
± SEM. n ≥ 3 independent experiments. * represents comparisons of absence or presence of Exendin-4 within 
each shRNA treatment group. # represents comparisons against scrambled cells. $ represents comparison against 
scrambled cells in the presence of Exendin-4. ᴪ represents comparisons against TBCD silenced cells. Ω represent 
comparisons against TBCD silenced cells in the presence of Exendin-4. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001. #P < 0.05, ##P < 0.01, ###P < 0.001. $P < 0.05, $$P < 0.01, $$$P < 0.001. ᴪP <0.05, ᴪᴪP < 0.01, ᴪᴪᴪP < 
0.001, ᴪᴪᴪᴪP < 0.0001. ΩP <0.05, ΩΩP < 0.01, ΩΩΩP < 0.001, ΩΩΩΩP < 0.0001. 
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In the plasmid control group the percentage of G2 cells in TBCD silenced and TBCD A475T 

rescued cells was significantly reduced when treated with Exendin-4 (~30%, p < 0.0001, and 

~40%, p < 0.0001 respectively) being restored to a level similar to scrambled control (Fig. 

6.7H). This result is consistent with findings form the separate experiments presented in 

Figure 6.1. Similarly, a reduction and restoration of the G2 delay was observed for TBCD 

silenced and TBCD A475T rescued cells treated with Exendin-4 in the INSR KO group (~40%, p 

< 0.0001 and ~45%, p < 0.0001 respectively) (Fig. 6.7J). In the IGF1R KO group however, 

Exendin-4 was unable to rescue the G2 cycle arrest in either TBCD silenced or TBCD A475T 

rescued cells (Fig. 6.7I). Taken together, these data strongly support the notion that the IGF1R 

autocrine loop is required for the G2 rescue effect of Exendin-4. However, it would be 

beneficial for future studies to assess the full range of impacts that may occur in Exendin-4 

treated IGF1R KO cells.  

 

6.3 Discussion  

Neurodegenerative diseases share several pathological features, including but not limited to, 

chronic inflammation, synaptic loss and failure, reduced neurogenesis, altered energy 

homeostasis, enhanced free radical production, and cell death [18, 52]. Recently, several 

studies have reported on a novel severe neurodegenerative condition observed in infants that 

is attributable to genetic mutations in the gene of the MT biosynthesis enzyme TBCD [66-69]. 

Through a detailed analysis of the homozygous missense mutations, A475T and A586V, 

originally identified by Edvardson, Tian and colleagues, [8], and again by Pode-Shakked et al. 

in 2016 [5], data from this thesis identifies a potential mode of action was identified wherein, 

the expression of the mutant TBCDs alter cell cycle dynamics and cell metabolism, leading to 

changes in cell proliferation and cell fate acquisition. Furthermore, this work identifies GLP-

1R agonism as a potential therapeutic approach to alleviate the deleterious cellular impact of 

TBCD mutations.  

Expressed throughout the brain, the GLP-1R, once bound by its ligand, undergoes 

conformational changes leading to the activation of AC, production of cAMP, and subsequent 

activation of the two main effectors EPAC and PKA [8]. Downstream of PKA and EPAC several 

signal transduction pathways can be initiated, with both acute and chronic effects resulting 
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in pro-survival signalling, improved cognitive functioning, augmented energy metabolism, 

reduced neural tissue inflammation, progenitor cell proliferation and, neurogenesis [12]. 

Additionally, GLP-1R activation promotes the secretion and expression of IGF-1/2, insulin, and 

the upregulation of their associated receptors, which ultimately leads to the generation of an 

autocrine loop [12, 66, 70-73]. These signalling pathways have been shown to interact with 

the cytoskeleton and its regulatory elements by increasing the stability of tubulin mRNA, 

increasing MT dynamics, and promoting cytoskeletal reorganisation [17, 18]. Working in 

concert, these GLP-1R induced signalling pathways can lead to the modulation of ion channel 

activity, energy metabolism and growth factor signalling, ultimately aiding in homeostatic 

restoration [19, 27-33, 74-80].  

Taking into account the established mechanisms of GLP-1R activation and growth factor 

signalling, with the observed perturbations arising from the TBCD mutations, it is tantalizing 

to speculate that chronic GLP-1R activation alleviates the homeostatic imbalance resulting 

from the clinical TBCD mutations, possibly through the IGF1R/INSR signalling pathway. Data 

presented herein, provide evidence that chronic exposure to the GLP-1R agonist, Exendin-4, 

alleviates the cell cycle delay resultant from TBCD perturbations and induces a robust 

metabolic adaptation in the P19ECs. Furthermore, the restorative effects of Exendin-4 on cell 

cycle dynamics is dependent is dependent upon IGF1R expression, and not INSR expression.  

In the model presented, prolonged GLP-1R activation rescued the G2 cycle arrest observed in 

TBCD silenced or A475T rescued cells, as well as promoting G1 entry and progression into S 

phase. Additionally, it was observed that in control cells chronic exposure to Exendin-4 lead 

to a significant increase of G1 phase cells, paralleled by a decrease in S phase (Fig. 6.1). G2 

exit, cell cycle re-entry, and G1 progression requires the concerted actions of the 

cytoskeleton, metabolic machinery, and the cell cycle regulators [12, 18, 81-85]. Initially 

activated by mitogens and growth factors during cell cycle initiation, the cell cycle regulator 

cyclin D (cyclin D1, D2, and D3 in mammals) will activate and complex with Cdk4/Cdk6, which 

are required for G1 progression. CD1 expression then persists until the G1/S transition, 

following which it is then downregulated during S phase, and if conditions are conducive for 

proliferation, subsequently upregulated by the Ras/ERK pathway during late G2 for re-entry 

into G1 [42, 61, 86-88]. Taken together, these results suggest that the Exendin-4 induced G2 
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cycle rescue is attributable to its intracellular signal transduction cascades accumulating in 

activation of the Ras/ERK pathway, leading to upregulation of CD1 [87, 89-91]. 

Although NPCs are primarily glycolytic, they will adapt their mitochondrial activities by 

increasing the rates of mitochondrial fission and or fusion, in order to meet the energetic 

demands of the cell [12, 92-95]. This is seen throughout each stage of the cell cycle, with 

multiple individual mitochondrial organelles spaced throughout the cell in the G2/M phase, 

which upon re-entry into G1 are observed to partially regain their elongated structure [38, 

39, 43, 53]. During the G1-S transition however, mitochondria travel along the MT 

cytoskeleton in order to form a hyper fused giant tubular network required to stimulate 

OXPHOS and meet the cells metabolic demands [96-98]. In addition to their role in cell cycle 

progression, cyclins and Cdks have also been reported to directly regulate the metabolic 

activity of the cell during cell cycle. Notably, CD1 can inhibit OXPHOS, whilst Cdk1, which is 

expressed during the G2/M phase, can increase mitochondrial respiration [38, 99, 100]. Due 

to the G2 rescue observed in this model and GLP-1’s pleiotropic effects on bioenergetics, this 

thesis assessed whether Exendin-4 was able to restore the TBCD induced metabolic 

perturbations [40, 88, 101].  

Using the Seahorse XF flux analyser and immunoblot assay, it was confirmed that prior to 

treatment with Exendin-4, TBCD perturbed cells possessed an increased OCR, an increased 

mitochondrial function and mass, a decreased rate of glycolysis, and altered protein 

expression of glycolytic enzymes (Figs. 6.2-5). Following this, it was determined that whilst all 

cells treated Exendin-4 possessed an enhanced OCR profile and increased ATP levels, in TBCD 

perturbed cells treated with Exendin-4, the increase in OCR was paralleled by a significantly 

increased non-mitochondrial oxygen consumption and decreased mitochondrial 

mass/function (as evidenced by expression of SDHA) (Fig. 6.2). This phenotype was 

accompanied by an increased rate of glycolysis in all groups treated with Exendin-4, although 

this was most prominent in the TBCD silenced and A475T rescued cells (Fig. 6.3). Extending 

these findings, it was determined through the use of the Agilent Glycolytic Rate assay, that 

control cells treated with Exendin-4 possessed an increase in mitochondrial derived CO2 

production, and subsequently extracellular acidification, thereby contributing to the 

observed increase in the rate of glycolysis. However, in TBCD silenced and A475T rescued 

cells, chronic exposure to Exendin-4 led to a decreased mitochondrial derived CO2 production 
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(Fig. 6.4A and B). This suggests that in the TBCD silenced and A475T rescued cells, chronic 

GLP-1R activation is able to increase glycolytic metabolism and is accompanied by a decreased 

mitochondrial/TCA cycle activity (as evidenced by mitochondrial derived CO2 production). In 

support of this notion, previous observations have shown that prolonged exposure to GLP-1R 

agonists can enhance glycolysis and flux of substrates into the Krebs cycle through the activity 

of the PI3K/mTOR/HIF-1α axis [12, 38, 54, 101, 102]. Activation of this pathway induces the 

transcriptional up-regulation of glycolytic genes such as, HK1, HK2, PKM1/2 and PKM2 [18, 

52, 59]. In agreement with these findings, in the context of TBCD disruption, as well as TBCD 

A475T and A586V rescued cells, treatment with Exendin-4 was able to reduce the expression 

of HK1 and PKM1/2, whilst increasing the expression of HK2 and PKM2, restoring them to a 

similar level to that of control (Fig. 6.5). Findings from both in vivo and in vitro studies have 

shown that ESC and NSCs undergoing terminal cell cycle exit and differentiation undergo a 

metabolic switch from glycolysis to OXPHOS, marked by an increase in mitochondrial 

morphology and activity. These changes are paralleled by a decreased expression of HK2, an 

increased expression of HK1, and an isoform shift from PKM2 to PKM1 [18, 52, 59]. Of note, 

upon mitogenic stimulation PKM2, has been reported to translocate to the nucleus, wherein 

its phosphorylation of histone H3 leads to the removal of histone deactylase 3 from regulatory 

DNA sequences, and consequently inducing CD1 expression [42, 45, 48, 55, 56, 61, 103]. 

Furthermore, PKM2 and ERK1/2 are able to phosphorylate and activate each other, resulting 

in a positive feedback loop whose sustained activity is necessary for cell proliferation, 

however this has not been recorded in vivo [42, 104, 105]. Interestingly, whilst a metabolic 

switch from OXPHOS to glycolysis has been demonstrated to be sufficient to lead to the loss 

of stemness and initiation of differentiation, a metabolic switch from OXPHOS to glycolysis 

has also been shown to be able to convert differentiated cells to pluripotent stem cells [104-

107].  

Consistent with a role in influencing cell proliferation versus neurodifferentiation in cultured 

cells, it was determined that chronic exposure to Exendin-4 reduced the expression of the 

neuronal differentiation markers Tuj1, FoxG1 and NeuN, whilst increasing the expression of 

the pluripotency marker Sox2 [51, 61, 108] (Fig. 6.6). A key transcription factor that is highly 

expressed in ESCs and NSCs, Sox2 functions to maintain the self-renewal of cells in vivo and 

in vitro, but is downregulated upon differentiation to glial cells and post-mitotic neurons. In 



148 
 

NSCs, reduced expression of Sox2 not only inhibits proliferation and self-renewal, but 

promotes early cell cycle exit and terminal differentiation [60, 109-112]. Thus, the increased 

expression of Sox2, coupled with the reduction in Tuj1, NeuN and FoxG1, fit a model whereby 

Exendin-4 treatment promotes proliferation, and reduces differentiation in TBCD perturbed 

cells. It is important to note however, that there was also an increase in HK1, HK2, PKM2, 

FoxG1 and NeuN in Exendin-4 treated control cells, as well as a decreased expression of the 

pluripotency marker Sox2 (Figs. 6.5 and 6.6). Whilst in contrast to the results observed in 

TBCD silenced, overexpressed, A475T and A586V rescued cells, these divergent results are 

most likely attributable to GLP-1’s ability to promote differentiation and proliferation in a 

physiological dependent context [110, 111, 113-115]. Taken together, these data 

demonstrate that in this model, Exendin-4 induces a metabolic switch towards a highly 

glycolytic phenotype, paralleled by an increased rate of proliferation, and decreased rate of 

differentiation.  

Due to the highly interconnected nature of cell cycle and metabolism it is difficult to identify 

if the homeostatic restoration of Exendin-4 is resultant from its ability to promote cell cycle 

progression, its role in bioenergetics reprogramming, or the concerted effects of both [12, 21, 

22]. However, several studies have demonstrated GLP-1R stimulation can promote IGF1R and 

INSR expression and signalling, both of which play important roles in cellular protection, 

proliferation and differentiation [12, 40, 42, 43, 109, 116]. Furthermore, recent work by the 

Newsholme lab demonstrated that whilst Exendin-4 can promote expression of IGF1R and 

INSR, it acts via an IGF1R and INSR independent mechanism to promote bioenergetic 

reprograming and augmentation of glycolytic pathways [17-19, 63, 77, 117, 118]. Coupled 

with the data presented herein, these findings offer a potential avenue to elucidate the 

molecular mechanisms underpinning Exendin-4’s beneficial effects. In order to better 

understand the beneficial effects resultant from Exendin-4 treatment, work in this thesis 

applied CRIPSR-Cas9 to generate IGF1R and INSR KO cell lines to study the impact of Exendin-

4 and TBCD disruptions, on cell cycle dynamics. Consistent with the role of IGF1R and INSR 

signalling in the regulation of cyclins and cell cycle dynamics [18, 52], it was observed that in 

the absence of the IGF1R, but not INSR, Exendin-4 was unable to restore the G2 cycle arrest 

in TBCD silenced and A475T rescued cells (Fig. 6.7). This suggests that GLP-1R stimulation 

requires IGF1R induced signalling, but not INSR, to restore the perturbed TBCD cell cycle 
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dynamics. Given that GLP-1’s bioenergetics effects are independent of the IGF1R autocrine 

loop, it is attractive to hypothesise that the restoration of cell cycle dynamics is independent 

of chronic GLP-1R induced bioenergetic reprograming [19, 27, 28, 74, 77, 78, 118]. However, 

further investigations are necessary before a definitive conclusion can be drawn. Similarly, 

whether the restorative ability arising from GLP-1R induced IGF1R signalling is due to their 

mitogenic properties, cytoskeletal interactions, or a combination of both, requires further 

investigation before a complete mechanistic model can be established. Taken together, these 

data suggest that GLP-1 analogues may be effective in alleviating the homeostatic 

perturbations arising from clinically-relevant TBCD mutations, on cell cycle dynamics and 

respiration.  
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Chapter 7 Conclusion 
The microtubule (MT) cytoskeleton is an essential element of the neuronal cytoskeleton, as it 

is highly dynamic and adaptive, in order to meet various cellular needs. In addition to its role 

in cell signalling, mitochondrial dynamics, and thus metabolism, the MT cytoskeleton is 

required for the segregation of chromosomes, organelles, orientation of the mitotic spindle, 

and plane of orientation [1-7]. A precise equilibrium of these processes is required for 

appropriate nervous system development, and their functions are underpinned by the 

efficient production of MTs by biosynthetic machinery, including co-factors such as TBCD. 

Perturbations to MTs and their biosynthetic machinery can lead to a plethora of cortical 

malformations [3, 8-14]. This has been evidenced most recently with several studies reporting 

TBCD mutations that cause a severe neuronal infantile neurodegenerative disorder [15-18]. 

Recognised as early as 1992 [19-23], TBCD has since been reported to play roles in cell cycle, 

mitosis and metabolism [3, 6, 11, 23-32]. In this thesis, a detailed analysis of TBCD and its 

disease-associated missense variants and the underlying molecular mechanisms responsible 

for neuronal development and homeostasis was undertaken.  

With the rationale that TBCD processes impact MT dynamics, and that MT dynamics are 

crucial for cell cycle dynamics and proliferation [4, 6, 26, 33-38], this thesis has established 

that disruptions to TBCD expression levels, and or its structure/function in vitro, impede cell 

cycle progression, with cells accumulating in a G2 cycle arrest. These cell cycle perturbations 

were paralleled by an augmented mitochondrial metabolism, mitochondrial mass/function, 

and ROS presence, as well as an altered glycolytic metabolism, which is reminiscent of a more 

differentiated neuronal phenotype [39-44]. Consistent with this, cells expressing the disease-

associated TBCD missense variants A475T and A586V, and to a lesser extent TBCD silenced 

and overexpressed cells, displayed hallmarks of an increased expression of differentiation 

markers, as well as a decreased expression of proliferation and pluripotency markers. Recent 

reports that metabolism can direct stemness and differentiation in vitro and in vivo [40-45], 

and that cell cycle is strongly linked to cell fate and lineage commitment [46-51], support 

these novel findings and provide evidence for the notion that the altered cell cycle dynamics 

and metabolic state of TBCD perturbed P19ECs are acting in concert to direct cell fate and 

stemness (Fig. 7.1).  
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Figure 7.1. TBCD mutations mice alter NPC proliferation and metabolism impacting cell fate  

Schematic diagram outlining experimental procedures and a summary of findings. (A) P19 embryonic carcinoma cells co-incubated with shRNA 
silencing TBCD, and a mammalian expression vector for either of the clinically-relevant mutants TBCD A475T, or TBCD A586V. Cells were subject to 
cell cycle analysis, extracellular flux analysis, and redox status tests, which revealed that the presence of these mutants lead to a G2/M phase arrest, 
increased oxidative phosphorylation (OXPHOS), and an increase in reactive oxygen species (ROS, AKA H2O2). These changes to metabolism, cell cycle 
and redox status resulted in a decrease in proliferative divisions, or self-renewal, and an increase in cell fate and neuronal lineage commitment.  
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Given the in vitro findings for TBCD in neural cell proliferation and differentiation, this thesis 

investigated mice harbouring the homozygous recessive TBCD A475T clinically-relevant 

mutation, investigating the potential neurodevelopment impact of such a mutation in 

embryonic and postnatal brains. The brains of TBCDA475T/A475T mice were significantly different 

to WT littermates in terms of size, thickness, weight, and cortical lamination. Detailed 

evaluation of these mice revealed a phenotype congruent with the observed homeostatic 

imbalances reported for the in vitro findings. TBCDA475T/A475T mice from embryonic day 14.5 

(E14.5), were observed to possess a significantly enlarged cortex, with a decreased expression 

of proliferation and pluripotency markers, altered expression of glycolytic enzymes, as well 

as an increased expression of markers of mitochondrial mass/function, and post mitotic 

neuronal markers. Whilst these results indicate a prematurely advanced state of neuronal 

development at E14.5, an inverse effect is seen at E17.5, with TBCDA475T/A475T mice possessing 

a significantly reduced cortical weight, size, thickness, and perturbed lamination. These 

cortical malformations are accompanied by a reduced expression of post mitotic neuronal 

markers, increased expression of pluripotency and proliferative markers and mitochondrial 

markers, as well as an altered expression of glycolytic markers. This phenotype persisted 

postnatally at P5, and was paralleled by an increase in active caspase-3, although an increase 

in cell death could not be confirmed. Whilst typically a marker of cell death, caspase-3 has 

non-apoptotic roles that include, facilitating both NPC neurogenesis and 

neuroplasticity/synaptic functioning [52-54]. Coupled with the increased expression of Sox2, 

mitochondrial markers, and the altered glycolytic enzymes, these data are suggestive of an 

increase in mitotically active NPCs that are still undergoing differentiation in the 

TBCDA475T/A475T mice cortices at P5 (Fig. 7.2). Taken together, these results are consistent with 

findings in P19EC that show defective cell cycling, as well as hallmarks of altered 

differentiation in the context of TBCD perturbations (Chapter 3). Given that changes in brain 

volume has been reported in humans with homozygous A475T mutations [15-18], the mouse 

model reported in this thesis will be informative to understand the progression of 

neurodevelopmental disease.  
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Figure 7.2. TBCDA475T/A475T mice display cortical malformations embryonically and postnatally 

Schematic diagram outlining the examination, experimental procedures and findings from TBCDA475T/A475T mice compared to WT littermates 
at embryonic day 14.5 (E14.5), E17.5, and postnatal day 5 (P5). (A) Examination of phenotype from mice harbouring the TBCDA475T/A475T 
mutation over time. (B) Interpretation and outcomes from examination of mice harbouring the TBCDA475T/A475T mutation at each time point.  
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In addition to these findings, an in silico model of TBCD in complex with its physiologically 

relevant interactors was developed to address the current lack of a crystallographic structure 

of TBCD. It was observed that TUBB2A and TUBB2B had the most energetically favourable 

interactions with the TBC-DEG complex, whilst TUBB, TUBB4A and TUBB8 exhibited less 

favourable binding. These results suggest that TBCD shows preference for binding to distinct 

β-tubulin isoforms. Therefore, future work will address the impact of disease-associated TBCD 

missense variants on binding the various β-tubulins and other protein partners that may be 

relevant to their pathogenic mechanisms of action in cells. 

The findings from this thesis support previously reported roles for TBCD in cell cycle progress 

and neurodevelopment. These findings have also revealed a previously unreported effect 

wherein TBCD disruptions can induce a G2 delay, alter cellular metabolism and direct cell fate. 

Furthermore, by detailing the molecular mechanisms underpinning TBCD mode of action, this 

work has enabled the identification of a potential therapeutic target to alleviate the TBCD 

induced homeostatic perturbations. Incubation of TBCD perturb cells with the long lasting 

GLP-1R analogue Exendin-4 was observed to alleviate the G2 delay, promote metabolic 

reprogramming towards a more glycolytic phenotype, and restore the aberrant expression of 

markers of neuronal differentiation and pluripotency (Figure 7.3). Furthermore, it was 

determined that the loss of the IGF1R, but not the INSR, was responsible for the ability of 

Exendin-4 to restore the TBCD induced G2 cycle deficit. Although neither the IGF1R nor INSR 

autocrine loops are believed to be required for chronic GLP-1R induced metabolic 

reprogramming [55-57], it would be interesting to determine if loss of these receptors 

impacted the ability of Exendin-4 to restore the aberrant expression of neuronal 

differentiation markers, and whether this was dependent or independent of metabolic state 

of the cells. After exploring the effects of chronic GLP-1R activation in cell lines, it would be 

beneficial to assess the therapeutic application of GLP-1R signalling in vivo in the context of 

TBCD mutations.  

Whilst these results help to delineate TBCDs underlying molecular mechanisms in 

neurodevelopment and homeostasis, they also open up several other avenues for future 

exploration. One such area for exploration is the interaction and impact of differentiation 

signals, developmental stage, and the different phases of the cell cycle on NPC commitment 

to different cell fates [46, 58]. Cell fate commitment has been reported to be determined not  
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Figure 7.3. Chronic treatment with GLP-1 analog, Exendin-4, alleviates TBCD included homeostatic imbalance  

Schematic diagram outlining experimental procedures and a summary of findings. (A) P19 embryonic carcinoma cells co-incubated with shRNA 
silencing TBCD, and a mammalian expression vector for either of the clinically-relevant mutants TBCD A475T, or TBCD A586V were incubated in the 
presence or absence of 50nM Exendin-4 for 18 hours. Cells were then subject to cell cycle analysis and extracellular flux analysis. Analysis revealed 
that Exendin-4 rescued the TBCD mutants’ induced G2/M phase arrest, reduced oxidative phosphorylation (OXPHOS), and an increased the rate of 
glycolysis. These changes to metabolism and cell cycle resulted in an increased number of proliferative divisions, or self-renewal, and a decreased 
commitment to neurogenic divisions.  
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only on the previous round of division [58-60], but by the exposure of the cell to different 

signalling cues during certain cell cycle phases [49, 61-63]. Therefore, taken in the context of 

cortical development, the cell cycle arrest observed in TBCD perturbed cells in vitro, coupled 

with the altered expression of proliferation and pluripotency markers in vivo, may indicate 

that the exposure of NPCs to differentiation signals is impacted, thereby altering cell fate and 

lineage, and thus warrants further investigation [64-68]. It is also important to consider that 

during neuronal development it is not only cell cycle and metabolism that influences cell fate 

and lineage commitment, but the mode of division, be it the proliferative symmetric divisions 

or neurogenic asymmetric divisions [45, 69, 70]. Disruptions to the mode of division can 

impact the number of neurons, their laminar location, cortical connections, and ultimately, 

the size of the brain [71-74]. Studies have previously demonstrated that the orientation of 

the mitotic spindle is essential in cell fate decisions as its orientation determines the axis of 

cell division and thus the symmetric or asymmetric division of the cell [75-78]. Given that 

TBCD is required for the organisation of the mitotic spindle, as well as spindle MT dynamics 

[2, 5, 6], the phenotype observed in the TBCDA475T/A475T mice may be resultant from 

disruptions to spindle orientation, and thus mode of division, thereby impacting NPC 

proliferation and differentiation [1, 4, 79, 80]. It would therefore be beneficial to stain MTs 

and the mitotic spindle, in order to evaluate spindle orientation in relation to the VZ wall, and 

thus determine mode of division, during embryonic development. Although this is currently 

beyond the scope of this work, it does provide interesting and diverse questions for future 

elucidation.  

Altogether, this thesis illuminates the vast and interconnected molecular mechanisms 

through which TBCD and its clinically-relevant mutations influence cell cycle, metabolism and 

differentiation. Furthermore, this thesis has identified GLP-1R, and IGF1R, signalling as a 

potential molecular pathway through which the cellular effects of TBCD perturbations may 

be ameliorated. Altogether, work from this thesis has improved our understanding of TBCD 

in neuronal development and homeostasis, and identified potential molecular pathways for 

therapeutic intervention for the treatment of clinically-relevant TBCD mutations.  
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Supplementary Material 
 

Table S1. Primary Antibody list 

Primary Antibodies 

Target Protein Cat# Company Source Dilution 
Factor 

Mwt (kDa) Cross 
Species 

Reactivity 

Applications Storage 

α/β-Tubulin 2148S Cell Signalling Rabbit 1:1000 55 H, M, R, Mk WB, IHC, IF, FC -20˚C 
ATF4 11815S Cell Signalling Rabbit 1:1000 49 H, M, R WB -20˚C 

β-Actin 4970 Cell Signalling Rabbit 1:1000 45 H, M, R WB, IHC, IF, FC -20˚C 
Bip 3183 Cell Signalling  Rabbit 1:1000 78 H, M, R WB -20˚C 

Cleaved Cas-3 9664 Cell Signalling Rabbit 1:1000 17, 19 H, M, R WB, IP, IHC, IF, FC -20˚C 
CHOP 5554 Cell Signalling Rabbit 1:1000 27 M WB, IP -20˚C 
CHOP 2895 Cell Signalling Mouse 1:1000 27 H, M, R WB, IP, IF -20˚C 
Ctip2 AB18465 Abcam Rat 1:300 95-120 H, M, R WB, IP, IHC, IF, FC -20˚C 
COXIV 4850 Cell Signalling Rabbit 1:300 17 H, R WB, IP, IHC, IF, FC -20˚C 

Cyclin D1 2922 Cell Signalling Rabbit 1:1000 36 H, M, R WB, IP -20˚C 
FOXG1 AB18259 Abcam Rabbit 1:1000 50 H, M, R WB, IF, IHC -20˚C 
GADPH 5174 Cell Signalling Rabbit 1:1000 37 H, M, R WB, IHC, IF -20˚C 

Hexokinase-1 2024 Cell Signalling Rabbit 1:1000 102 H, M WB, IP, IHC, IF -20˚C 
Hexokinase-2 2867 Cell Signalling Rabbit 1:1000 102 H, M, R WB -20˚C 

HSP70 4872 Cell Signalling Rabbit 1:1000 72 H, M, R WB, IHC -20˚C 
IGF-1-R β 3027 Cell Signalling Rabbit 1:1000 95 H, M, R WB, IP, IHC -20˚C 

IR-β 3025 Cell Signalling Rabbit 1:1000 95 H, M, R WB, IP -20˚C 
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NeuN MAB377 Merck Mouse 1:500 46-48, 60 H, M, R WB, IP, IHC, IF, FC -20˚C 
Phospho-Histone H3 (Ser 10) 06-570 Merck Rabbit 1:400 17 H, M WB, ICC, IP -20˚C 

Phosphate vimentin AB22651 Abcam Mouse 1:1000 54-57 H, M, R WB, IP, IHC, IF, FC -20˚C 
P-mTOR s2448 5536 Cell Signalling Rabbit 1:1000 289 H, M, R WB, IP, IF -20˚C 

p38 MAPK 8690 Cell Signalling Rabbit 1:1000 40 H, M, R WB, IHC, IF, FC -20˚C 
P-p38 MAPK 4511 Cell Signalling Rabbit 1:1000 43 H, M, R WB, IP, IHC, IF, FC -20˚C 

p42/44 MAPK ERK1/2 4695 Cell Signalling Rabbit 1:1000 42, 44 H, M, R WB, IP, IHC, IF, FC -20˚C 
P-p42/44 MAPK ERK1/2 4370 Cell Signalling Rabbit 1:1000 42, 44 H, M, R WB, IP, IHC, IF, FC -20˚C 

PARP 9542 Cell Signalling Rabbit 1:1000 89, 116 H, M, R WB -20˚C 
PAX-6 901301 Biolegend Rabbit 1:500 47 H, M, R WB, IHC, IF -20˚C 
PERK 3192 Cell Signalling Rabbit 1:1000 140 H, M, R WB -20˚C 

P-PERK T980 3179 Cell Signalling Rabbit 1:1000 170 R WB -20˚C 
PKM1/2 3190 Cell Signalling Rabbit 1:1000 60 H, M, R WB, IF -20˚C 
PKM2 4053 Cell Signalling Rabbit 1:1000 60 H, M, R WB, IP, IHC, IF, FC -20˚C 
Satb2 AB1502 Abcam Mouse 1:400 81 H, M WB, ICC, IP -20˚C 

Synapsin AB1543 Merck Rabbit 1:500-
1000 

77, 80 H, M, R WB, IHC, IP -20˚C 

S6 Ribosomal 2217 Cell Signalling Rabbit 1:1000 32 H, M, R WB, IHC, IF -20˚C 
SOX2 AB5603 Abcam Rabbit 1:1000 32-34 H,M WB, IHC, iCC, IF -20˚C 
SIRT1 8469 Cell Signalling Mouse 1:1000 120 H, M, R WB, IP, IF -20˚C 
TBCD 14867-1-

AP 
Proteintech Rabbit 1:500-

1000 
130 H, M, R WB, IP, IF -20˚C 

Tbr1 AB31940 Abcam Rabbit 1:200 74 H, M, R WB, IP, IHC, IF, FC -20˚C 
Tbr2 AB23345 Abcam Rabbit 1:500 85 H, M, R WB, IP, IHC, IF, FC -20˚C 
Tuj1 MMS-435P Covance/Biolegend Mouse 1:1000 50 H, M, R WB, IHC, FC -20˚C 
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Table S2. Secondary Antibody list 

Secondary Antibodies 

Target Cat# Company Dilution 
Factor 

Storage 

Rabbit P0448 Dako 1:2000 4˚C 
Mouse P0447 Dako 1:2000 4˚C 

Rabbit (488) A21206 Invitrogen 1:800 4˚C 
Goat (568) A11057 Molecular Probe 1:800 4˚C 

DAPI D1306 ThermoFisher 1:10000 4˚C 
 

 

 

 

 

 

WB= Western Blot IP= Immunoprecipitation 

H= Human IHC= Immunohisto-chemistry 

M= Mouse IF= Immunofluorescence 

R= Rat FC= Flow Cytometry 

Mk= Monkey AF= Alexa Fluoro Conjugated 

Hm= Hamster PE= PE Conjugated 

ICC= Immunocytochemistry   
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Table S3. CRISPR gRNA sequences 

CRISPR oligo name CRISPR gRNA sequence 5′-3′ 

Igf1r CRISPR Guide RNA or crRNA 1 ATGGCGGATCTTCACGTAGC 

Igf1r CRISPR Guide RNA or crRNA 2 AGCAGAAGTCACCGAATCGA 

Insr CRISPR Guide RNA or crRNA 1 TATAGCCAGACGGGCACTCG 

Insr CRISPR Guide RNA or crRNA 2 TATCGACTGGTCCCGTATCC 
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              10        20        30        40        50        60 
               |         |         |         |         |         | 
Conf: 987779878998367777489899999994156999999989874307864378999999 
Pred: CCCCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHCCCCHHHHHHHHH 
  AA: MALSDEPAAGGPEEEAEDETLAFGAALEAFGESAETRALLGRLREVHGGGAEREVALERF 
 
              70        80        90       100       110       120 
               |         |         |         |         |         | 
Conf: 999888511911143889999999999980399957999999999999997558258997 
Pred: HHHHHHHHCCCCCCCHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHHHHHHCCCHHHHH 
  AA: RVIMDKYQEQPHLLDPHLEWMMNLLLDIVQDQTSPASLVHLAFKFLYIITKVRGYKTFLR 
 
             130       140       150       160       170       180 
               |         |         |         |         |         | 
Conf: 587212674100436653185774289999999999996750456854278876689743 
Pred: HCCCCCCCCCCCEEEEEECCCCCCHHHHHHHHHHHHHHHHHHCCCCHHHCCCCCCCCCCH 
  AA: LFPHEVADVEPVLDLVTIQNPKDHEAWETRYMLLLWLSVTCLIPFDFSRLDGNLLTQPGQ 
 
             190       200       210       220       230       240 
               |         |         |         |         |         | 
Conf: 768899999999998422042488999999986623925252678998749999999643 
Pred: HHHHHHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHCCCCCCHHHHHHHHCHHHHHHHHHH 
  AA: ARMSIMDRILQIAESYLIVSDKARDAAAVLVSRFITRPDVKQSKMAEFLDWSLCNLARSS 
 
             250       260       270       280       290       300 
               |         |         |         |         |         | 
Conf: 010234552444999999999818753417789999998016889940389999981899 
Pred: HCCCCEEECCCHHHHHHHHHHHCCCHHHCHHHHHHHHHHHCCCCCCCHHHHHHHHHHHHH 
  AA: FQTMQGVITMDGTLQALAQIFKHGKREDCLPYAATVLRCLDGCRLPESNQTLLRKLGVKL 
 
             310       320       330       340       350       360 
               |         |         |         |         |         | 
Conf: 999587113664999997856789999989986688758995531699999996558999 
Pred: HHHHCCCCCCHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCEEEECCCCCCCCCCHHHHH 
  AA: VQRLGLTFLKPKVAAWRYQRGCRSLAANLQLLTQGQSEQKPLILTEDDDEDDDVPEGVER 
 
             370       380       390       400       410       420 
               |         |         |         |         |         | 
Conf: 999996437784531888965127787022018987226666862604323675112879 
Pred: HHHHHHHCCCCCCCCHHHHHHHCHHHHCCCCHHHHHHHHHHHHHHHCCCCCCCCCCCHHH 
  AA: VIEQLLVGLKDKDTVVRWSAAKGIGRMAGRLPRALADDVVGSVLDCFSFQETDKAWHGGC 
 
             430       440       450       460       470       480 
               |         |         |         |         |         | 
Conf: 999994544755827899999999998556523798667995799999999999951494 
Pred: HHHHHHHHCCCCCCHHHHHHHHHHHHHCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHCCC 
  AA: LALAELGRRGLLLPSRLVDVVAVILKALTYDEKRGACSVGTNVRDAACYVCWAFARAYEP 
 
             490       500       510       520       530       540 
               |         |         |         |         |         | 
Conf: 122899999989999999944785617899999994123678888851020236664347 
Pred: HHHHHHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCEEECC 
  AA: QELKPFVTAISSALVIAAVFDRDINCRRAASAAFQENVGRQGTFPHGIDILTTADYFAVG 
 
             550       560       570       580       590       600 
               |         |         |         |         |         | 
Conf: 713306788741447900305287898873135078899999999999999709666586 
Pred: CCCCEEEEEEEHHCCCCHHHHHHHHHHHHHCHHCHHHHHHHHHHHHHHHHHHHCCCCCHH 
  AA: NRSNCFLVISVFIAGFPEYTQPMIDHLVTMKISHWDGVIRELAARALHNLAQQAPEFSAT 
 
             610       620       630       640       650       660 
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               |         |         |         |         |         | 
Conf: 488999974269884310443899999999999999760899884352999999999999 
Pred: HHHHHHHHCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCHHHHHHHHHHHH 
  AA: QVFPRLLSMTLSPDLHMRHGSILACAEVAYALYKLAAQENRPVTDHLDEQAVQGLKQIHQ 
 
             670       680       690       700       710       720 
               |         |         |         |         |         | 
Conf: 999457662110599999999999875101599999815531599988888999974114 
Pred: HHHHHHHHHCCHHHHHHHHHHHHHHHHCCCCCCCCCCEEECCHHHHHHHHHHHHHHHCCC 
  AA: QLYDRQLYRGLGGQLMRQAVCVLIEKLSLSKMPFRGDTVIDGWQWLINDTLRHLHLISSH 
 
             730       740       750       760       770       780 
               |         |         |         |         |         | 
Conf: 588999999999999999986059988999999999999999945998981651998962 
Pred: CHHHHHHHHHHHHHHHHHHHHHCCCCCCCHHHHHHHHHHHHHHHCCHHHHHHHCHHHHHC 
  AA: SRQQMKDAAVSALAALCSEYYMKEPGEADPAIQEELITQYLAELRNPEEMTRCGFSLALG 
 
             790       800       810       820       830       840 
               |         |         |         |         |         | 
Conf: 474147788899999853550389998824667836889999999999684589996001 
Pred: CCCCHHHHHHHHHHHHHHHHHCCCCHHHCCHHHHHHHHHHHHHHHHHHHCCCCCCCCCCC 
  AA: ALPGFLLKGRLQQVLTGLRAVTHTSPEDVSFAESRRDGLKAIARICQTVGVKAGAPDEAV 
 
             850       860       870       880       890       900 
               |         |         |         |         |         | 
Conf: 676789999999863131457898834899999998789999999993398899841654 
Pred: CCCCHHHHHHHHHCCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHCCHHHHHHCCCC 
  AA: CGENVSQIYCALLGCMDDYTTDSRGDVGTWVRKAAMTSLMDLTLLLARSQPELIEAHTCE 
 
             910       920       930       940       950       960 
               |         |         |         |         |         | 
Conf: 488999998888689999999999999975699999999996268774462403325699 
Pred: HHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCHHHHHCCCCCCCCCCCC 
  AA: RIMCCVAQQASEKIDRFRAHAASVFLTLLHFDSPPIPHVPHRGELEKLFPRSDVASVNWS 
 
             970       980       990      1000      1010      1020 
               |         |         |         |         |         | 
Conf: 910175799999599658899999999963788788988889999999850167976772 
Pred: CHHHHHHHHHHHHCCCHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHHHHCCCCCHHHHH 
  AA: APSQAFPRITQLLGLPTYRYHVLLGLVVSLGGLTESTIRHSTQSLFEYMKGIQSDPQALG 
 
            1030      1040      1050      1060      1070      1080 
               |         |         |         |         |         | 
Conf: 211078999884443645552189757899962721332388878789999999678861 
Pred: CCCHHHHHHHHHCCCCCCCCHHHHHHHHHHHHCCCCCCCCCCCCCHHHHHHHHHHHHHHC 
  AA: SFSGTLLQIFEDNLLNERVSVPLLKTLDHVLTHGCFDIFTTEEDHPFAVKLLALCKKEIK 
 
            1090      1100      1110      1120      1130      1140 
               |         |         |         |         |         | 
Conf: 768899999988999977159933999999999999973053613358989999983122 
Pred: CCHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHHCHHCCCCCHHHHHHHHHCHH 
  AA: NSKDIQKLLSGIAVFCEMVQFPGDVRRQALLQLCLLLCHRFPLIRKTTASQVYETLLTYS 
 
            1150      1160      1170      1180      1190 
               |         |         |         |         | 
Conf: 2518678988876640442318899999999856898699973228999999 
Pred: HHCCHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCC 
  AA: DVVGADVLDEVVTVLSDTAWDAELAVVREQRNRLCDLLGVPRPQLVPQPGAC 
 
 
 

Supplementary Figure 1. Secondary structure of human TBCD predicted by PSIPRED.  

Guide to symbols/abbreviations: Conf – confidence of prediction (lowest=0, highest=9); Pred – 

predicted secondary structure (H=Helix; C=Coil; E=Strand) 
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Table S4. Overlapping TBCD sequence fragments used to prepare models by C-QUARK 

TBCD fragment Residues in TBCD protein 

1 1-389 

2 50-432 

3 93-479 

4 141-520 

5 201-595 

6 246-645 

7 288-687 

8 353-746 

9 390-783 

10 433-832 

11 480-855 

12 555-932 

13 596-991 

14 646-1037 

15 697-1080 

16 747-1125 

17 803-1192 

 

 

TBCE  ATVRFAG~VVPPVAGPWLGVEWDNPERGKHDGSHEGTVYFKCRHPTGGSFIRPNKV 

4B6M_A GSVRFVGRVASLKPGYWVGVEFDEP~VGKGDGTVKGTRVFQCQ~PNYGGFLRPDQV 

   :*** * *     * *:***:* *  ** **: :**  *:*: *  * *:**::* 

Supplementary Figure 2. Alignment of TBCE CAP-Gly domain (residues 21-75) to template 

from PDB4B6M 
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SP|Q9BVA1|TBB2B_HUMAN -MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHGDSDLQLERINVYYNEATGNKY 59 
SP|Q13885|TBB2A_HUMAN -MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHGDSDLQLERINVYYNEAAGNKY 59 
SP|P04350|TBB4A_HUMAN -MREIVHLQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLERINVYYNEATGGNY 59 
SP|P68371|TBB4B_HUMAN -MREIVHLQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLERINVYYNEATGGKY 59 
SP|Q13509|TBB3_HUMAN  -MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPSGNYVGDSDLQLERISVYYNEASSHKY 59 
SP|P07437|TBB5_HUMAN  -MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLDRISVYYNEATGGKY 59 
SP|Q9H4B7|TBB1_HUMAN  -MREIVHIQIGQCGNQIGAKFWEMIGEEHGIDLAGSDRGASALQLERISVYYNEAYGRKY 59 
SP|Q9BUF5|TBB6_HUMAN  -MREIVHIQAGQCGNQIGTKFWEVISDEHGIDPAGGYVGDSALQLERINVYYNESSSQKY 59 
SP|Q3ZCM7|TBB8_HUMAN  -MREIVLTQIGQCGNQIGAKFWEVISDEHAIDSAGTYHGDSHLQLERINVYYNEASGGRY 59 
SP|P23258|TBG1_HUMAN  MPREIITLQLGQCGNQIGFEFWKQLCAEHGISPEGIVEEFATEGTDRKDVFFYQADDEHY 60 
SP|Q6B856|TBB2B_BOVIN -MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHGDSDLQLERINVYYNEATGNKY 59 
                        ***:  * ******** :**: :  **.*.  *     :    :* .*:: :: . .* 
SP|Q9BVA1|TBB2B_HUMAN VPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
SP|Q13885|TBB2A_HUMAN VPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
SP|P04350|TBB4A_HUMAN VPRAVLVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDAVL 117 
SP|P68371|TBB4B_HUMAN VPRAVLVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
SP|Q13509|TBB3_HUMAN  VPRAILVDLEPGTMDSVRSGAFGHLFRPDNFIFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
SP|P07437|TBB5_HUMAN  VPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
SP|Q9H4B7|TBB1_HUMAN  VPRAVLVDLEPGTMDSIRSSKLGALFQPDSFVHGN--SGAGNNWAKGHYTEGAELIENVL 117 
SP|Q9BUF5|TBB6_HUMAN  VPRAALVDLEPGTMDSVRSGPFGQLFRPDNFIFGQ--TGAGNNWAKGHYTEGAELVDAVL 117 
SP|Q3ZCM7|TBB8_HUMAN  VPRAVLVDLEPGTMDSVRSGPFGQVFRPDNFIFGQ--CGAGNNWAKGHYTEGAELMESVM 117 
SP|P23258|TBG1_HUMAN  IPRAVLLDLEPRVIHSILNSPYAKLYNPENIYLSEHGGGAGNNWASG-FSQGEKIHEDIF 119 
SP|Q6B856|TBB2B_BOVIN VPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQ--SGAGNNWAKGHYTEGAELVDSVL 117 
                      :*** *:**** .:.*: ..  . ::.*:.:  .:   *******.* :::* :: : :: 
 
SP|Q9BVA1|TBB2B_HUMAN DVVRKESESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEYPDRIMNTFSVMPSP-KVS 176 
SP|Q13885|TBB2A_HUMAN DVVRKESESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEYPDRIMNTFSVMPSP-KVS 176 
SP|P04350|TBB4A_HUMAN DVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEFPDRIMNTFSVVPSP-KVS 176 
SP|P68371|TBB4B_HUMAN DVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEYPDRIMNTFSVVPSP-KVS 176 
SP|Q13509|TBB3_HUMAN  DVVRKECENCDCLQGFQLTHSLGGGTGSGMGTLLISKVREEYPDRIMNTFSVVPSP-KVS 176 
SP|P07437|TBB5_HUMAN  DVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEYPDRIMNTFSVVPSP-KVS 176 
SP|Q9H4B7|TBB1_HUMAN  EVVRHESESCDCLQGFQIVHSLGGGTGSGMGTLLMNKIREEYPDRIMNSFSVMPSP-KVS 176 
SP|Q9BUF5|TBB6_HUMAN  DVVRKECEHCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEFPDRIMNTFSVMPSP-KVS 176 
SP|Q3ZCM7|TBB8_HUMAN  DVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTLLLSKIREEYPDRIINTFSILPSP-KVS 176 
SP|P23258|TBG1_HUMAN  DIIDREADGSDSLEGFVLCHSIAGGTGSGLGSYLLERLNDRYPKKLVQTYSVFPNQDEMS 179 
SP|Q6B856|TBB2B_BOVIN DVVRKESESCDCLQGFQLTHSLGGGTGSGMGTLLISKIREEYPDRIMNTFSVMPSP-KVS 176 
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                      ::: :*.: .*.*:** : **:.******:*: *:.::.:.:*.::::::*:.*.  ::* 
 
SP|Q9BVA1|TBB2B_HUMAN DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|Q13885|TBB2A_HUMAN DTVVEPYNATLSVHQLVENTDETYSIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|P04350|TBB4A_HUMAN DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|P68371|TBB4B_HUMAN DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|Q13509|TBB3_HUMAN  DTVVEPYNATLSIHQLVENTDETYCIDNEALYDICFRTLKLATPTYGDLNHLVSATMSGV 236 
SP|P07437|TBB5_HUMAN  DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|Q9H4B7|TBB1_HUMAN  DTVVEPYNAVLSIHQLIENADACFCIDNEALYDICFRTLKLTTPTYGDLNHLVSLTMSGI 236 
SP|Q9BUF5|TBB6_HUMAN  DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
SP|Q3ZCM7|TBB8_HUMAN  DTVVEPYNATLSVHQLIENADETFCIDNEALYDICSKTLKLPTPTYGDLNHLVSATMSGV 236 
SP|P23258|TBG1_HUMAN  DVVVQPYNSLLTLKRLTQNADCVVVLDNTALNRIATDRLHIQNPSFSQINQLVSTIMSAS 239 
SP|Q6B856|TBB2B_BOVIN DTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGV 236 
                      *.**:***: *::::* :*:*    :** **  *.   *:: .*::.::*:***  **.  
 
SP|Q9BVA1|TBB2B_HUMAN TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
SP|Q13885|TBB2A_HUMAN TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
SP|P04350|TBB4A_HUMAN TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
SP|P68371|TBB4B_HUMAN TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
SP|Q13509|TBB3_HUMAN  TTSLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTARGSQ-QYRALTVPELTQQMFD 295 
SP|P07437|TBB5_HUMAN  TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQVFD 295 
SP|Q9H4B7|TBB1_HUMAN  TTSLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTAQGSQ-QYRALSVAELTQQMFD 295 
SP|Q9BUF5|TBB6_HUMAN  TTSLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
SP|Q3ZCM7|TBB8_HUMAN  TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVAELTQQMFD 295 
SP|P23258|TBG1_HUMAN  TTTLRYPGYMNNDLIGLIASLIPTPRLHFLMTGYTPLTTDQSVASVRKTTVLDVMRRLLQ 299 
SP|Q6B856|TBB2B_BOVIN TTCLRFPGQLNADLRKLAVNMVPFPRLHFFMPGFAPLTSRGSQ-QYRALTVPELTQQMFD 295 
                      ** **:** :* **  * ..::* *****:* *::***:  *  . *  :* :: ::::: 
 
SP|Q9BVA1|TBB2B_HUMAN SKNMMAACDP---RHGRYLTVAAIFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTA 352 
SP|Q13885|TBB2A_HUMAN SKNMMAACDP---RHGRYLTVAAIFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTA 352 
SP|P04350|TBB4A_HUMAN AKNMMAACDP---RHGRYLTVAAVFRGRMSMKEVDEQMLSVQSKNSSYFVEWIPNNVKTA 352 
SP|P68371|TBB4B_HUMAN AKNMMAACDP---RHGRYLTVAAVFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTA 352 
SP|Q13509|TBB3_HUMAN  AKNMMAACDP---RHGRYLTVATVFRGRMSMKEVDEQMLAIQSKNSSYFVEWIPNNVKVA 352 
SP|P07437|TBB5_HUMAN  AKNMMAACDP---RHGRYLTVAAVFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTA 352 
SP|Q9H4B7|TBB1_HUMAN  ARNTMAACDL---RRGRYLTVACIFRGKMSTKEVDQQLLSVQTRNSSCFVEWIPNNVKVA 352 
SP|Q9BUF5|TBB6_HUMAN  ARNMMAACDP---RHGRYLTVATVFRGPMSMKEVDEQMLAIQSKNSSYFVEWIPNNVKVA 352 
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SP|Q3ZCM7|TBB8_HUMAN  AKNMMAACDP---RHGRYLTAAAIFRGRMPMREVDEQMFNIQDKNSSYFADWLPNNVKTA 352 
SP|P23258|TBG1_HUMAN  PKNVMVSTGRDRQTNHCYIAILNIIQGEVDPTQVHKSLQRIRERKLANFIPWGPASIQVA 359 
SP|Q6B856|TBB2B_BOVIN SKNMMAACDP---RHGRYLTVAAIFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTA 352 
                       :* *.: .     .  *::   :::* :   :*.:.:  :: :: : *  * * .::.* 
 
SP|Q9BVA1|TBB2B_HUMAN VCDIP---PRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|Q13885|TBB2A_HUMAN VCDIP---PRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|P04350|TBB4A_HUMAN VCDIP---PRGLKMAATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|P68371|TBB4B_HUMAN VCDIP---PRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|Q13509|TBB3_HUMAN  VCDIP---PRGLKMSSTFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|P07437|TBB5_HUMAN  VCDIP---PRGLKMAVTFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|Q9H4B7|TBB1_HUMAN  VCDIP---PRGLSMAATFIGNNTAIQEIFNRVSEHFSAMFKRKAFVHWYTSEGMDINEFG 409 
SP|Q9BUF5|TBB6_HUMAN  VCDIP---PRGLKMASTFIGNSTAIQELFKRISEQFSAMFRRKAFLHWFTGEGMDEMEFT 409 
SP|Q3ZCM7|TBB8_HUMAN  VCDIP---PRGLKMSATFIGNNTAIQELFKRVSEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
SP|P23258|TBG1_HUMAN  LSRKSPYLPSAHRVSGLMMANHTSISSLFERTCRQYDKLRKREAFLEQFRKEDMFKDNFD 419 
SP|Q6B856|TBB2B_BOVIN VCDIP---PRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTGEGMDEMEFT 409 
                      :.      * .  ::  ::.* *:*..:*:* ..::  : :*:**:. :  *.*   :*  
 
SP|Q9BVA1|TBB2B_HUMAN EAESNM---NDLVSEYQQYQDATADEQGEFEEEEGEDEA------    445 
SP|Q13885|TBB2A_HUMAN EAESNM---NDLVSEYQQYQDATADEQGEFEEEEGEDEA------    445 
SP|P04350|TBB4A_HUMAN EAESNM---NDLVSEYQQYQDATAE-EGEFEEEAEEEVA------    444 
SP|P68371|TBB4B_HUMAN EAESNM---NDLVSEYQQYQDATAEEEGEFEEEAEEEVA------    445 
SP|Q13509|TBB3_HUMAN  EAESNM---NDLVSEYQQYQDATAEEEGEMYEDDEEESEAQGPK-    450 
SP|P07437|TBB5_HUMAN  EAESNM---NDLVSEYQQYQDATAEEEEDFGEEAEEEA-------    444 
SP|Q9H4B7|TBB1_HUMAN  EAENNI---HDLVSEYQQFQDAKAVLEEDEEVTEEAEMEPEDKGH    451 
SP|Q9BUF5|TBB6_HUMAN  EAESNM---NDLVSEYQQYQDATANDGEEAFEDEEEEIDG-----    446 
SP|Q3ZCM7|TBB8_HUMAN  EAESNM---NDLVSEYQQYQDATAEEEEDEEYAEEEVA-------    444 
SP|P23258|TBG1_HUMAN  EMDTSREIVQQLIDEYHAATRPDYISWGTQEQ-------------    451 
SP|Q6B856|TBB2B_BOVIN EAESNM---NDLVSEYQQYQDATADEQGEFEEEEGEDEA------    445 
                      * :..    ::*:.**:                             
 

 Supplementary Figure 3. Alignment of β-tubulin isotypes against 1Z5V and 4I4T.  
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Supplementary Figure 4. Initial equilibration of TBCD-Arl2 complex. 

(A) RMSD over time for radius of gryration biasing using adiabatic biased molecular dynamics 
(ABMD) examining a portion of TBCD (residues 1-837) and the complete Arl2. (B) Radius of 
gyration over time in nanometres for the portion of TBCD (residues 1-837) and the complete 
Arl2. 
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Supplementary Figure 5. Model of TBC-DEG interactions with β-tubulin isoforms TUBB1 and TUBB2A 

Representative images of TBC-DEG complex docked with the β-tubulin isoforms TUBB1 and TUBB2A. (A-
C) Representative images of close up views for each TBC-DEG complex highlighting energetic 
contribution of selected residues between TUBB1 and TBCE (B), and TBCD (C). (D-F) Similar to above, 
highlighting energetic contribution of selected residues between TUBB2A and TBCE (E) and TBCD (F). 
Favourable intermolecular interactions are represented as dashed yellow lines. In all models, the 
proteins are coloured as follows TBCD- green; TBCE- cyan; ARL2- grey; β-tubulin- magenta; magnesium- 
green sphere.   
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Supplementary Figure 6. Model of TBC-DEG interactions with β-tubulin isoforms TUBB4A and 
TUBB4B 

Representative images of TBC-DEG complex docked with the β-tubulin isoforms TUBB4A and TUBB4B. 
(A-C) Representative images of close up views for each TBC-DEG complex highlighting energetic 
contribution of selected residues between TUBB4A and TBCE (B), and TBCD (C). (D-F) Similar to above, 
highlighting energetic contribution of selected residues between TUBB4B and TBCE (E) and TBCD (F). 
Favourable intermolecular interactions are represented as dashed yellow lines. In all models, the 
proteins are coloured as follows TBCD- green; TBCE- cyan; ARL2- grey; β-tubulin- magenta; magnesium- 
green sphere.   
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Supplementary Figure 7. Model of TBC-DEG interactions with β-tubulin isoforms TUBB6 and TUBB8 

Representative images of TBC-DEG complex docked with the β-tubulin isoforms TUBB6 and TUBB8. (A-
C) Representative images of close up views for each TBC-DEG complex highlighting energetic 
contribution of selected residues between TUBB6 and TBCE (B), and TBCD (C). (D-F) Similar to above, 
highlighting energetic contribution of selected residues between TUBB8 and TBCE (E) and TBCD (F). 
Favourable intermolecular interactions are represented as dashed yellow lines. In all models, the 
proteins are coloured as follows TBCD- green; TBCE- cyan; ARL2- grey; β-tubulin- magenta; magnesium- 
green sphere.  
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Supplementary Figure 8. Model of TBC-DEG interactions with β-tubulin isoforms TUBB and TUBB3 

Representative images of TBC-DEG complex docked with the β-tubulin isoforms TUBB and TUBB3. (A-C) 
Representative images of close up views for each TBC-DEG complex highlighting energetic contribution 
of selected residues between TUBB and TBCE (B), and TBCD (C). (D-E) Similar to above highlighting 
energetic contribution of selected residues between TUBB3 and TBCE (B), and TBCD (C). Favourable 
intermolecular interactions are represented as dashed yellow lines. In all models, the proteins are 
coloured as follows TBCD- green; TBCE- cyan; ARL2- grey; β-tubulin- magenta; magnesium- green 
sphere.  
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