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Abstract

Amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy with lower
extremity predominance (SMA-LED) are motor neuron diseases defined by the
loss of motor neurons. RNA metabolism and molecular transport have both
become increasingly implicated in the pathogenesis of motor neuron diseases. As
such, this thesis explores the role of TAR-DNA binding protein 43 (TDP-43) in the
regulation of peripherin expression in ALS, and the molecular consequences of
mutations in DYNC1H1, a component of the cytoplasmic dynein motor complex, in
SMA-LED.

TDP-43 is a DNA/RNA binding protein implicated in ALS pathogenesis. Recent
evidence suggests that TDP-43 regulates peripherin, an ALS associated
intermediate filament protein. Here, analysis of peripherin in the lumbar spinal cord
of TDP-43*F21% mice revealed a significant increase in the levels of Per-45, a shift
towards an increase in Per-58 in the Triton X-100 soluble fraction that did not
reach statistical significance, and an increase in an isoform of 50 kDa in the
insoluble fraction. These changes in the expression of peripherin in TDP-43*/F210!
mice may indicate a regulatory role for TDP-43 in peripherin expression, which
could contribute to ALS pathology.

Furthermore, there is evidence that defects in neurodevelopment are present in
SMA-LED. Analysis of paxillin, a key focal adhesion protein in mouse embryonic
fibroblasts from the Legs at odd angles (Loa) model of SMA-LED was performed,
which indicated a reduction in its expression which may underpin the previously
reported migration phenotypes in these cells. This data provides further evidence
that SMA-LED may be a neurodevelopmental disorder. Furthermore, analysis
revealed that the Golgi apparatus in DYNC1H1*/P338N patient fibroblasts was
significantly condensed, while in BICD2*''8F fibroblasts there was a decrease in
localisation of dynein to the Golgi. The lack of dynein at the Golgi in BICD2*/118F
fibroblasts indicates that BICD2 may be necessary for the recruitment of the
molecular motor to the organelle. These Golgi phenotypes may also contribute to
impaired migration in disease. Importantly, analysis of DYNC1H1*/P338N patient
fibroblasts and mouse embryonic fibroblasts (MEFs) from the Loa mouse strain
showed a significant decrease in a-tubulin acetylation, a phenotype previously

seen in another DYNC1H1 substitution.



In conclusion, these data support previous data which suggested that peripherin
expression is altered in the context of TDP-43 mutations, potentially contributing to
ALS pathology. Additionally, Golgi phenotypes were found in both
DYNC1H1*/P338N gnd BICD2*1"8%F fibroblasts with potential consequences for
cellular migration. Finally, decreased microtubule acetylation may be a common
factor in SMA-LED linked with DYNC1H1 mutations. The conserved nature of this

phenotype could indicate a potential target for therapeutics.
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Chapter 1: Introduction
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1. Organisation of the nervous system

The nervous system is anatomically divided in to the central nervous system
(CNS) and the peripheral nervous system (PNS). The PNS consists of sensory
neurons and receptors which provide the CNS with information regarding the
external and internal environment, and motor nerves which innervate muscles
(Purves et al., 2008). On the other hand, the CNS is most broadly described as
being composed of the brain and the spinal cord. The brain itself comprises of the
cerebrum (cerebral cortex, basal ganglia, hippocampus and the amygdaloid
nuclei), diencephalon (thalamus and hypothalamus), brain stem (midbrain, pons
and medulla oblongata) and the cerebellum (Kandel et al., 2013). Additionally, the
spinal cord is divided into cervical, thoracic, lumbar, sacral and coccygeal regions
(Purves et al., 2008; Kandel et al., 2013).

1.1 Motor system

The motor system is typically described has having a hierarchical architecture with
four distinct but interactive systems (Purves et al., 2008). The first of these are the
lower motor neurons (LMNs) which project from the brain stem and spinal cord
(ventral roots) to innervate their peripheral skeletal muscle targets (within the head

and body, respectively) to elicit voluntary movement (Figure 1.1).

Anatomically, the spinal cord is formed from a central grey matter region enclosed
by surrounding white matter. In each side of the spinal cord the grey matter is
subdivided into the dorsal horn and ventral horn, see Figure 1.1 (Purves et al.,
2008). It is within the ventral horn that the cell bodies of LMNs reside, whilst
projections of sensory neurons entering through the dorsal roots are found within
the dorsal horn. The cell bodies of these sensory neurons are found within the
dorsal root ganglion (DRG) alongside the spinal cord. A significant proportion of
synaptic inputs to the LMNSs are via interneurons of the local circuitry within the
spinal cord grey matter. This local circuitry receives input from sensory neurons
and higher centres and is important in the co-ordinated activity of muscle groups
(Purves et al., 2008; Kandel et al., 2013).
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Figure 1.1

Cerebral cortex
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Figure 1.1 Schematic representation of the descending pathways of UMNSs in
the corticospinal (green line) and corticobulbar tracts (blue line) and their
synapse with LMNs in the spinal cord. Adapted from Kandel et al. 2013 with

added information from Purves et al. 2008.
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The second system are the upper motor neurons (UMNs) which project from the
brain stem or cerebral cortex to synapse with the LMNs either directly or via
interneurons (Purves et al., 2008). Specifically, these connections form several
white matter tracts down the spinal cord. These tracts are typically delineated into
the pyramidal (corticospinal and corticobulbar tracts) and extrapyramidal
(vestibulospinal, reticulospinal, colliculospinal and rubrospinal) tracts (Purves et
al., 2008; Kandel et al., 2013).

The UMNSs of the corticospinal and corticobulbar tracts (the direct pathways)
originate in cortical layer V of the primary motor cortex, premotor cortex and
supplementary motor areas (Purves et al., 2008; Kandel et al., 2013). The axons
from the UMNs in these regions descend via the subcortical white matter and pass
through the posterior limb of the internal capsule prior to entering the cerebral
peduncle in the midbrain, see Figure 1.1. Subsequently, they travel through the
base of the pons and form the medullary pyramids in the ventral surface of the
medulla. The UMNSs of the corticobulbar tract exit the tract at the appropriate level
to innervate the corresponding LMNs of the cranial nerves. At the caudal region of
the medulla most (~90 %) of the spinal UMNSs of the corticospinal tract decussate
across the midline (pyramidal decussation) and form the lateral corticospinal tract
which mainly terminate in the lateral regions of the ventral horn and intermediate
grey matter of the spinal cord. The remaining UMNs (~10 %) continue down the
spinal cord and only cross the midline at their target level of the spinal cord,
forming the ventral corticospinal tract. Some UMNSs from the primary motor cortex
which descend through lateral corticospinal tract form direct synapses with a-
motor neurons (LMNs) which innervate the distal extremities (important for
discrete movement of the fingers). The remaining UMNs from both the lateral and
ventral corticospinal tracts act through the local spinal circuitry to affect LMNs.
Note that there are also UMNSs within the corticospinal and corticobulbar tract
which originate from cortical layer V of the somatic sensory regions in the anterior
parietal lobe. These neurons are not directly responsible for controlling LMNs but

are thought to be important for proprioception.

Movements involving the proximal musculature of the limbs and axial musculature
for posture and locomotion are regulated by nuclei within the brain stem (Purves et

al., 2008; Kandel et al., 2013). These nuclei are the vestibular nuclei projecting via
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the vestibulospinal tract, the reticular formation projecting via the reticulospinal
tract, and the superior colliculus projecting via the colliculospinal tract. These
pathways descend and regulate LMNs in the medial portion of the ventral horns of
the spinal cord. On the other hand, the rubrospinal tract originating in the red
nucleus, projects within the lateral column and terminates on the lateral regions of
the ventral horn and the intermediate zone. In doing so, the red nucleus is involved
in regulating the distal musculature of the upper extremities (arm and hand
movement). These tracts form the indirect pathways by which the cortex regulates
LMNs as the above nuclei receive inputs from cortical regions including the motor

areas.

The final parts of the system are the cerebellum and basal ganglia which do not
have direct connections to the LMNs or the local spinal circuitry, but use their
connections to modulate UMN activity (Purves et al., 2008). The cerebellum is the
larger of these two systems and it receives input from somatosensory neurons
within the spinal cord and the descending axons of the corticospinal tract (Purves
et al., 2008; Kandel et al., 2013). This enables it to act as an “error-correcting
mechanism” by detecting the difference between intended movement and the
actual movement that occurred. This happens in real time and is important for long
term motor learning. On the other hand, the basal ganglia receive input from the
motor and sensory areas of the cortex and from areas involved in motivation,
cognition and emotion. It is thought to be important in the suppression of unwanted

movements and to prime the UMN system for movement.

1.2 Motor neuron diseases

Motor neuron diseases (MNDs) are a heterogeneous group of disorders defined
by the presence of motor neuron degeneration and classified in accordance to
their differing clinical presentation, aetiological pathology and underlying genetics.
One of the most common differentiators used to group these diseases is based on
the specific type of motor neurons affected (UMN, LMN or both), see Table 1.1.
This thesis primarily focusses on amyotrophic lateral sclerosis (ALS) and spinal

muscular atrophy, lower extremity predominance (SMA-LED).
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Table 1.1

Motor
neurons
affected

Disease

Features

Onset Ref.

Hereditary spastic
paraplegia (HSP)

UMN

Primary lateral
sclerosis (PLS)

Monomelic
amyotrophy (MMA)
or Hirayama disease
Multifocal motor
neuropathy (MMN)

Progressive bulbar
LMN palsy (PBP)
Charcot-Marie-Tooth
(CMT) disease

Spinal Muscular
atrophy (SMA)

Heterogeneous group of distal neuropathies
affecting the longer corticospinal tract motor
neurons, often with involvement of ascending

fibres. Lower limb symptoms include weakness
and spasticity.

Rare slowly progressive motor disorder which
causes stiffness, poor co-ordination and
reduced balance, and slight weakness. See
section 1.2.1.2.1.

Mostly affects the upper limbs, and
predominantly the distal muscles of the hand
and forearm. No sensory involvement.
Rare neuropathy only affecting motor neurons
and predominantly affecting upper limbs.
Primarily affects motor neurons in the brain
stem causing symptoms such as dysphagia and
dysarthria.

Group of neuropathies with motor and sensory
involvement. Insidious onset leading to muscle
wasting and sensory loss.

Group of disorders affecting spinal and brain
stem motor neurons. Characterised by muscle
wasting in proximal muscles usually starting in
the lower limbs. See section 1.2.2
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(Lo Giudice et
al., 2014)

Childhood to 70 years
of age

Slow progression with

onset usually at (Statland et al.,

usually at 20 years of 2015)
age
) (Garg et al.,
Late feens - early - 5016; voo o
al., 2015)

Mostly before 50 years = (Lawson and

of age Arnold, 2014)
, . (Zhang et al.,
Fifth decade of life 2017a)
First to second decade (Hoyle et al
of life but can be %'015) N
variable
(Juntas
Variable Morales et al.,
2016)



Motor

neurons Disease Features Onset Ref.
affected
Spinal muscular Muscle atrophy and weakness with
atrophy, lower predominance in the proximal lower limbs. Non- ,
. : . Congenital or early (Harms et al.,
extremity progressive or slowly progressive. Can be ;
. . . O . childhood onset 2010, 2012).
predominance (SMA- compounded with cognitive impairment. See
LED) section 1.2.2.1
Spinobublar Degeneration of motor neurons within the spinal
muscular atrophy cord and brain stem causes atrophy of bulbar, 30 - 50 vears (Garg et al.,
(SBMA) or Kennedy’s @ facial and limb muscles. Commonly presents y 2016)
disease with cramps, leg weakness and tremor.
A collection of genetically heterogeneous Commonlv in
. . disorders which primarily affect the distal limb . yar
Distal hereditary . . 1 childhood or in
LMN : muscles. Predominantly inherited in an (Garg et al.,
motor neuropathies . , teenage years but
autosomal dominant manner but recessive and 2016)

(dHMN) X-linked inheritance patterns have been

observed.
Progressive
muscular atrophy
(PMA)

Sporadic disorder causing bilateral muscle
atrophy and weakness. See section 1.2.1.2.1.

Rapidly progressive motor neuron disease
affecting upper and lower motor neurons with
either bulbar, spinal or respiratory onset.
Causes muscle atrophy and weakness,
fasciculations and spasticity. See section 1.2.1.

UMN and | Amyotrophic lateral
LMN sclerosis (ALS)

adulthood onset does
occur

Adulthood

At around 60 years of
age (juvenile cases
also occur)

(Bogucki et al.,
2016)

(Swinnen and
Robberecht,
2014)

Table 1.1 Motor neurons diseases grouped according to the type of neurons they affect. UMN = upper motor neuron, LMN =

lower motor neuron.
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1.2.1 Amyotrophic lateral sclerosis (ALS)

ALS (OMIM: 105400) is an unremittingly progressive motor neuron disease
associated with degeneration of both upper and lower motor neurons (Taylor et al.,
2016). Despite earlier descriptions of ALS, Jean-Martin Charcot receives credit for
defining the disease as it is recognised today and for being the first to use the term
“amyotrophic lateral sclerosis” (Rowland, 2001; Al-Chalabi and Hardiman, 2013).
The term “amyotrophy” is a reference to the atrophy of the muscles, and “lateral
sclerosis” is a description of the hardening of the corticospinal tracts caused by

motor neuron degeneration and subsequent gliosis (Wijesekera and Leigh, 2009).

1.2.1.1 Epidemiology

ALS has an incidence of 2.16 per 100,000 people per year within the European
population, a number similar to previous epidemiological studies on the US
population (Logroscino et al., 2010). Precise worldwide incidence rates are difficult
to ascertain due to a difficulty in conducting epidemiological studies in other areas
(Cronin et al., 2007). The lifetime risk of developing ALS are 1:350 and 1:400, for
males and females respectively (Al-Chalabi and Hardiman, 2013). Additionally, the
prevalence rate is approximately 5 per 100,000 people (Wijesekera and Leigh,
2009; Taylor et al., 2016). Age of onset is extremely variable but most commonly
arising within the fifth or sixth decade of life (Swinnen and Robberecht, 2014).
Occasional cases of juvenile ALS have been noted and this subset is usually
characterised with an onset before the age of 25. However, only about 5 % of

cases occur below the age of 30 (Wijesekera and Leigh, 2009).

1.2.1.2 Onset and clinical presentation

ALS is a clinically heterogeneous disease with no definitive test for diagnosis,
instead clinicians undergo a process of elimination of ALS-like conditions
(Wijesekera and Leigh, 2009). A common approach for clinical diagnosis is the
use of the El Escorial criteria and its subsequent revisions (Airlie House criteria,
Awaji-Shima criteria). However, these criteria were first established in 1994 to
provide a standardized method of diagnosis for the inclusion of patients in clinical

trials and not for use in clinical practice (Al-Chalabi et al., 2016).
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ALS typically presents with a focal onset where a group of muscles is initially
affected before eventually spreading to other regions of the motor system
(McDermott and Shaw, 2008). Stratification of the disease is usually accomplished
by delineating in accordance to the site of onset. As such, ALS is usually grouped

as being of spinal onset, bulbar onset or respiratory onset (Figure 1.2).

Approximately 65 % of patients present with spinal onset, which begins with
asymmetric weakness, either proximally or distally within upper and lower limbs
(Figure 1.2) (Wijesekera and Leigh, 2009; Hardiman et al., 2011; Swinnen and
Robberecht, 2014). Examination of the weakened muscles reveals muscle atrophy
and pathological reflexes such as the presence of the Babinski reflex. Additionally,
patients may notice fasciculations which are rapid involuntary contractions of
muscles noticeable under the skin (Wijesekera and Leigh, 2009). Subsequently,
spasticity (muscle stiffness or hypertonia) develops affecting gait and dexterity. In
the latter stages patients may also develop hyperreflexia (Wijesekera and Leigh,
2009; Swinnen and Robberecht, 2014). The relentless progressive nature of the
disease means that other limbs become affected and patients eventually develop
bulbar and respiratory symptoms (Wijesekera and Leigh, 2009). In some instances
the spread the of the disease is contiguous and some have hypothesised that this

may reflect the cellular spread of the disease (Ravits and La Spada, 2009).

Bulbar onset occurs in approximately 30 % of patients where muscle weakness
initially affects bulbar muscles causing dysarthria of speech, dysphagia and
tongue fasciculations (Figure 1.2) (Hardiman et al., 2011; Swinnen and
Robberecht, 2014). Most patients inevitably develop an increased difficulty in
swallowing leading to sialorrhoea (excessive drooling) which is compounded by
bilateral weakness in the lower region of the face (Wijesekera and Leigh, 2009).
Concurrently, patients may exhibit “pseudobulbar” symptoms which include
emotional lability, excessive yawning, and uncontrolled laughter or crying
(Wijesekera and Leigh, 2009; Swinnen and Robberecht, 2014). Patients are liable
to developing limb associated symptoms almost concomitantly and in the majority

of cases within at least 2 years (Wijesekera and Leigh, 2009).
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In comparison, a relatively small percentage (approximately 5 %) of patients
present with respiratory onset (Figure 1.2) (Wijesekera and Leigh, 2009; Hardiman
et al., 2011). Symptomatically, these patients may show symptoms associated
with type 2 respiratory failure or nocturnal hypoventilation which include dyspnoea
and orthopnoea (Wijesekera and Leigh, 2009; Swinnen and Robberecht, 2014).
Additionally, symptoms such as dropped head, camptocormia, absent abdominal
reflexes, frequent neck flexion or extension weakness are more common in
respiratory onset ALS (Gautier et al., 2010; Ferguson and Elman, 2007).

Importantly, patients have no significant spinal or bulbar symptoms.

The prognosis of ALS patients is varied as would be expected from such a
heterogenous condition. Typically patients die within 3 years of diagnosis due to
respiratory failure or other pulmonary complications (Swinnen and Robberecht,
2014; Wijesekera and Leigh, 2009). However, bulbar and respiratory onset appear
to have a poorer prognosis in comparison to spinal onset (Swinnen and
Robberecht, 2014). Typically, bulbar onset patients survive approximately 2 years
and the percentage of patients which survive for 10 years or more is only 3 %
(Chio et al., 2011). The prognosis for respiratory onset is even poorer with a

reported mean survival of only 1.4 years.
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Figure 1.2

Spinal onset Bulbar onset

UMN signs UMN signs
- Spasticity - Dysphagia
- Hyperreflexia - Spastic dysarthria
- Spastic gait - Pseudobulbar affect
- Pathologic reflexes
LMN signs LMN signs
- Weakness - Sialorrhea
- Muscle atrophy - Dysphagia
- Fasciculations - Facial weakness

Respiratory onset

UMN signs

- Absent abdominal reflexes
LMN signs

- Dyspnea

- Orthopnea

- Head drop

- Neck extensor weakness

Figure 1.2 lllustrations showing the different onset types of ALS (spinal, bulbar

and respiratory) and their associated upper and lower motor neuron signs.

Adapted from Ferguson et al., 2007; Swinnen et al., 2014.
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1.2.1.2.1 Restriction phenotypes of ALS

While ALS is only diagnosed if there is involvement of both UMNs and LMNSs,
there are several conditions for which degeneration of motor neurons is restricted
to either the UMNSs or LMNs (Swinnen and Robberecht, 2014). These syndromes
are thought of as existing on a spectrum with ALS and most patients eventually

developing classical ALS.

Progressive muscular atrophy (PMA) is an adult onset disease which affects LMNs
(Swinnen and Robberecht, 2014). It is clinically discrete from adult-onset spinal
muscular atrophy (SMA) (see Table 1.1) as it is most commonly asymmetric and
may affect limbs distally and/or proximally. Additionally, its progression is markedly
faster than adult-onset SMA. Evidence that it occurs in a pathological spectrum
with ALS arises from the fact that UMN signs eventually present in up to 50 % of
patients and these ultimately develop ALS (Wijesekera and Leigh, 2009; Rowland,
2010). This is compounded by the fact that in post-mortem analysis of PMA
patients there is often pathology within the lateral corticospinal tract including the

characteristic ubiquitin inclusions associated with ALS (Ince et al., 2003).

Flail arm syndrome reflects the fact that in some patients, the involvement of
LMNs is restricted to the upper limbs for a minimum of a year (Swinnen and
Robberecht, 2014). Typically, the muscle atrophy is symmetrical and localised to
the proximal upper limb resulting in the limb hanging flaccidly and sometimes
becoming non-functional (Wijesekera and Leigh, 2009). Invariably, all patients
progress to develop the classic presentation of ALS including involvement of UMN
signs (Swinnen and Robberecht, 2014). This syndrome is also known as Vulpian-
Bernhardt syndrome, hanging arm syndrome, neurogenic man-in-a-barrel
syndrome and brachial amyotrophic diplegia (Wijesekera et al., 2009). This is a
rare condition but is significantly more common in men (400:1, male to female

ratio) and has a better prognosis than classical ALS (Chio et al., 2011).

Conversely, flail leg syndrome is defined by the weakening of the distal lower
limbs arising in a symmetrical manner (Wijesekera et al., 2009). This is due to the
degeneration of LMNSs in the lower limbs (Swinnen and Robberecht, 2014). Like
flail arm syndrome, patients with flail leg syndrome eventually display signs of

UMN and bulbar involvement but progression is very slow.
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Primary lateral sclerosis (PLS) is defined as a progressive degenerative syndrome
affecting only the UMNSs for at least 4 years (Wijesekera and Leigh, 2009; Gordon
et al., 2006). However, there is evidence that patients eventually develop LMN
involvement, a progression also observed in a review of PLS autopsies (Gordon et
al., 2006; D’amico et al., 2013).

1.2.1.3 Treatment of ALS

There is currently no treatment which cures ALS (Blasco et al., 2016). The
heterogeneous nature of the disease and the lack of a precise aetiology has
complicated the development of pharmaceutical drugs for treatment (Petrov et al.,
2017). For 22 years, the only FDA (United States Food and Drug Administration)
approved drug was riluzole which only modestly increases patient survival by 2-3
months. Originally thought to target the glutamate excitotoxicity present in ALS by
acting on glutamate receptors, it is now thought that this is unlikely as it fails to
reach the necessary concentrations in vivo to achieve this. However, it is now
suggested that the effects of riluzole are via its widespread effects on
neurotransmission such as its suppression of the persistent sodium current,
enhancement of calcium dependent potassium currents and even reducing
neurotransmitter release (Bellingham, 2011). In the time since riluzole’s approval
by the FDA in 1995, over 60 drugs have been researched as potential
pharmacological therapies for ALS, see Table 1.2 for summary of those which
underwent human clinical trials (Petrov et al., 2017). Finally, this year a new drug,
Endaravone, was approved for use by the FDA, having already been approved in
Japan and South Korea in 2015 (Martinez et al., 2017). Endaravone targets
oxidative stress present in ALS by acting as a free radical scavenger. Additionally,
in a recent phase 3 clinical trial masitinib slowed the progression of ALS when
given as an add-on to riluzole in comparison to a placebo control group (Petrov et
al., 2017). Masitinib is a tyrosine kinase inhibitor which is thought to benefit

patients by controlling neuroinflammation.
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Table 1.2

Clinical trial
Type Compound phasels reached Outcome

Ceftriaxone 1-3 Failure

Anti-glutamatergic Memantine 2-3 Failure
Riluzole 3 Mixed

Talampanel 2 Failure

Celecoxib 2-3 Failure

Erythropoietin 2-3 Failure

Glatiramer 2.3 Failure

. acetate

Anti-inflammatory Minocylcine 1-3 Failure
NPO0O01 1-2 Failure

Pioglitazone 2 Failure

Valproic acid 3 Failure

Coenzyme Q10 2 Failure

Anti-oxidative Creatine 2-3 Failure
Edaravone 2-3 Mixed

Dexpramipexole 2-3 Failure

Neuroprotective Olesoxime 2-3 Fa?lure
TCH346 2-3 Failure

Xaliproden 2-3 Failure

BDNF 1-3 Failure

Neurotrophic factors CNTF 1-3 Failure
IGF-1 3 Failure
Csf1r inhibition Masitinib 2-3 Positive
Other .Lithium. 2-3 Fa?lure
Tirasemtiv 2 Failure

Figure 1.2 Table summarising the drugs which have undergone human ALS

clinical trials. Adapted from Petrov et al. 2017.

1.2.1.4 Genetics of ALS

ALS is primarily a sporadic disease (sporadic ALS; sALS), but approximately 10 %
of cases are familial (familial ALS; fALS) and these cases have been associated
with a plethora of genes (Renton et al., 2014). In fact, the genes responsible for
approximately 70 % of fALS cases are currently known (Martin et al., 2017). fALS
is mostly inherited in an autosomal dominant manner, but can also occur in a

autosomal recessive or X-linked fashion (Chen et al., 2013; Taylor et al., 2016).
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It is important that the distinction between sALS and fALS be understood. Often,
SALS is incorrectly thought of as incidences of the disease without a genetic
underpinning, when it should only infer a lack of familial history of the condition
(Taylor et al., 2016). An increasing number of the genetic variants causing fALS
are also found in SALS cases (Taylor et al., 2016). In support of this, studies reveal
that the heritability of SALS is approximately 60 % (Al-Chalabi et al., 2010; Wingo
et al., 2011). For example, approximately 7 % of sALS cases in white patients from
Europe, the USA, Middle East and Australia are caused by the chromosome 9
open reading frame 72 gene (C9orf72) repeat expansion (Majounie et al., 2012).
Table 1.3 outlines the main genes implicated in ALS and lists their current
contribution to both sALS and fALS. For a complete list please see ALSoD
database (http://alsod.iop.kcl.ac.uk/index.aspx; (Abel et al., 2013)).

This thesis will elaborate on SOD1, TARDBP, FUS and C9orf72 as these account
for 60-80 % of fALS cases (Zufiria et al., 2016). In addition, focus will also be given

to PRPH due to its relevance in this research.
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Table 1.3

Gene Protein Location @ Heredity ex:ﬁ:—iﬁe d ex?ofggr?e d
SOD1 Superoxide dismutase 1, soluble 21922.11 AD/AR 12 % 1.5 %
ALS2/Alsin Alsin 2933.2 AR <1 % <1 %
ALS3 Unknown 18921 AD Unknown Unknown
SETX Senataxin 9934.13 AD <1 % <1 %
SPG11 Spastic paraplegia 11 15q14 AR <1 % <1%
FUS Fused in sarcoma (FUS) 16p11.2 AD/AR 4 % <1%
ALS7 Unknown 20p13 AD/AR Unknown Unknown
VAMP (Vesicle-associated membrane protein
VAPB ( associated protein B and C ) 20913.33 AD <1% <1%
ANG Angiogenin 149111 AD <1% <1%
TARDBP TAR DNA binding protein 43 (TDP-43) 1p36.22 AD 4 % 1%
FIG4 FIG4 phosphoinositide 5-phosphatase 6921 AD/AR <1 % <1 %
OPTN Optineurin 10p13 AD/AR <1 % <1 %
ATXN2 Ataxin 2 12924 .1 AD <1 % <1%
VCP Valosin containing protein 9p13.3 AD 1% 1%
UBQLNZ2 Ubiquilin 2 Xp11.21 XD <1 % <1 %
SIGMAR1 Sigma nonopioid intracellular receptor 1 9p13.3 AR <1 % <1 %
CHMP2B Charged multivesicular body protein 2B 3p11.2 AD <1 % <1 %
PFN1 Profilin 1 17p13.3 AD <1 % <1%
ERBB4 erb-b2 receptor tyrosine kinase 4 2933.3-934 AD Unknown Unknown
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 12q13.1 AD <1% <1%
MATR3 Matrin 3 5931.2 AD <1% <1%
C9orf72 Unknown 9p21.2 AD 40 % 7 %
CHCHD10 | Coiled-coil-helix-coiled-coil-helix domain containing 10 | 22q11.23 AD <1% <1%
UNC13A unc-13 homolog A (C. elegans) 19p13.11 | Unknown Unknown Unknown
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Gene Protein Location @ Heredity ex;?al}ﬁe d ex:'lo‘al;r?e d
DAO D-amino-acid oxidase 12924 AD <1% <1%
DCTN1 Dynactin subunit 1 2p13 AD <1% <1%
NEFH Neurofilament, heavy polypeptide 22q12.2 AD <1% <1%
PRPH Peripherin 12q13.12 AD <1% <1%
SQSTM1 Sequestosome 1 5935 AD 1% <1%
TAF15 TATA-box binding protein associated factor 15 17912 AR/AD <1% <1%
SPAST Spastin 2p24-p21 AD <1% <1%
ELP3 Elongator acetyltransferase complex subunit 3 8p21.1 Allelic <1% <1%
LMNB1 Lamin B1 5923.2 Unknown Unknown Unknown
GLE1 GLE1 RNA export mediator 9934.11 AD <1% <1%
SS18L1 Calcium-responsive transactivator 209g13.33 AD <1% <1%
GRN Granulin precursor 17921.31 AD <1% <1%
EWSR1 EWS RNA binding protein 1 22q12.2 AD <1% <1%
HNRNPA2B1 Heterogeneous nuclear Ribonucleoprotein A2/B1 7p15.2 AD <1% <1%
TBK1 TANK binding kinase 1 12q14.1 AD Unknown Unknown
TUBA4A Tubulin alpha 4a 2q35 AD 1% <1%
CCNF Cyclin F 16p13.3 Unknown Unknown Unknown
NEK1 NIMA related kinase 1 4q33 Unknown Unknown Unknown

Table 1.3 Table showing the principal genetic contributors to sALS and fALS. AD = autosomal dominant, AR = autosomal
recessive, XR = X-linked. Adapted from Cirulli et al. 2015 with further information from White & Sreedharan 2016; Zufiria et al.
2016; Chen et al. 2013; Marangi & Traynor 2015.
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1.2.1.4.1 Cu/Zn Superoxide dismutase 1 (SOD1)

Linkage analysis provided a significant milestone in the understanding of the
genetic basis of ALS, allowing the first disease locus (ALS1) to be identified on
chromosome 21 (Siddique et al., 1991). Subsequent, work showed this gene to be
SOD1 and identified 11 missense mutations in 13 fALS families (Rosen et al.,
1993). Since this seminal discovery, over 180 mutations in SOD17 have been
reported in ALS (see ALSoD database; http://alsod.iop.kcl.ac.uk/index.aspx; (Abel
et al., 2013)).

SOD1 mutations are now known to be one of the major causes of ALS and
account for 12 % of fALS cases and 1.5 % of sALS cases (Cirulli et al., 2015). As
is most common in ALS, most SOD1 mutations responsible for fALS are inherited
predominantly in an autosomal dominant manner with a high penetrance (Marangi
and Traynor, 2015). However, it is not clear how many of the reported SOD1
variants are pathogenic, as experimental evidence showing their pathogenicity is
only available for some (Marangi and Traynor, 2015). Additionally, there is a poor
correlation between the clinical phenotype and individual mutations (Picher-Martel
et al., 2016). Moreover, patient phenotype is often inconsistent between affected

members of the same family.

1.2.1.4.1.2 Structure and function of SOD1

Reactive oxygen species (ROS) are an inevitable product of normal cellular
metabolism, such as in mitochondrial respiration (Che et al., 2016). ROS are
crucial modulators of several cellular processes including signal transduction and
stress responses. However, high levels of ROS lead to oxidative stress and cell
toxicity through their interaction with several organic molecules such as proteins,
lipids and DNA (Che et al., 2016; Valko et al., 2007). Therefore, the cellular
homeostasis of ROS is established by balancing the ROS production with the
activity of the antioxidant system (Che et al., 2016). In aerobic organisms, the
principal line of protection against damage by oxygen radicals is performed by the
SOD family of enzymes. This enzymatic function of SOD enzymes was originally
discovered in 1969 (McCord and Fridovich, 1969). It is now known that mammals
have three distinct SOD enzymes and all perform the key function of catalysing the
disproportionation of superoxide (O2") into oxygen (O2) and hydrogen peroxide
(H202) (Che et al., 2016; Rakhit and Chakrabartty, 2006). The hydrogen peroxide
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is subsequently further converted to water in a reaction which is catalysed by both

catalase and peroxiredoxin (Che et al., 2016).

Two SOD enzymes have Copper and Zinc as cofactors (SOD1 and SOD3) and
the third uses manganese as a cofactor (SODZ2). SOD2 is localised within the
mitochondria, while SOD3 is only found extracellularly (Mondola et al., 2016).
Conversely, SOD1 is primarily a cytosolic enzyme but there is evidence that it is
also present in the nucleus, within in the mitochondrial intermembrane space,
lysosomes and within the lumen of the endoplasmic reticulum (ER) and Golgi
(Tsang et al., 2014; Sturtz et al., 2001; Crapo et al., 1992; Urushitani et al., 2008).
Additionally, there is evidence from cell lines that SOD1 is secreted through the
ER-Golgi network (Mondola et al., 2003; Turner, 2005).

SOD1 is made up of 153 amino acids and is encoded by a relatively small gene
comprised of 5 exons interspaced with 4 introns (Kaur et al., 2016). It is
ubiquitously expressed and forms about 0.5 % of the total protein content of the
human brain and 1-2 % of the protein content of the entire CNS (Andersen, 2006;
Pardo et al., 1995). SOD1 is an approximately 32 kDa homodimer with each
monomer (15.8 kDa) consisting of an 8 stranded Greek-key B-barrel and several
loops, including an electrostatic loop and a metal binding loop, as shown in Figure
1.3 (Shaw and Valentine, 2007). Importantly, each monomer can form an
intramolecular disulphide bridge between cysteine 146 and cysteine 57. The
homodimer is held together by strong hydrophobic interactions which make SOD1
a very stable protein (Rakhit and Chakrabartty, 2006).

Recent research suggests that SOD1 may have functions in other processes
within the cell outside of its role in ROS homeostasis. These roles include its
function as a transcription factor in the nucleus, acting as an RNA binding protein

and as a signal modulator in glucose metabolism (Chung, 2017).
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Figure 1.3
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Figure 1.3 Schematic representing the structure of SOD1. This diagram shows
the 8 B-sheets, the alpha helix (a1 shown in green) and the loops, which make
up a SOD1 monomer. Additionally, residues which are important for the binding
of Cu?* and Zn?* are shown in yellow and blue dots respectively. Red dots
represent the residues which form the disulphide bridge in the tertiary structure
of SOD1. Adapted from Tafuri et al. 2015.
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1.2.1.4.1.3 SOD1 in ALS

It could be hypothesised that SOD1 mutations are pathogenic as they may cause
a loss of dismutase function. However, it has become apparent that this is unlikely
as most mutant SOD1 proteins have been shown not to exhibit decreased
enzymatic activity (Borchelt et al., 1994; Mondola et al., 2016). Additionally, the
knockout of wild-type SOD1 does not cause ALS-like phenotypes in mice
(Reaume et al., 1996). Therefore, it is now thought that SOD1 mutations cause a

toxic gain of function leading to pathology (Dion et al., 2009).

A feature of SOD1 related ALS are TDP-43 negative, SOD1 positive
proteinaceous inclusions (Kato et al., 2000; Mackenzie et al., 2007; Maekawa et
al., 2009). These SOD1 positive aggregates are also a feature of many SOD1
mouse models (Wood et al., 2003). Therefore, it has been suggested that
mutations in the SOD1 protein interfere with its tertiary structure increasing the
protein’s propensity to aggregate and form these potentially pathogenic inclusions

(Sangwan and Eisenberg, 2016).

1.2.1.4.1.4 SOD1 mouse models

The discovery of SOD1 as a causative gene in ALS allowed for the generation of
the first mouse model of the disease. This was achieved in 1994, with the
generation of transgenic mice harbouring either a wild-type human transgene or
mutant transgene producing SOD1 with either a glycine to alanine substitution at
position 93 (G93A) or an alanine to valine substitution at position 4 (A4V) (Gurney
et al., 1994). However, only the G93A mouse line developed motor neuron
disease like symptoms at 3 to 4 months. Specifically, these mice showed motor
deficits at 80-90 days of age when tested on a rotarod or using a hangwire test
(Picher-Martel et al., 2016). Furthermore, they developed motor neuron
degeneration, muscle weakness, hind limb paralysis and died at 130 days.
Subsequently, numerous SOD1 mouse models have been generated and they
show variable phenotypes with differences in age of onset and survival (see Table
1.4 for summary of SOD1 mouse models reviewed in Picher-Martel et al. 2016;
McGoldrick et al. 2013. The variation seen between SOD1 mouse models is likely
due to the mutations, the levels of transgenic SOD1 being expressed, gender and

the genetic background used for the mouse line.
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Table 1.4

Promo Age at Survival Phenotype
Mutation onset , Cognitive | Neuropathological findings and . Ref.
ter (weeks)  Paralysis . " Gliosis
(weeks) symptoms particularities
Mitochondria vacuolisation and

hSOD1WT Human 58-70 Normal N nd swelling, spinocerebellar Y (Jzta;slma

SOD1 axonal degeneration, 20-30% "

2000)

MN loss

(Graffmo

et al.,

Human SOD1 inclusions, 2013;
hSOD1WT SOD1 36 52 Y nd vacuolisation, MN loss, Glial Y Gurney et
cell aggregates al., 1994;
Epstein et
al., 1987)
Human (Deng et
A4V SOD1 >85 Normal N N nd N al., 2006)
(Deng et
al., 2006;
Human SOD1 inclusions, MN Gurney et

WT ’

A4VISOD1 SOD1 35 48 Y nd degeneration Y al., 1994;
Epstein et
al., 1987)
(Wong et
Human Learning | MBV, LMN first affected, raised al., 1995;
G37R sopr 117 25-29 Y deficit somatosensory thresholds Y Filali et al.,

2011)
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Promo Age at Survival Phenotype
Mutation t onset , Cognitive | Neuropathological findings and L Ref.
er (weeks) | Paralysis : " Gliosis
(weeks) symptoms particularities
- (Chang-
H46R Human 20 o4 Y nd LBHI, .UquU!tIn, SOD1 Y Hong et
SOD1 inclusions
al., 2005)
H46R/H48Q HS”(;“;;‘ 17-26 nd Y nd HI, ubiquitin nd ;Yvazr‘ogog;
H46R/H48Q/H  Human i Fibrillary SOD1-ubiquitin (Wang et
63G/H120G = SOD7 =~ 502 nd Y nd inclusions Y al, 2003)
Mouse Sensory deficit, tremors, 20% (Joyce et
a -
D83G Sod1 15 70-84 N nd LMN and UMN loss Y al., 2014)
Human (Tobisawa
L84V SOD1 21-26 26-30 Y nd nd nd etal.,
2003)
Human Rapid progression, SOD1- (Bruijn et
G85R SOD1 35-43 37-45 Y nd ubiquitin inclusions in neurons Y al., 1997)
and astrocytes
(Wang et
al., 2009;
Human Gurney et
WT - -
G85R/SOD1 SOD1 16-21 23-30 Y nd SOD1 aggregates Y al., 1994:
Epstein et
al., 1987)
Mouse . , (Ripps et
b -
G86R Sod1 13-17 17 Y nd Rapid progression (5 days) nd al., 1995)
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Promo Age at Survival Phenotype
Mutation onset , Cognitive | Neuropathological findings and . Ref.
ter (weeks) | Paralysis : " Gliosis
(weeks) symptoms particularities
. (Jonsson
DI0A Human 52 61 Y nd Dlsjtendeq bladder, SOD1 v ctal.,
SOD1 inclusions, MN loss
2006)
(Gurney et
Human i i MN loss, SOD1 aggregates, al., 1994;
G93A SOD1 13-17 17-26 Y Y NMJ loss before onset Y Quarta et
al., 2015)
(Jaarsma
et al.,
2000;
G93A/SOD1WT "'S“Om;;‘ 20-23  25-30 Y nd Vacoules, MN loss Y | Gurney et
al., 1994;
Epstein et
al., 1987)
(Jaarsma
Thy1.2-G93AC | Thy1.2  54->104 62->104 N nd SOD1 aggregates Y et al.,
2008)
(Wang et
al., 2005;
: . . Deng et
L126z ~ Tuman | o447 Y nd Eosinophilic inclusion, MN Y al., 2006;
SOD1 loss, ubiquitin inclusions
Karch and
Borchelt,
2010)
L ) (Jonsson
G127X Human 35 36 v nd Rapid dl_se'c_l_se.cours.e, SOD1 Y etal.
SOD1 ubiquitin inclusions 2004)
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. Promo Age at Survival o’ Phenotype . T
Mutation ter onset (weeks) | Paralysis Cognitive | Neuropathological findings and Gliosis Ref.
(weeks) y symptoms particularities
Human Lower level of transgene (Acevedo-
G93AdY SOD1 24-26 40-50 Y nd expression, SOD1 aggregates, nd | Arozena et
loss of MN al., 2011)
H Ssstd Only h i (Han-
uman crosse nly homozygous mice .
T116X sop1 43 with nd develop ALS-like phenotype | "9 Xiang et
hSOD1WT) al., 2008)
Human ALS-like symptoms e.g. (Watanabe
L126delTT SOD1 17 18 Y nd weakness, muscle atrophy, Y et al.,
loss of MN 2005)

Table 1.4 Table summarising the mouse models of SOD1. Y = yes, N = no, nd = not described, a = homozygous SOD1D83G/b83G,
b = Mouse Sod7 mutation, ¢ = homozygous SOD1¢%A Thy1.2 promoter, LBHI = lewy-body-like hyaline inclusion, HI = hyaline
inclusion, MN = motor neuron, NMJ = neuromuscular junction. Adapted from Picher-Martel et al., 2016 with extra information

from Joyce et al. 2011.
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1.2.1.4.1.5 SOD1 and the dynein molecular motor

It has been reported that dynein exhibits an interaction with mutant SOD1 (A4V,
G85R and G93A) but not with wild type SOD1 (Zhang et al., 2007). Additionally,
dynein was found to localise with SOD1 to protein aggregates within spinal motor
neurons of G93A and G85R mice. Importantly, the level of dynein co-localisation
with SOD1 at protein aggregates correlated with the amount of aggregates present
in different SOD1 mutants (Strom et al., 2008). This implies that dynein may
contribute to the formation of these aggregates in SOD1 related ALS. In support of
this, the disruption of the dynein complex by the overexpression of p50 resulted in
the abolition of SOD1 mutant aggregates in cultured cells (Strdom et al., 2008).
Interestingly, co-localisation of kinesin with SOD1 mutant aggregates was not
observed (Shi et al., 2010). Additionally, only dynein mediated retrograde transport
appeared to be affected in a sciatic nerve ligation assay in SOD1 G93A mutant

mice.

Unexpectedly, it has been shown that crossing SOD1 G93A mice with mice
harbouring a heterozygous dynein 1 heavy chain 1 (Dync1h1) mutation (Loa; Legs
at odd angles mice) results in an increase in life span and a delayed onset of
disease (Kieran et al., 2005). There was also a marked increase in muscle
function in the offspring of these mice in comparison to SOD1 G93A mice.
Surprisingly, this was attributed to a measurable rescue of impaired axonal
transport. It was hypothesised that the Loa mutation restored balance between
retrograde and anterograde transport. This was also observed in a subsequent
study in which SOD1 G93A mice were crossed with mice carrying another dynein
mutation (Cra7; Cramping) (Teuchert et al., 2006). However, later studies
suggested that the Loa mutation was beneficial in SOD1 mutant mice due to its
ability to reduce the accumulation of mutant SOD1 in mitochondria which normally

causes mitochondrial dysfunction (El-Kadi et al., 2010).

Furthermore, in spinal motor neurons of SOD1 G93A mice there is a lysosomal
impairment at an early asymptomatic stage which was found to be caused by a
reduction in late endosomal transport which is mediated by dynein (Xie et al.,
2015). This was attributed to the competitive binding of SOD1 G93A to the

intermediate chain of dynein.
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1.2.1.4.2 TAR DNA binding protein 43 (TDP-43)

A significant milestone in ALS research was the identification of TDP-43 as the
major constituent of ubiquitinated inclusions which are a hallmark of the disease
(Neumann et al., 2006; Arai et al., 2006). This implicated TDP-43 as a pivotal
protein in the aetiology of ALS as this pathology is present in over 95 % of sALS
patients (Ling et al., 2013). The central role of TDP-43 in ALS pathogenesis was
further substantiated by the identification of missense mutations within the gene
encoding TDP-43 (TARDBP) which caused autosomal dominant ALS (Kabashi et
al., 2008; Sreedharan et al., 2008). Mutations in TARDBP are now known to
account for 4 % of fALS cases and 1 % of SALS cases with at least 52 missense

mutations, 1 truncation and 1 insertion deletion (Cirulli et al., 2015; Buratti, 2015).

1.2.1.4.2.1 Structure and function of TDP-43

TARDBP consists of 6 exons, 5 of which encode TDP-43, which is a highly
conserved and ubiquitously expressed RNA binding protein of 414 amino acids
(43kDa) (Ayala et al., 2005; Buratti and Baralle, 2008; Wang et al., 2004). It was
originally identified as the regulatory factor capable of binding to the TAR element
of the human immunodeficiency virus type 1 (HIV-1) (Ou et al., 1995). TDP-43 can
shuttle between the nuclear and cytoplasmic compartments but is predominantly
localised within the nucleus (Winton et al., 2008; Ayala et al., 2008).

TDP-43 shares a high degree of structural homology with the heterogeneous
ribonucleoprotein (hnRNP) group of proteins, indicating that it could belong to the
same family (Ou et al., 1995; Buratti and Baralle, 2001; Ayala et al., 2005). TDP-
43 is made up of 5 functional domains; two RNA recognition motifs (RRM1 and
RRM2), a nuclear export signal (NES), a nuclear localisation signal (NLS) and a C-
terminal glycine rich domain, as shown in Figure 1.4 (Buratti and Baralle, 2001;
Kuo et al., 2009; Warraich et al., 2010; Ayala et al., 2008; Winton et al., 2008).
Each RRM contains an octameric ribonucleoprotein 1 (RNP1) and a hexameric
ribonucleoprotein 2 (RNP2) segment which are important for RNA binding. These
segments exhibit a particularly high level of conservation between species (Buratti
and Baralle, 2001). Specifically, they confer TDP-43’s ability to preferentially bind
to long UG repeats with a minimum length of 6 bp (Kuo et al., 2009; Buratti and
Baralle, 2001). Conversely, both the N-terminus and C-terminus are important in

mediating protein-protein interactions (Ratti and Buratti, 2016).
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Figure 1.4
(a)

1 106 176 191 262 274 414
Mutations | I | 1

. Nuclear localisation signal

|:| Nuclear export signal

(b)
Mutations

AQ0V G298S N345K G376D
D169G M311V G348C/V/R N378D/S
K263E A315T/E N352S/T S379P/C
N267S A321VIG G357S/R A382P/T
(G287S Q331K M359V 1383T/V
G290A/N S332N R361S/T G384R
S292N G335D P363A W385G
G294AN M337Vv G368S N390D/S
G295R/S/C Q343R Y374X S393L

Figure 1.4 (a) Diagram of TDP-43 protein structure showing the nuclear localisation signal, RNA recognition motif 1 (RRM1),
RNA recognition motif 2 (RRM2), nuclear export signal and the Glycine rich domain. The sites affected by mutations are also
shown. (b) List of all known TARDBP missense mutations which alter the amino acid sequence. Adapted from Kapeli et al. 2017;

Harrison & Shorter 2017.

47



1.2.1.4.2.1.1 TDP-43 and transcription

As previously noted, TDP-43 acts as transcriptional repressor for HIV-1 (Ou et al.,
1995). Other examples of its ability to act in transcription include its ability to bind
to the acrosomal vesicle protein 1 (acrv1) promoter to repress the expression of
acrv1 in spermatocytes (Lalmansingh et al., 2011). Additionally, TDP-43 was
shown to be a putative regulatory factor in the expression of serine protease 10
(SP-10) by interacting with TG repeats on the complementary strand of the SP-10
promoter (Acharya et al., 2006; Abhyankar et al., 2007). Further supporting a role
of TDP-43 in transcription was the analysis of TDP-43 localisation within the
nucleus of rat neurons (Casafont et al., 2009). TDP-43 was found concentrated in
perichromatin fibrils which are known active sites of transcription and was absent
from transcriptionally silent regions. Furthermore, TDP-43 co-purified with
transcriptional regulators including TATA-Box binding protein associated factor 15
(TAF15), which is also associated with ALS (Ling et al., 2010).

1.2.1.4.2.1.2 TDP-43 and regulation of splicing

The first indication that TDP-43 was involved in the splicing of pre-mRNA arose in
2001. TDP-43 was shown to act as splicing regulator by binding to UG repeats
proximal to the 3’ splice site of exon 9 of the cystic fibrosis transmembrane
conductance regulator (CFTR) transcript and causing the skipping of this exon and
thus the production of a non-functional CFTR protein (Buratti et al., 2001; Buratti
and Baralle, 2001). Important for this function of TDP-43 is its association with
heterogeneous nuclear ribonucleoprotein A/B (Buratti et al., 2005). Further
associations between TDP-43 and proteins which are part of the splicing
machinery have also be observed (Freibaum and Chitta, 2010). Subsequently,
high-throughput approaches were used to try and identify further target transcripts
for TDP-43 (Tollervey et al., 2011; Xiao et al., 2011; Polymenidou et al., 2011;
Sephton et al., 2010). For example, the use of cross-linking and
immunoprecipitation in conjunction with high-throughput sequencing showed that
TDP-43 binds to more than 6000 brain RNA targets which constitutes
approximately 30 % of the total transcriptome of the brain (Polymenidou et al.,
2011). Furthermore, this study showed that the knockdown of TDP-43 using
antisense oligonucleotides altered the splicing of 965 transcripts and changed the
levels of 601 mRNAs. Additionally, it was shown that binding of TDP-43 both near
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exon-intron junctions and at some distance from the closest exon could influence
the selection of splice sites. Interestingly, one of the targets identified in this report
was TDP-43’s own transcript where it was seen to enhance splicing of an intron
via its interaction to its 3’ UTR and in doing so triggering nonsense-mediated
decay to reduce its levels. However, subsequently it was revealed that this was
not the primary method of TDP-43 autoregulation and only true for a specific
isoform. Instead, it was shown that TDP-43 binds to a TDP binding region
(TDPBR) which initiates a complex interplay between transcription, splicing and 3’
end processing which ultimately results in decreased TDP-43 levels (Eréndira
Avendano-Vazquez et al., 2012; Ayala et al., 2011). Furthermore, caution should
be taken when interpreting the results from such studies as the high-throughput
method can mask changes caused by secondary effects of TDP-43 loss (Buratti et
al., 2013). However, other targets of TDP-43 have been experimentally verified as
reviewed in Ratti & Buratti 2016. Finally, TDP-43 has also been implicated in the
suppression of non-conserved cryptic exons which typically result in frameshifts or
premature stop codons and subsequent degradation of transcripts via nonsense-
mediated decay (Tan et al., 2016; Ling et al., 2015).

1.2.1.4.2.1.3 TDP-43 regulates miRNA biogenesis

MicroRNAs (miRNAs) are non-coding RNAs responsible for post-transcriptional
regulation of a large proportion of the transcriptome (Hawley et al., 2017; Rinchetti
et al., 2017). TDP-43 has been implicated in the regulation of miRNA biogenesis
due to its association with both Drosha and Dicer complexes through its C-terminal
region (Gregory et al., 2004; Kawahara and Mieda-Sato, 2012). Significantly, TDP-
43 was later shown to be able to regulate the stability of Drosha in vitro and thus
possibly have a wide-ranging impact on the production of miRNAs (Di Carlo et al.,
2013). Similarly, TDP-43 was also shown to regulate Dicer mRNA and protein
levels in the human neuronal SK-N-BE cell line, again suggesting it has a far
reaching impact on miRNA biogenesis (Colombrita et al., 2015). In support of this,
several miRNA species have been shown to become dysregulated in TDP-43
depletion such as let7b, miR206 and miR132 (Ratti and Buratti, 2016).
Additionally, through TDP-43’s direct interaction with either pri-miRNAs and pre-

miRNAs, combined with its association with the Drosha and Dicer complexes, it
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was able to promote their processing into mature miRNAs (Kawahara and Mieda-
Sato, 2012).

1.2.1.4.2.1.4 TDP-43 and non-coding RNAs (ncRNAs)

In contrast to miRNAs which are only approximately 22 nucleotides, long non-
coding RNAs (IncRNAs) are more than 200 nucleotides in length (Ederle and
Dormann, 2017). However, the precise function of these INcCRNAs is not yet fully
elucidated, but are thought to affect cellular processes at a transcriptional and
post-transcriptional level (Ratti and Buratti, 2016). For example, IncRNAs are
involved in the recruitment of chromatin modifiers to sites of transcription (Batista
and Chang, 2013). TDP-43 is known to interact with a wide range of IncRNAs
including metastasis associated lung adenocarcinoma transcript 1 (MALAT1)
which is linked with nuclear splicing speckles and nuclear enriched abundant
transcript 1 (NEAT1) which is important in the formation of paraspeckles (Ederle
and Dormann, 2017). In line with this, TDP-43 is also found to be enriched in
paraspeckles (Nishimoto et al., 2013). However, the precise role of TDP-43 in
relation to INcRNA is not yet known (Ratti and Buratti, 2016). Additionally,
bioinformatic predictions have suggested that TDP-43 can also interact with
certain ncRNAs (Cirillo et al., 2013).

1.2.1.4.2.1.5 TDP-43 and mRNA stability

TDP-43 was first implicated in regulating mRNA stability through its interaction
with the 3’ UTR of neurofilament light (NFL) mRNA and in doing so, stabilising the
transcript (Strong et al., 2007). Similarly, TDP-43 also binds to and stabilises the
coding region of histone deacetylase 6 (HDACG6) (Fiesel et al., 2010). Conversely,
the binding of TDP-43 to the 3’ UTRs of vascular endothelial growth factor a
(Vegfa) and progranulin (Grn) mRNA results in reduced stability of the transcripts
(Colombrita et al., 2009). Indeed, since mMRNA stability is often inferred by the
binding of RNA binding proteins to the 3’ UTRs of mRNAs, and given the
abundance of TDP-43 binding sites within this region, it is not surprising that an
increasing number of transcripts are being identified has being stabilised or
destabilised by TDP-43 (Ratti and Buratti, 2016).
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1.2.1.4.2.1.6 TDP-43 and mRNA trafficking

The transport of mMRNAs is particularly pivotal in polarized cells such as neurons
for the maintenance of neuronal activity and plasticity (Ratti and Buratti, 2016).
This transport of MRNAs within messenger ribonucleoprotein (mMRNP) granules
allows for the local translation of proteins (Ederle and Dormann, 2017). In this
context, it is interesting that TDP-43 has been shown to undergo active transport
along axons and exhibits co-localisation within mMRNP granules with other RNA
transport associated proteins such as survival motor neuron (SMN), fragile X
mental retardation protein (FMRP) and Staufen 1 (Fallini et al., 2012; Wang et al.,
2008). Interestingly, these TDP-43 positive mRNP granules were seen to increase
in axons and dendrites following neuronal stimulation. The localisation of TDP-43
bound to RNA at presynaptic membranes of axon terminals in the neuromuscular
junction of adult mice provides further evidence of a role in mRNA trafficking for
TDP-43 (Narayanan et al., 2013). Subsequently, similar findings were reported in
axons of iPSC-derived motor neurons, where TDP-43 mRNP granules were
bidirectionally transported (Alami et al., 2014). This report also identified the NFL

transcript as a transcript whose transport is mediated by TDP-43 mRNP granules.

1.2.1.4.2.1.7 TDP-43 and translation

Staufen and FMRP are both known regulators of local translation, therefore
implicating TDP-43 in a similar role (Wang et al., 2008). Relevantly, this study also
showed that TDP-43 acts as a translational repressor in an in vitro environment
using a luciferase reporter. Additionally, TDP-43 associated with both $-actin and
calcium/calmodulin-dependent protein kinase Il a (CaMKIlla) mRNAs in response
to depolarisation has been shown to increase local protein synthesis from these
transcripts. Interestingly, proteomics have shown that TDP-43 interacts with
several proteins involved in the regulation of translation and so many other
instances of translational regulation by TDP-43 may yet be identified (Freibaum
and Chitta, 2010). TDP-43 is also thought to play a role in the formation of stress
granules, which are important for the stalling of translation in response to cellular

stress (Baumer et al., 2014).

1.2.1.4.2.2 TDP-43 in ALS
As previously mentioned, TDP-43 was identified as the major component of

ubiquitinated inclusions found in most cases of ALS (Neumann et al., 2006; Arai et
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al., 2006; Ling et al., 2013). In these inclusions, it is abnormally phosphorylated
and present as C-terminal truncated fragments of 25 kDa and 35 kDa (Ling et al.,
2013; Lee et al., 2012). Additionally, it has been shown that in ALS an alternate
start codon can be used to generate a TDP-35 splice variant which causes
aggregation and motor neuron death (Xiao et al., 2015b). The consequential loss
of TDP-43 within the nucleus potentially results in a loss of function in relation to
the roles it performs in transcription, splicing, miRNA biogenesis and its regulation
of ncRNAs (Ederle and Dormann, 2017). Conversely, the aggregates of TDP-43
within the cytoplasm and mutations of TDP-43 may infer a toxic gain of function

which could also contribute to the pathogenesis of disease.

In support of this, several genes have been found to be differentially spliced in the
lumbar spinal cord of ALS patients and are also seen in transgenic mice which
express low levels of mutant TDP-43 (Xiao et al., 2011; Yang et al., 2014; Arnold
et al., 2013). Additionally, cryptic exons which are normally excluded from
transcripts via TDP-43 repression are found in transcripts within ALS-FTD
(frontotemporal dementia) brains (Ling et al., 2015; Tan et al., 2016). Similarly,
cytoplasmic inclusions may result in the sequestering of TDP-43 which
compromises TDP-43’s cytosolic functions such as mRNA stability, mMRNA
trafficking and translation (Ederle and Dormann, 2017). Evidence shows that
A315T and M337V substitutions of TDP-43 cause abnormal axonal transport of
NFL mRNA (Alami et al., 2014). Mouse models also provide evidence for both a
loss and gain of function mechanism of TDP-43 (Scotter et al., 2015). Conditional
or partial knockout of TDP-43 results in ALS-like motor phenotype and motor
neuron defects (Kraemer et al., 2010; Wu et al., 2012; Iguchi et al., 2013).
Similarly, the overexpression of wild-type TDP-43 also recapitulates disease
phenotypes (Wils et al., 2010).

1.2.1.4.2.3 TDP-43 mouse models

Several TDP-43 ALS mouse models have been developed since it became
apparent that TDP-43 could be a pivotal protein in the diseases aetiology (Table
1.5). Since TDP-43 levels in neurons of patients are high (usually between 1.5 -
2.5 fold higher), the first mouse model attempted to replicate this observation
(Picher-Martel et al., 2016). To achieve this, transgenic mice were made to

overexpress human wild-type TDP-43 to similar levels using the mouse prion
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promoter (mPrp) or the Thy1.2 promoter. The phenotype of these mice varied in
accordance to level of TDP-43 expression. Hemizygous mice did not exhibit the
age dependent motor neuron degeneration that defines ALS (Stallings et al.,
2010). Furthermore, homozygous mice exhibited a rapid onset and fast
deterioration which caused death within approximately 2 months but mostly failed
to recapitulate motor neuron degeneration and the TDP-43 inclusions seen in ALS
(Xu et al., 2010). More success was achieved using the Thy1.2 promoter, these
mice also had an early onset fast progressing phenotype but did show motor
neuron loss (Picher-Martel et al., 2016). An attempt to obtain more faithful models
was made using the human endogenous promoter to express both wild-type and
mutant (A315T and G348C) human TDP-43 at moderate levels (Swarup et al.,
2011). These mice show a progressive motor phenotype (without paralysis) and
showed signs of cognitive impairment. Significantly, the mutant mice also
developed both nuclear and cytoplasmic inclusions positive for TDP-43 and
ubiquitin. It appears that mouse models with low TDP-43 expression exhibit the
motor symptoms of ALS and TDP-43 inclusions but lack paralysis, whilst high
expression of TDP-43 results in a fast disease progression mostly without motor
neuron loss and TDP-43 inclusions (Picher-Martel et al., 2016). Recently, a more
successful TDP-43 model was generated by crossing TDP-43"T and TDP-43Q331K
mice to generate a double transgenic which better capture the ALS phenotype
(Mitchell et al., 2015). Not only did these mice exhibit substantial motor neuron
loss in the anterior horn of the spinal cord but also had proteinaceous inclusions
positive for TDP-43, p62 and ubiquitin. The disease progression in these mice was

rapid with an early onset and the mice died by 8-10 weeks.

1.2.1.4.2.3.1 TDP-43F21% mice

In addition to the transgenic TDP-43 models discussed above, N-ethyl-N-
nitrosourea (ENU) mutagenesis has also been used to generate TDP-43 mutant
mice. A product of this approach was the TDP-43F21 mouse line where the amino
acid substitution is on RRM2 of the TDP-43 protein (Ricketts, 2012). TDP-43F210!
homozygous mice exhibit embryonic lethality but survive at least until embryonic
day 14.5 (E14.5). At this stage, the homozygous mice show signs of
underdevelopment such as reduced organ size. Conversely, heterozygous mice

develop normally when compared to wild type mice. Despite maintaining normal
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nuclear localisation in these mice, TDP-43 was shown to have a lower binding
affinity to UG repeats. Consequently, it was unable to rescue exon skipping in the
CFTR gene in vitro and in ex vivo. It was also shown that both heterozygous and
homozygous mice show altered auto-regulation of TDP-43 and splicing patterns of

other transcripts.
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Table 1.5

Promoter Age at Survival Phenotype
Variant (fold onset (weeks) Paralvsis Cognitive Neuropathological findings and Gliosis Ref.
expression) = (weeks) y symptoms particularities
(Stallings
mPrp (3-4) | None Normal N nd Diffuse ubiquitin staining, no NCI Mild et al.,
2010)
pTDP-43 NCI, cytosolic
gﬁ,{; 3 4-8 Y nd ubiquitination, axonal Y (Xé‘oﬁto‘;'"
' degeneration, no MN loss
Rapid disease progression, rare
mThy1.2 ) ) pTDP-43 NCI, MN loss, (Wils et
(3.8-5.1) 28 4-21 Y nd phenotype correlates with protein Y al., 2010)
level
Males: Mitochondrial aggregation, no
hTDP- T1Tgy?j 62 2/Fem nd nd nd TDP-43 NCI, decreased axon nd ;Shza&%t)
43WT T ales:3 calibre, no MN loss B
mCaMKIIb Brain atrophy, neuron loss, (Igaz et
(0.4-1.7) 4 nd nd nd mosaic expression, rare pTDP-43 Y al.. 2011)
NCI
No motor impairment, neuron (Tian et
CAG None Normal N nd loss in frontal cortex, no NCI nd al., 2011)
i - (Swarup
hEP(3) @ 42 | Normal N Y No TDP-43/ubiquitin NCI, motor |, etal.,
dysfunction without paralysis 2011)
C(a.l.'\éKEl)la \c/:vci)trr:etli?r;[g Early induction: pTDP-43, (Cannon
(induced nd dose of nd nd ubiquitin positive NCI, Y et al.,
from p21) TDP-43 mitochondrial abnormalities. 2012)
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Promoter Age at

Phenotype

: Survival o, . T
Variant (fold onset , Cognitive Neuropathological findings and I Ref.
expression) | (weeks)  \“°°*®) Paralysis symptoms particularities Gliosis
) Learning/memory deficit, TDP- (Tsai et
”g'vjvf m?g’)'f” 8 71 N Y 43ubiquitin positive NCI, Y al.,
progressive motor deficits 2010b)
(Stallings
mPrp (4) 4 10.7 Y nd Rare pTDP-43 NCI, no GCI, MA Y et al.,
2010)
- . i (Wegorze
mPrp (3) 1216 | 22427 Y nd Ubiquitin positive/TDP-43 Y  wskaet
negative NCI, UMN/LMN loss al., 2009)
A31ST TDP-43/ubiquitin positive NCI at (Swarup
hEP (3) 38 Normall N Y 10months, perlpherlq inclusions, Y etal..
decrease axonal calibre, motor 2011)
dysfunction without paralysis
) o (Stribl et
mEP (2.5)° nd nd nd N TDP-43 NCI, 10 % MN loss nd al., 2014)
Decreased motor performance at (Arnold et
Q331K mPrp (1.5) 12 Normal N nd 10 months, muscle fibrillations at Y al., 2013)
EMG, No NCI B
TDP-43/ubiquitin/p62 positive (Mitchell
WT/Q331K | mPrP (3.3) 3 8-10 Y nd NCI, 70 % MN loss in spinal cord Y et al.,
anterior horn 2015)
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Promoter Age at Survival Phenotype
Variant (fold onset (weeks) | Paralysis Cognitive Neuropathological findings and Gliosis Ref.
expression) | (weeks) y symptoms particularities
mPrp 3 4 Y nd Tremors, pTDP-43 NCI, cytosolic v (Xu et al.,
(2.7)2 ubiquitination, no MN loss, MA 2011)
Decreased motor performance at (Arnold et
mPrp (1.5) 40 | Normal N nd 10 months, no NCI nd L, 2013)
Thy1.2 Ubiquitin/TDP-43 NCI, worse (Janssens
(1.7)2 <2 25 Y nd phenotype than TPD-43"T mouse Y etal,
M337V ' 2013)
CaMKlla(T Neuronal cell death at P5, No
RE): line <1 Normal nd nd TDP-43 or ubiquitin aggregates, nd
14A TDP-43 framents (D’Alton et
CaMKIla(T al., 2014)
RE) line 40 Normal nd nd Ubiquitin positive aggregates nd
8A
TDP-43/ubiquitin positive NCI at
10 months, peripherin inclusions (Swarup
G348C hEP (3) 36 36 N Y ’ : ’ Y et al.,
decreased axonal calibre, motor
; . : 2011)
dysfunction without paralysis
Targeted loss of TDP-43 in spinal
cords motor neurons, 60 % loss (Wu et al
HB9-Cre 13 40 nd nd of MN and motor phenotype, Y 2012)
; L )
accumulation of ubiquitinated
Knockout proteins
MA, motor dysfunction in
Vacht-Cre 50 Normal nd nd homozygoug KO, atrophly. of MNs, v (Iguchi et
neurofilament positive al., 2013)

57

accumulations



Promoter Age at Survival Phenotype
Variant (fold onset (weeks) | Paralysis Cognitive Neuropathological findings and Gliosis Ref.
expression) | (weeks) y symptoms particularities
TDP-43-25 . (Caccamo
(25kDa T?X 71)2 24 nd N nd No neurodegf;le\lrca:’ilon, no TDP- Y etal.,
fragment) ' 2012)

Table 1.5 Table summarising the mouse models of TDP-43. Y = yes, N = no, nd = not described, a = homozygotes, b = TRE
induction after birth, C = knock-in mice, NCI = neuron cytoplasmic inclusion, GCI = glial cytoplasmic inclusion, KO = knockout,

MA = muscle atrophy, hEP = human endogenous promoter, mEP = mouse endogenous promoter, MN = motor neuron. Adapted
from Picher-Martel et al. 2016 with more information from McGoldrick et al. 2013; Philips & Rothstein 2015.

58




1.2.1.4.3 Fused in Sarcoma (FUS)

Two concurrent reports in 2009 reported that ALS cases linked to chromosome 16
were caused by mutations in the fused in sarcoma (FUS) gene (Kwiatkowski et al.,
2009; Vance et al., 2009). The FUS gene consists of 15 exons which encode the
526 amino acid FUS protein, which is also known as translocated in liposarcoma
(TLS) (Aman et al., 1996; Dormann and Haass, 2011). Mutations in FUS are
mostly dominant and are understood to explain approximately 4 % of fALS cases
and <1 % of sALS cases (Cirulli et al., 2015; Robberecht and Philips, 2013).
Interestingly, FUS exhibits a significant functional overlap with TDP-43, which
further implicated RNA metabolism as a central pathology in ALS (Renton et al.,
2014).

1.2.1.4.3.1 Structure and function of FUS

FUS is a highly conserved, ubiquitously expressed protein belonging to the FET
(Fus, EWSR1 and TAF15) family which also includes TAF15 and Ewing RNA
binding protein (EWS) (Deng et al., 2014). Structurally, FUS consists of an N-
terminal transcriptional activation domain (QGSY rich region), a glycine rich
region, an RRM domain (with nuclear export signal), a arginine-glycine-glycine
repeat (RGG) region, a C2/C2 zinc finger motif, a second RGG region and a C-
terminal proline-tyrosine (PY) nuclear localisation signal (Figure 1.5) (Guerrero et
al., 2016; Svetoni et al., 2016). Interestingly, two prion-like domains were identified
within the FUS protein which span the initial 126 N-terminal residues of the QGSY
rich region and residues 391 to 405 of the second RGG region (Gitler and Shorter,
2011; Cushman et al., 2010). Most ALS associated FUS mutations are found
within exons 12-15 of the FUS gene which encode for the C-terminal portion of the
protein, specifically the C2/C2 zinc finger motif, the third RGG region and the
nuclear localisation signal (Svetoni et al., 2016). The rest of the mutations are
within exons 3 - 6 which encode the QGSY rich region and the first RGG region.
Similar to TDP-43, FUS shuttles between cytoplasmic and nuclear compartments

despite being a predominantly nuclear protein (Zinszner et al., 1997).
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Figure 1.5

(@)

1 165 267 285 371 422 453 501 526
FUS QGSY-rich _ RRM RGG RGG ]
Mutations [__[] O W 0 FF T I HEC TR i ol | frir
. Nuclear localisation signal
(b) |:| Nuclear export signal
Mutations
P18S G174-G175del G228-G229insG M464I R502WfsX15 E516V
S57del G187S G230delG G466VIsX14 G503wWfsX12 H517D/P/Q
N63S G191S G230C G472VfsXh57 G5H04\WfsX12 R518G/K/del
S96del G206S R234C/L R487C G507D Q519X
S115N Q210H R244C R491C G509D R521S/G/C/H/L
S142N R216C G245V G492EfsX527 K510WfsX517 R522G
G144-Y149del G222-G223insG M254V R495X K510E/R R524R/SIT/W
G156E G223del R383C R495EfsX527 S513P P525L
N159Y G225V G399V R495QfsX527 R514G/S X527YextX
G173-G174del G226S S462F G497 AfsX527 G515C

Figure 1.5 (a) Diagram of FUS protein structure showing the QGSY-rich region, Glycine rich domain, RNA recognition motif,
nuclear export signal, two glycine-arginine-arginine (RGG) rich domains, a Zinc finger motif (Zn) and the nuclear localisation
signal. The sites affected by mutations are also shown. (b) List of all known FUS mutations which alter the amino acid sequence.
Adapted from Kapeli et al. 2017; Harrison & Shorter 2017.
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Originally, FUS was thought to preferentially bind to RNA sequences which
harboured a GGUG motif (Lerga et al., 2001; Lagier-Tourenne et al., 2012).
However, several studies failed to reproduce this finding and it is becoming
increasingly clear that the secondary and tertiary structure of RNA is more
important for FUS binding (Colombrita et al., 2012; Hoell et al., 2011; Ishigaki et
al., 2012; Rogel;j et al., 2012). Like TDP-43, FUS is implicated at multiple levels of
RNA metabolism.

Several lines of evidence indicate that FUS has a role in the regulation of
transcription. For example, FUS can directly bind to the C-terminal region of RNA
polymerase Il, and in doing so regulates the phosphorylation of serine 2 of the
enzyme and in turn its activity, and FUS can also interact with its general
transcription factor, transcription factor Il D (TFIID) (Schwartz et al., 2012;
Bertolotti et al., 1996). Additionally, FUS has a well-documented role in regulating
the splicing of many transcripts as it can interact with various components of the
spliceosome which are required for its assembly, including SMN, U1 small nuclear
ribonucleoprotein (SnRNP) and SM-snRNPs (Gerbino et al., 2013; Yamazaki et al.,
2012). As with TDP-43, FUS has also been implicated in the regulation of miRNA
biogenesis. It was shown to not only interact with Drosha but also recruit it to sites
of active transcription to promote the processing of pri-miRNAs (Gregory et al.,
2004; Morlando et al., 2012). FUS has also been shown to interact with a large
proportion (30 %) of all known INRNAs (Lagier-Tourenne et al., 2012; Lourenco et
al., 2015). FUS is also involved in the translocation of mMRNA for local translation in
neurons. For example, in hippocampal neurons, FUS is seen localised to mRNP
granules in dendrites and within axon terminals (Fuijii et al., 2005; Schoen et al.,
2016).

FUS has also been shown to be involved in DNA repair mechanisms following
DNA damage. It is able to promote the formation of D-loops and homologous
recombination in response to DNA double strand breaks (Baechtold et al., 1999).
Additionally, FUS was shown to be recruited to the site of DNA damage through its
interaction with Poly-ADP-ribose (PAR) polymerase (Rulten et al., 2014).
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1.21.4.3.2 FUS in ALS

Similar to TDP-43, FUS is a component of ubiquitinated inclusions in neurons and
glial cells within the motor cortex, basal ganglia and spinal cord (Nolan et al.,
2016). However, it is important to note that the two proteins are mutually exclusive
in relation to their presence in these inclusions, with no TDP-43 in ALS-FUS
cases. Significantly, most FUS mutations are localised within the C-terminal NLS
domain which may be the primary cause of FUS mislocalisation (Dormann et al.,
2010). FUS related fALS is predominantly a LMN disease which typically presents
at a younger age and exhibits a more severe progression. The toxicity of these
aggregates is yet to be fully understood (Ratti and Buratti, 2016). However, it is
thought that they may act as protein sinks which reduce the availability of active

proteins in the cells.

As with TDP-43, the loss of FUS function within the nucleus has been suggested
to result in altered mRNA processing (Ederle and Dormann, 2017). For example,
FUS harbouring pathogenic mutations caused the relocation of shnRNPs to the
cytoplasm and consequently altered alternative splicing (Gerbino et al., 2013).
Similarly, mice made to express FUS which mislocalises to the cytoplasm due to a
lack of its NLS, showed aberrant splicing. The same phenotype was also observed
in FUS knockout mice (Scekic-Zahirovic et al., 2016). Alterations in splicing were
also observed in patient fibroblasts harbouring FUS mutations which cause a loss
of FUS activity (Sun et al., 2015). However, FUS knockout mice do not show
motor symptoms, suggesting that a loss of FUS function is not enough to cause
motor neuron death (Gerbino et al., 2013). Conversely, the overexpression of wild-
type FUS has been shown to cause motor symptoms in mice suggesting a toxic
gain of function (Mitchell et al., 2013). Therefore, evidence exists for both loss and

gain of function mechanisms in the pathogenesis of FUS.

1.2.1.4.3.3 FUS mouse models

As discussed above, FUS knockout mice were originally generated to investigate
the role of FUS in DNA damage (Hicks et al., 2000). These mice were sterile and
died within 24 hours of birth. More recently, another line of FUS knockout mice did
generate mice which grew to adulthood (Kino et al., 2015). These mice did not
show ALS-like phenotypes until almost two years but did show behavioural

abnormalities including hyperactivity and a reduction in anxiety-like behaviour.
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Mice overexpressing human wild-type FUS were also generated and exhibited
motor neuron degeneration and consequently paralysis from 8 weeks of age.
However, despite a cytoplasmic increase in FUS there were no ubiquitinated FUS
inclusions (Mitchell et al., 2013). An additional mouse line was also generated
using the ubiquitously expressed CAG promoter to drive FUSWT or FUSR5216
expression. These mice lacked degeneration of both lateral spinal column and
ventral horns, and did not have FUS inclusions but did show motor impairment and

gliosis (Sephton et al., 2014). Table 1.6 summarises these FUS mouse models.
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Table 1.6

Age at Survival Phenotype
Variant Promoter  onset (weeks) | Paralysis Cognitive | Neuropathological findings and Gliosis Ref.
(weeks) y symptoms particularities
24 h death, chromosomal (Hicks et
<0 n/a nd nd nd nd abnormality, sterility nd 41 2000)
No motor phenotypes, (Kino et al.,
n/a nd nd nd Y hyperactive behaviour nd 2015)
Tremors, weight loss, deficit in
10-13 rotarod, increased cytoplasmic (Mitchell et
WT
hFUS mPrp | 4weeks |\ oeks Y N FUS, spinal MN lossand NMJ ' al,, 2013)
loss
More lethality in FUS", no MN
loss in lateral column, MA
hFUSWT, s (Sephton et
hEUSRS21G CAG 10 30 N Y NMJ Iossz reduced social Y al., 2014)
interaction and motor
performance
hEUSWT SBT- nd nd nd nd Normal FUS localisation in nd
rAAV nucleus,
hEUSRS21C SBT- nd nd nd nd FUS redlstrlputed ?[0 nd (Verbeeck
rAAV cytoplasm, no inclusions et al.,
SBT- Most redistribution of FUS to 2012)
hFUSA™ AAV nd nd nd nd nucleus, NCls positive for FUS, nd

ubiquitin, p62, a-internexin

Table 1.6 Table summarising the mouse models of FUS. Y = yes, N = no, nd = not described, NMJ = neuromuscular junction,

MN = motor neuron, NCI = neuronal cytosolic inclusion. Adapted from Picher-Martel et al. 2016 with extra information from
McGoldrick et al. 2013.




1.2.1.4.4 C90rf72 hexanucleotide repeat expansion

Linkage analysis and genome-wide association studies indicated the existence of
an important genetic locus on chromosome 9p21 for ALS, FTD and ALS-FTD (see
section 1.2.1.7) (Renton et al., 2011). Subsequently, a GGGGCC (G4C2)n
hexanucleotide repeat expansion within the non-coding region of the chromosome
9 open reading frame 72 gene (C9orf72) was identified as the cause of
chromosome 9p21 related ALS, FTD and ALS-FTD (Renton et al., 2011; DeJesus-
Hernandez et al., 2011). This repeat expansion is now known to be the most
common cause of both fALS (40% of cases) and sALS (7% of cases) (Cirulli et al.,
2015).

C9orf72 is a highly-conserved gene consisting of 11 exons where the repeat
expansion is within the intronic region flanked by the non-coding exons 1a and 1b,
as shown in Figure 1.6 (Wen et al., 2017; Todd and Petrucelli, 2016). The pre-
messenger RNA (pre-mRNA) expressed by C9orf72 is alternatively spliced to
generate 3 different transcript variants (Todd and Petrucelli, 2016). Transcript
variants 1 and 3 retain exon 1a and therefore the hexanucleotide repeat is
localised within the intron between 1a and 1b. On the other hand, transcript variant
2 retains exon 1b and this means the repeat is within its promoter region. The size
of the repeat within healthy individuals is varied with some reported as high as 23
but most have 2 to 8 repeats (Freibaum and Taylor, 2017). Conversely, affected
individuals have 30 or more G4C2 repeats but commonly can harbour expansions

of this repeat numbering in the thousands.

1.2.1.4.4.1 Structure and function of C9orf72

Unfortunately, to date the protein encoded by the C9orf72 gene is still poorly
characterised. The aforementioned transcript variants lead to the translation of two
isoforms of the protein, a 481 amino acid isoform a (from transcript variants 2 and
3) and a 222 amino acid isoform b (from transcript variant 1) (Todd and Petrucelli,
2016; Tang, 2016). Intracellularly, C9orf72 is localised in both the cytoplasmic and
the nuclear compartments and is seen on some intracellular membranes (Farg et
al., 2014). Additionally, there is evidence that it can be secreted into the

extracellular environment (Tang, 2016).

65



Figure 1.6 ey TG TAA
Genomic c90ri72- <

1a 1b 2 345678910 1

Transcription / \
Variant 1 Variant 2

ATG TAA ATG TAA
. (G,C,), (G,C),
1a 2 345 1b 2 34 567 8910 M
Variant 3
ATG TAA
(G,C.),
CQon‘72~I—'*—,9LI
Translation 1a 2 34567 8910 N1
Y l
Y 1 222 1 481
Protein
L LTI
Isoform b Isoform a

Figure 1.6 Diagram depicting the generation of the two isoforms of the protein encoded by C9orf72. The red star depicts the
position of the (G4C2)n expansion. Three different transcripts are produced leading to the production of an a and b isoform.
Adapted from Todd & Petrucelli 2016.
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Structurally, the defining feature of C9orf72 is the presence of a “differentially
expressed in normal and neoplastic cells” (DENN) domain (Zhang et al., 2012;
Levine et al., 2013). This DENN domain is flanked at the N-terminus by a longin
domain (u-DENN domain) and at the C-terminus by alpha domain (d-DENN
domain) (Zhang et al., 2012).

The presence of a DENN domain indicates that C9orf72 is a modulator of Rab
GTPase activity by acting as a Rab Guanine exchange factor (GEF) (Tang, 2016).
Supporting this notion is the fact that C9orf72 was seen to co-localise and
immunoprecipitate with Rabs 1, 5, 7 and 11 in neuronal cell lines and primary
motor neurons (Farg et al., 2014). Similar co-localisation was also seen between
C9orf72 and Rab11 and 7 in human spinal motor neurons (Farg et al., 2014). Rab
GTPases are responsible for regulating membrane trafficking throughout the cell
by interacting with molecular motors, vesicular coat proteins and SNARE proteins.
Therefore, the implication is that C9orf72 is able to modulate membrane trafficking

through its regulation of Rab proteins (Tang, 2016).

Additionally, C9orf72 forms a tripartite complex with two other proteins. The first is
another DENN protein called Smith-Magenis Syndrome chromosome region
candidate 8 (SMCRS8) and the second is WD-40 repeat 1 (WDR41) which has an
unknown function (Zhang et al., 2012; Sullivan et al., 2016). The C9orf72-SMRC8-
WDRA41 tripartite complex interacts with Rabs including Rab8A and Rab39B which
are important for regulating neuronal trafficking and dendritic transport of receptors
(Tang, 2016). Furthermore, this tripartite complex also interacts with FAK family
kinase-interacting protein of 200 kDa (FIP200), autophagy-related 13 (ATG13) and
Unc-51-like kinase 1 (ULK1) which are involved in the initiation of autophagy
(Sullivan et al., 2016; Webster et al., 2016). Evidence suggests that C9orf72
regulates autophagy initiation by interacting with both Rab1a and ULK1 complex
(FIP200, ATG13, ULK1) (Webster et al., 2016). In doing so, it mediates the
interaction between the complex and Rab1a, thereby regulating the trafficking of
the complex to the phagophore for the initiation of autophagy. Further implicating
C9orf72 in autophagy is evidence that it localises to autophagosome-like
structures which are positive for the autophagosome marker microtubule-
associated protein 1A/1B-light chain (LC3) (Farg et al., 2014). Additionally, there is

evidence that C9orf72 has a further role in directing aggregated protein clearance
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via Rab39B and p62 (Tang, 2016). Interestingly, while this complex does not
interact with the ALS associated TRAF family member-associated NF-KB activator
(TANK)-binding kinase 1 (TBK1), it does interact with TBK1 adaptors such as
TANK, and TBK1 is a substrate for SMRC8 (important for autophagy regulation)
(Tang, 2016). Mutations in TBK1 are known to be associated with ALS (Cirulli et
al., 2015).

Overall, there is mounting evidence that through its interactions with Rab
GTPases, C9orf72 is deeply involved in the regulation of membrane trafficking and

autophagy (Tang, 2016).

1.2.1.4.4.2 C90rf72 in ALS

The pathological mechanisms underlying how the (G4Cz2)n repeat expansion
causes disease is still not fully understood. The reduction in mMRNA of the three
transcripts of C9orf72 in patients potentially indicates that this is mediated by a
loss of function (Haeusler et al., 2016). A similar decrease was observed using
antibodies directed at the C9orf72 protein in patient fibroblasts (Renton et al.,
2011). However, another study showed a specific decrease in the protein levels of
the long isoform and a concomitant increase in the short isoform (Xiao et al.,
2015a). Further evidence against a loss of function arose from the comparison of
heterozygous and homozygous patients. In the event of a loss of function
mechanism you would expect the homozygous patients to show a more severe
phenotype in comparison to heterozygous patients but this was not the case
(Fratta et al., 2013). Furthermore, reducing C9orf72 expression in mice either by
knockout, conditional knockout or using antisense oligonucleotides failed to
produce ALS-like phenotypes (Haeusler et al., 2016). Therefore, the consensus is
that the pathology of C9orf72 is caused by a toxic gain of function at both the RNA

level and protein level.

The (G4C2)n repeat expansion leads to the formation of predominantly nuclear
RNA aggregates (RNA foci) within the CNS of patients (Moens et al., 2017;
Haeusler et al., 2016). RNA foci are also formed by the bidirectional transcription
of the repeat expansion producing aggregates formed of transcripts with a (G4C2)n
expansion. Additionally, the (G4Cz2)n expansion causes the formation of both G-

quadroplex and R-Loop structures (Wen et al., 2017). The RNA foci are known to
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sequester several RNA binding proteins which inevitably results in them being
unavailable for normal RNA metabolism (Moens et al., 2017). Furthermore, the G-
quadruplex and R-loop structures have been observed to cause nucleolar stress
including a disruption of polymerase activity (Haeusler et al., 2014). Significantly, a
correlation between the increased number of RNA foci in the frontal cortex and the
age of onset of FTD has been reported (Mizielinska et al., 2013). The final gain of
function mechanism arises when RNA transcripts containing the (G4Cz2)n repeat
expansion enter the cytoplasm and are subsequently translated into dipeptide
repeats through repeat-associated non-ATG-dependent (RAN) translation
(Haeusler et al., 2016). This translation results in the production of glycine-proline
(GP), glycine-alanine (GA) and glycine-arginine (GR) dipeptide repeats from the
sense transcript of the (G4C2)n repeat expansion. Conversely, the antisense
transcript generates proline-glycine (PG), proline-arginine (PR) and proline-alanine
(PA) dipeptides. These dipeptide repeat proteins are found to be part of p62
positive, TDP-43 negative inclusions in both neurons and glial cells in patients
(Wen et al., 2017). However, they are rarely seen in spinal cord motor neurons
(Haeusler et al., 2016). It remains unclear how significant the contribution of these

products of RAN translation are to the pathogenesis of disease.

1.2.1.4.4.3 Mouse models of the C90rf72 hexanucleotide repeat expansion
The first report of a mouse model for the C9orf72 (G4C2)n hexanucleotide repeat
expansion was published in 2014 (Hukema et al., 2014). However, the paper
describing this model was subsequently retracted (Hukema et al., 2016).
Nevertheless, a mouse model was finally generated using an AAV vector injected
into the CNS of PO mice (postnatal day 0) which caused the expression of 2 or 66
repeats of G4C2 (Chew et al., 2015). Subsequently, further mouse models using a
bacterial artificial chromosome (BAC) were reported in 2015 (O’'Rourke et al.,
2015; Peters et al., 2015). Table 1.7 summarises mouse models reviewed in
Picher-Martel et al., 2016.
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Table 1.7

Number Age at

Survival Phenotype
of Promoter  onset (weeks) | Paralysis Cognitive Neuropathological findings and Gliosis Ref.
repeats (weeks) y symptoms particularities
Nuclear RNA foci, phosphoTDP-
43 inclusions, cytosolic and (Chew et
66 nd 24 Nd nd Y nuclear DPR, anxiety and social Y al., 2015)
abnormalities, motor impairment
(O’'Rourke
100-1000 BAC None Normal N N RNA foci, DPR, no NCI N et al.,
2015)
500 BAC None | Normal N N RNA foci, DPR, no NCI N (;etggﬁ 56;
RNA foci, DPR, age-dependent
protein accumulation, no motor (Jiang et
450 BACP 52 Normal N Y deficits or MN loss, age N al 2(?16)
dependant cognitive deficit, no "
TDP-43 mislocalisation
NMJ loss, reduced axonal size, Liu et al
500 BACP 16 20-40¢ Y Y MN loss, RNA foci, DPR, TDP-43 Y ( 2L(J)16 "
NCI a)

Table 1.7 Table summarising the mouse models of C9orf72. Y = yes, N = no, nd = not described, MN = motor neuron, MNJ =
neuromuscular junction, DPR = dipeptide repeat, PBAC clone had sequence for human C9orf72 exons and promoter, ¢34% of

female mice died within this period, majority of other mice developed cognitive symptoms at older age. Adapted from Picher-
Martel et al. 2016.
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1.2.1.4.5 Peripherin

Peripherin is a class Il intermediate filament that in adults is predominantly
expressed in the PNS and at low levels in select neuronal populations of the CNS
including spinal motor neurons (Troy et al., 1990a; Goldstein et al., 1991, 1996;
Troy et al., 1990b; Brody et al., 1989; Parysek and Goldman, 1988; Leonard et al.,
1988). Peripherin expression is at its highest levels late in embryological
development and in the early postnatal brain (Kost et al., 1992). Specifically,
peripherin is highly expressed during the initial stages of neuritic outgrowth and
axonogenesis, and subsequently diminishes (Szaro and Strong, 2010; Lariviere
and Julien, 2004).

1.2.1.4.5.1 Structure and function of peripherin

Intermediate filaments (IFs) are defined by a diameter of approximately 10 nm and
thus are “intermediate” to the diameter of the other two main components of the
cytoskeleton, actin and microtubules (Lépinoux-Chambaud and Eyer, 2013). In
humans, there are 70 different genes encoding IFs which are classified into 6
distinct classes: class | and Il (acidic and basicic keratins respectively), class lll
(vimentin, desmin, peripherin and glial fibrillary acid protein (GFAP), Class IV
(neurofilament light (NFL), neurofilament heavy (NFH), neurofilament middle
(NFM) and a-internexin), class V (nuclear lamins), and class VI (nestin) (Yuan et
al., 2017; Szeverenyi et al., 2008). IFs were originally thought to only confer
structural and mechanical integrity to cells. However, they are now known to be
involved in physiological functions including regulating the distribution of

organelles, signal transduction and gene regulation (Kornreich et al., 2015).

All IFs, including peripherin, share a common tripartite structure which consists of
a predominantly a-helical central rod domain that is flanked by the non a-helical
“head” (N-terminal) and “tail” domains (C-terminus), as shown in Figure 1.7
(McLean et al., 2008). The rod domain is subdivided in to 3 coiled domains (1a, 1b
and 2a/b) which are interspaced by non a-helical linkers (L1 and L12). Unlike the
conserved central rod domain, both the head and tail domains exhibit variability
between IFs. For example, peripherin has a relatively short tail domain, harbouring
a single site of tyrosine phosphorylation (Yuan et al., 2017; Chernyatina et al.,
2015). The rod domain is thought to confer the ability for IFs to assemble into

filamentous networks (McLean et al., 2008).
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Figure 1.7
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Figure 1.7 Diagram showing the genomic structure of the peripherin gene,
resulting mRNA transcripts and protein isoforms. Per-58 is the canonical
isoform and uses all 9 exons. Per-56 is generated by the use of a cryptic
acceptor site on exon 9 which results in the deletion of 62 base pairs which
causes a frameshift. This means the C-terminal 21 amino acids are replaced
with 8 new amino acids (shown in orange on the Per-56 transcript) and a
premature stop to translation, which overall creates a new C-terminus (shown
in red in the Per-58 transcript). Per-61 is formed by the retention of intron 4
(shown in green on the Per-61 protein). Per-45 is generated by the use of an
alternate start codon during translation, resulting in a shorter N-terminus. Per-
28 is generated due to the retention of introns 3 and 4 which leads to a
premature stop codon. Adapted from Suter 2008 with added information from
Zhao & Ronald K.H. Liem 2016

Peripherin has been shown to be able to assemble into both homopolymeric and
heteropolymeric filaments by co-assembling with the neurofilament subunits (NFH,
NFL and NFM) (Beaulieu et al., 1999; Athlan and Mushynski, 1997; Parysek et al.,
1991; Cui et al., 1995; Ho et al., 1995). As such, it had long been hypothesised
that peripherin may be a subunit of neurofilaments due to its expression also being
limited to neurons and being particularly enriched in axons (Portier et al., 1983).
However, only recently has this been confirmed by the application of the criteria

that define the subunits of neurofilaments to peripherin (Yuan et al., 2012).

The precise biological function of peripherin remains to be elucidated. However, it
has been implicated in neurite growth and stability, primarily because there is an
increase in peripherin expression during the initiation of axonal outgrowth (Zhao
and Liem, 2016). However, blocking peripherin synthesis using antisense
oligonucleotides in PC12 cells suggested that peripherin is involved in stability but
not the initiation of neurite outgrowth (Troy et al., 1992). Conversely, siRNA
knockdown of peripherin also in PC12 cells impeded the initiation, extension and
subsequent maintenance of neurites (Helfand et al., 2003). In peripherin null mice
there is no discernible decrease in viability or the presence of any observable
phenotype (Lariviere et al., 2002). Additionally, there were no abnormalities in the

ventral and dorsal roots or other regions of the spinal cord. However, the there
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was an increase in a-internexin which may have compensated for the loss of
peripherin. However, a subset of sensory neurons did show defects. Recently,
peripherin has also been implicated in vesicle trafficking through its association
with SNAP25 interacting protein 30 (SIP30) (Gentil et al., 2014). Additionally,
peripherin may be involved in the transport of TDP-43 to the neurite terminals

(Muresan and Muresan, 2016).

1.2.1.4.5.1.1 Peripherin isoforms

Rat cDNA encoding peripherin was originally isolated from PC12 cells in 1988
(Leonard et al., 1988). Subsequently, three peripherin isoforms were identified at
both mRNA and protein level by the screening of a mouse neuroblastoma cell line
(Landon et al., 1989, 2000). These alternatively spliced isoforms were named Per-
58 (the canonical isoform which corresponds to the cDNA isolated in 1988 by
Leonard et al), Per-56 and Per-61, as a reference to their molecular weight (kDa).
Per-58 (457 amino acids) is produced by a transcript consisting of all 9 exons of
the PRPH gene (Figure 1.7). One the other hand, Per-56 (461 amino acids) arises
by the use of a cryptic acceptor site at the beginning of exon 9 which results in a
deletion of 62 nucleotides. Consequently, the deletion of these base pairs results
in a frameshift which substitutes the C-terminal 21 amino acids with 8 new amino
acids (LLRPQPEL), forming a unique C-terminus. Per-61 (507 amino acids) is
formed by the retention of intron 4, which encodes for a further 32 amino acids at
the beginning of the third coiled domain of peripherin (2a). Per-61 is only produced
in mice due to the difference in the sequence of intron 4 between the two species
(Xiao et al., 2008). Intron 4 in mice is 96 bp in length, while in humans it is 91 bp
and its retention would cause a frameshift resulting in a premature stop codon
yielding a 32 kDa C-terminally truncated protein, thus precluding the existence of
Per-61 in humans. Subsequently, a 45 kDa peripherin isoform (Per-45) was
identified, which is generated by the use of a downstream in frame alternate start
codon (McLean et al., 2008). Specifically, in the mouse peripherin gene, the third
ATG start codon (MATG?) of the transcript is used as the translational start site
instead of the canonical second ATG (mMATG?). In the human gene, the second
ATG start codon (hATG?) is used instead of the canonical first ATG codon
(hATG"). Finally, a human specific 28 kDa isoform (Per-28) was identified, which is

generated by the retention of introns 3 and 4 (Xiao et al., 2008). This results in the
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use of a premature stop codon 30 bp into intron 3, yielding the C-terminally
truncated 28 kDa protein. In summary, Per-58, Per-56, Per-45 and Per-61 exist in
mice, and Per-58, Per-56, Per-45 and Per-28 exist in humans, see Figure 1.7 for

summary.

1.2.1.4.5.1.2 Peripherin in ALS

Peripherin is a major constituent of the ubiquitinated proteinaceous inclusions in
ALS including in “Lewy-body like” inclusions, hyaline conglomerate inclusions,
axonal spheroids and Bunina bodies (Corbo and Hays, 1992; He and Hays, 2004;
Migheli et al., 1993; Wong et al., 2000; Mizuno et al., 2011). Additionally, there is
an upregulation of peripherin expression in ALS lumbar spinal cord tissue
(Robertson et al., 2003; McLean et al., 2010). Also, a similar increase was also
observed at the mRNA level in ALS cervical and lumbar spinal cord tissue (Strong
et al., 2004). There is also a specific increase in the Per-28 isoform of peripherin at
both the mRNA and protein level in ALS spinal cord (Xiao et al., 2008).
Interestingly, it was shown that alteration of the stoichiometry of Per-28 expression
relative to the other peripherin isoforms induced aggregation formation in
SW13vim(-) cells (a human adrenal cortex carcinoma-derived cell line lacking
expression of intermediate filaments) (Xiao et al., 2008; Hedberg and Chen, 1986).
Similar results were obtained by the expression of the isoform in motor neurons.
Furthermore, Per-28 was seen to be a component of the aggregates seen in ALS
spinal cords. These findings indicate that the alternative splicing of peripherin is
altered in ALS tissue resulting in increased Per-28 and its presence within

aggregates.

Interestingly, increases in peripherin expression are typically associated with
neuronal injury and regeneration (Xiao et al., 2006). This may suggest an attempt
of injured neurons to recover following injury. However, transgenic mice
overexpressing peripherin exhibit age dependent motor neuron degeneration with
a late onset (approximately 2 years) which occurs much sooner if compounded
with a lack of NFL (a reduction of NFL has been reported in ALS) (Beaulieu et al.,
1999). A similar result occurs when peripherin is overexpressed in cultured motor
neurons (Robertson et al., 2001). Recently, peripherin was identified as part of a
protein signature that characterises vulnerable neurons in ALS (Hedlund et al.,
2010; Comley et al., 2015).
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Peripherin was also detected in aggregates present in SOD1¢9A transgenic mice
(Tu et al., 1996). Similar peripherin pathology was also observed in SOD1637R
transgenic mice with peripherin localised to aggregates in both symptomatic and
pre-symptomatic mice, indicating peripherin pathology occurs at an early stage of
the disease (Beaulieu et al., 1999). Additionally, the expression of the assembly
incompetent Per-61 isoform in motor neurons is toxic and leads to neuronal death
(Robertson et al., 2003). Per-61 was also detected in both SOD1¢%7R and
SOD1%%A transgenic mice but not in wild-type or peripherin transgenic mice
(McLean et al., 2010; Robertson et al., 2003). These data indicate that Per-61 may
be a neurotoxic splice variant of peripherin which contributes to ALS. Additionally,
Per-56 was found to aggregate in small diameter sensory dorsal root ganglion
neurons and is detrimental to the assembly of NFL and NFM (Sassone et al.,
2016).

Finally, 2 PRPH missense mutations and a deletion have been associated with
ALS, see Table 1.8 for details. Additionally, 2 missense mutations, ¢.706-13C>T
and C.870+12G>A, in introns 3 and 4 respectively, may affect the protein
sequence of Per-28 or Per-61 (Corrado et al., 2011).

1.2.1.4.5.1.2.1 Peripherin isoform expression in TDP-432315T transgenic mice
Alterations in the expression of peripherin isoforms in TDP-43A315T mice were
previously reported (Barri, 2015). Analysis of the lumbar spinal cord of these mice
showed alterations in the levels of Per-45, Per-56 and an unidentified isoform at
50 kDa. It was suggested that the changes in Per-45 represented a potential role
for TDP-43 in regulating the alternative translation of this isoform. Furthermore,
significantly increased expression of Per-61 was also detected in the same TDP-
43A315T model and in TDP-43%348C mice which also had significant peripherin

pathology (Swarup et al., 2011).
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Table 1.8

Base pair Type of Amino acid

change mutation | substitution Details Ref.
Prone to form (Leung et
aggregates in al., 2004;
c.420G<T @ Substitution p.D141Y comparison to wild-type | Corrado
peripherin in transfected et al.,
cells. 2011)

Affects a highly
conserved residue and

is predicted to have a (Corrado
c.398G>C  Substituton =~ p.R133P pr etal.,
detrimental effect on 2011)
protein structure and
function.
Results in a predicted
truncated peripherin
isoform of 85 amino acid
residues (8.8kDa) with
the C-terminal 9 amino
acids being unique to (Gros-
c.228delC  Deletion . g uniq Louis et
the isoform. This isoform
al., 2004)

was assembly
incompetent and
disrupted filament
formation of the other
isoforms with NFL.

Table 1.8 Table showing the PRPH mutations associated with ALS.

1.2.1.5 Autophagy

As discussed, intracellular inclusions are a neuropathological hallmark of ALS and
other neurodegenerative diseases (Webster et al., 2017; Blokhuis et al., 2013;
Ross and Poirier, 2004). In ALS, these inclusions are found in affected neurons
and glial cells within the brain stem, spinal cord, cerebellum, hippocampus and
frontal and temporal lobes (Webster et al., 2017). As previously mentioned,
ubiquitinated inclusions are most commonly positive for TDP-43 with the exception
being SOD1 and FUS related fALS in which SOD1 and FUS positive inclusions
are seen, respectively (Webster et al., 2017). Several other proteins in ALS also
demonstrate a propensity to aggregate which include VCP, DCTN1, OPTN,
UBQLNZ2 and dipeptide repeats generated from the repeat expansion in C9orf72.
These proteinaceous inclusions in ALS are thought to be a result of the failure of

clearance mechanisms including the autophagy-lysosome pathway.

77




Macroautophagy (hereafter referred to as autophagy), the most prevalent form of
autophagy, is a highly conserved catabolic process responsible for the
degradation of cellular contents including misfolded proteins and organelles (Deng
et al., 2017b; Gao et al., 2017). The precise mechanism of autophagy is beyond
the scope of this thesis but is reviewed here Bento et al., 2016.

Importantly, several proteins encoded by ALS linked genes are involved
autophagy, see Table 1.9. Clearance mechanisms such as autophagy are
particularly important in neurons as they are post-mitotic and so are unable to
clear protein aggregates through asymmetric distribution (Lee et al., 2015).
Additionally, the morphology of neurons presents further unique problems for the
autophagy process (Ramesh and Pandey, 2017). Autophagosomes are able to
form within any region of neurons where toxic substrates form that require disposal
(Maday, 2016). However, the principal location of lysosomes, with which
autophagosomes fuse to form autolysosomes to facilitate the degradation of its
contents, is within the soma. Therefore, these autophagosomes are actively
transported by dynein/dynactin from the periphery towards the soma (Maday,
2016). Interestingly, autophagosomes simultaneously bind both dynein and
kinesin-1 motors which allows for bidirectional motility (Maday et al., 2012).
However, this bidirectional movement is only exhibited in the initial stages, soon
after the activity of the bound kinesin-1 motors is attenuated resulting in primarily
retrograde movement which is driven by dynein. As the autophagosomes become
more acidified the movement once again becomes more bidirectional. This
transport is regulated by huntingtin and JIP1 through their interactions with dynein
and kinesin-1 (Wong and Holzbaur, 2014; Fu et al., 2014).

Interestingly, the knockdown of the neuron specific intermediate chain, DYNC1I1,
caused an impairment in the arborisation of cultured hippocampal neurons (Liu et
al., 2016b). It was found that this could be rescued by stimulating the RAS-RAF-
MEK signalling pathway which stimulates MEK-dependent autophagy.
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Table 1.9

Gene
Symbol

Protein

Autophagy involvement

Ref.

C9orf72

TBK1

OPTN

SQSTM1

UBQLN2
TARDBP

FUS
VvCP
SOD1

ALS2

VAPB
SigR1

C9orf72

TBK1

Optineurin

P62

Ubiquilin-2
TDP-43

FUS
Vasolin-containing protein

Superoxide dismutase 1

Alsin

Vesicle associated membrane
protein -associated B/C

Sigma receptor-1

Regulates the initiation of autophagy.
Phosphorylates autophagy receptors (p62
and OPTN) and it also regulates selective

autophagy.

A substrate of TBK1 and autophagy
receptor protein and is also involved in
selective autophagy.

A substrate of TBK1 and ULK1, is an
autophagy receptor and is involved in
selective autophagy.

A potential autophagy receptor.
Regulates autophagy initiation and
autophagosome-lysosome fusion.
ALS-linked mutations (P525L and R522G)
impair autophagy.

Regulates the clearance of lysosomes.

Mutant SOD1 disrupts autophagy.

Pathogenic mutations in ALS2 disrupt the
formation of amphisomes

Regulates ER-mitochondrial contact

Regulates autophagosome-lysosome

(Sullivan et al., 2016; Yang et al., 2016)

(Wild et al., 2011; Richter et al., 2016; Pilli et al., 2012;
Matsumoto et al., 2015)

(Deng et al., 2017a; Wild et al., 2011; Richter et al.,
2016)

(Deng et al., 2017a; Pilli et al., 2012; Lim et al., 2015)

(Rothenberg et al., 2010; N’'Diaye et al., 2009)
(Xia et al., 2016)

(Soo et al., 2015)

(Papadopoulos et al., 2017)
(Xie et al., 2015; Nassif et al., 2014; Chen et al., 2015;
Bandyopadhyay et al., 2014; Morimoto et al., 2007)

(Otomo et al., 2011)

(Gomez-Suaga et al., 2017)
(Dreser et al., 2017; Vollrath et al., 2014)

Table 1.9 Table showing the ALS linked genes which are implicated in the autophagy-lysosome pathway. Adapted from Deng,
Sheehan, et al., 2017.
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1.2.1.6 Mitochondria and mitochondrial stress

Mitochondrial pathology is often seen in neurodegenerative diseases (Bonafede
and Mariotti, 2017). These organelles are pivotal in several cellular functions
including the production of energy through cellular respiration, calcium
homeostasis and apoptosis. Importantly, mitochondria are also the main source of
ROS within the cell (Islam, 2017). Mitochondrial defects have been observed in
spinal cords and muscle biopsies of fALS and sALS patients (Bonafede and
Mariotti, 2017). These defects included disorganized cristae and membranes,
swelling and vacuolation. Similar observations have also been made in the
SOD16%9A mouse model of ALS. In addition to these morphological changes,
altered production of both ATP and ROS, energy and calcium homeostasis,
abnormal initiation of apoptosis, and altered mitochondrial transport have also
been observed (Pasinelli et al., 2000; Menzies et al., 2002; Damiano et al., 2006;
Mattiazzi et al., 2002). Importantly, several SOD1 mutations (G93A, A4V, G85R
and G37R) were found to cause impaired anterograde transport both in vivo and in
vitro (De vos et al., 2007). Consequently, studies found mitochondria positioning to
be affected in these mice (Vande Velde et al., 2011; Magrané et al., 2014).
Similarly, the overexpression of wild type and mutant TDP-43 has been shown to
reduce mitochondrial transport and affect the localisation of mitochondria in
primary motor neurons (Wang et al., 2013). Furthermore, similar results have also
been obtained in association with both FUS and C9orf72 mutations (De Vos and
Hafezparast, 2017).

The unique morphology of neurons requires that mitochondria be transported and
positioned to allow for localized ATP production (Maday et al., 2014).
Mitochondrial motility is bidirectional and therefore is mediated by both kinesin-1
and dynein motors (Maday et al., 2014). The transport of mitochondria is partly
regulated by neuronal activity through locally released calcium which serves to
immobilise mitochondrial transport (Sajic et al., 2013). Interestingly, it has been
found that mitochondrial motility is important for the maintenance of axonal
mitochondrial quality by allowing the removal of stressed damaged mitochondria

and the provision of healthy replacements (Lin et al., 2017).

Damaged mitochondria are disposed via the PINK1/Parkin pathway which

regulates the autophagy of mitochondria (mitophagy) (Narendra et al., 2008).
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However, recently it has been suggested that this process mainly occurs in the
soma of neurons (Sung et al., 2016; Devireddy et al., 2015). This raises the
question of how damaged mitochondria are cleared from axons. It was found that
syntaphilin acts to immobilise mitochondria to microtubules (Chen and Sheng,
2013; Kang et al., 2008). Furthermore, in chronic mitochondrial stress conditions,
the levels of syntaphilin are reduced to allow for greater dynein mediated
retrograde transport of mitochondria to facilitate the clearing of the damaged
organelles (Lin et al., 2017). Note that it was also shown that dynein mediated
retrograde transport also plays a role in the degradation of syntaphilin following its
release from mitochondria. Additionally, analysis of ventral root axon bundles in
hSOD1%% mice indicated that this pathway is activated at an asymptomatic stage
to facilitate the removal of damaged mitochondria (Lin et al., 2017). However,
despite depletion of syntaphilin occurring by disease onset at P120 there remains
an accumulation of damaged mitochondria within axons, suggesting that the

transport machinery itself is defective.

1.2.1.7 The ALS-FTD spectrum

Over time it has become clear that ALS should not be viewed as a disease which
only affects motor neurons. In fact, ALS is known to affect brain areas outside of
the motor system, including the frontotemporal region (Al-Chalabi et al., 2016).
Consequently, behavioural and cognitive impairment is often reported in ALS
cases (Wheaton et al., 2007; Ringholz et al., 2005). Strikingly, up to 15 % of ALS
patients also develop symptoms which are consistent with FTD. FTD is
characterised by the progressive loss of neurons in the frontal and temporal cortex
which causes alterations in behaviour and personality and progressive impairment
of language skills (Van Langenhove et al., 2012). This is the first indicator that ALS
and FTD could be overlapping diseases. The discovery of TDP-43 positive
inclusions not only in ALS, but that it is also the most common pathology
associated with FTD (in more than 50% of cases), further emphasised this link
(Arai et al., 2006; Neumann et al., 2006; Vanden Broeck et al., 2014).
Subsequently, the discovery that TDP-43 mutations not only account for
approximately 4 % of sALS cases but are also seen in some cases of FTD
provided the first genetic link between the conditions (Cirulli et al., 2015; Borroni et

al., 2009; Kovacs et al., 2009). Similarly, FUS mutations were also found in FTD
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cases, as well as FUS positive inclusions (Ling et al., 2013). Subsequently, further
genetic overlap was found with mutations occurring in C9orf72, VCP, VAPB,
SQSTM1, OPTN and CHMPZ2B in cases of ALS, FTD and ALS-FTD. Therefore,
the current consensus is that ALS and FTD are linked genetically, pathologically

and are thought to comprise a disease spectrum.

1.2.2 Spinal muscular atrophy

Spinal muscular atrophy is a term given to a group of disorders that
characteristically exhibit degeneration of the motor neurons within the spinal cord
and brainstem (Faravelli et al., 2015). However, it is most typically used to
describe the form of the disease which is caused by mutations within survival
motor neuron 1 (SMN1) on chromosome 5q11.2-13.3, accounting for
approximately 95 % of cases (Lefebvre et al., 1995; Brzustowicz et al., 1990;
Arnold et al., 2015). Often referred to as “59-SMA” or “proximal spinal muscular
atrophy”, it is inherited in an autosomal recessive manner (Arnold et al., 2015). It is
characterised by muscle wasting in proximal muscles usually starting in the lower
limbs (Faravelli et al., 2015). This form of SMA has an incidence of approximately
1in 10,000 live births (Ogino et al., 2002). Additionally, about 1:40 to 1:60 are
carriers of mutations in SMN1, but this frequency varies greatly between different
ethnic groups (Hendrickson et al., 2009; Sugarman et al., 2012; Faravelli et al.,
2015). Overall, it is the most common cause of infant mortality due to a genetic

abnormality (Faravelli et al., 2015).

The human genome harbours 2 highly homologous SMN genes on the same
chromosome, the telomeric SMN1 and the centromeric SMN2 (Lefebvre et al.,
1995). These differ only by 5 base pairs, but the most crucial difference is a C>T
substitution within exon 7 in SMN2 (Lorson et al., 1999; Monani et al., 1999).
Although this does not produce an amino acid change, it alters the alternative
splicing of exon 7 causing its exclusion in the SMNZ2 transcript resulting in the
production of a truncated version of the SMN protein which is rapidly degraded
(Lorson et al., 1999; Monani et al., 1999; Burnett et al., 2009). However, in
approximately 10 % of instances exon 7 is retained within the SMN2 transcript
allowing for the production of the full-length SMN protein (Faravelli et al., 2015).
Therefore, in patients which lack SMN1 due to homozygous deletions, gene

conversion (SMN1 converts to SMN2) or compound heterozygosity, SMN2 derived
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full-length SMN protein acts to compensate. Interestingly, there is variation in the
gene copy number of SMN2 which consequently determines the severity of the
phenotype based on the total amount of SMN protein produced (Feldkotter et al.,
2002; Elsheikh et al., 2009). Accordingly, SMA exists on a spectrum where
patients are delineated into 5 types in accordance to the severity of the phenotype
(see Table 1.10) (Faravelli et al., 2015). How the lack of SMN protein underlies the
selective loss of motor neurons is still not fully understood, but it is suggested that
its loss affects the formation of sSnRNPs which are important for pre-mRNA
splicing. Therefore, RNA metabolism may underlie the pathogenesis of SMA but

further evidence is required.

Table 1.10
Age of . Natural age at SMN2 copy
Type onset Function death number
0 Prenatal Resplratgirri/hfallure at Weeks 1
1 0-6 months Never sit <1 year 2-3
2 <18 months Sit >25 years 3
3 >18 months | Stand or ambulatory Adult 3-4
4 >21 years Ambulatory Adult 4 or more

Table 1.10 Table showing the 5 types of SMA which are delineated in

accordance to the severity of the phenotype. Adapted from Arnold et al. 2015.

1.2.2.1 Spinal muscular atrophy, lower extremity predominance (SMA-LED)
SMA-LED was coined to describe patients suffering from an autosomal dominant
SMA, which predominantly affected the proximal muscles of the lower limbs
(Harms et al., 2010). Descriptions of similar phenotypes with the same inheritance

pattern exist as far back as 1917 (Timme, 1917).

The clinical spectrum of SMA-LED has expanded over time with the identification
of further patients. In addition to the weakness and atrophy of distal but mainly
proximal muscles of the lower limbs, it is understood to be of congenital or early
onset with little or no progression (Harms et al., 2010, 2012). There is also an
absence of sensory involvement but the phenotype is often compounded with
cognitive impairment (Harms et al., 2012; Scoto et al., 2015). Other common

symptoms include joint contractures, foot deformities and abnormal gait.
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1.2.2.1.1 Genetics of SMA-LED

The first genetic locus associated with SMA-LED was identified as a 6.1 Mb region
of chromosome 1432 using linkage analysis (Harms et al., 2010). This region
contained 73 annotated genes which were subsequently sequenced to identify the
causative mutation (Harms et al., 2012). A heterozygous ¢.1750A>C mutation
within exon 8 of the DYNC1H1 (dynein cytoplasmic 1 heavy chain 1) gene was
found to be responsible for the disease. This mutation causes a p.1584L
substitution on the DYNC1H1 protein which is a subunit of the cytoplasmic dynein
motor complex. Additionally, a ¢.2011A>G mutation in exon 8 and a ¢.3170A>G
mutation in exon 11 were identified in two separate kindreds causing p.K671E and
p.Y970C amino acid substitutions respectively. Subsequently, several other SMA-
LED causative mutations in DYNC1H1 were discovered, see Table 1.11 for a
comprehensive list. SMA-LED caused by DYNC7H1 mutations is designated
SMA-LED1 (OMIM #158600). Later, three concurrent studies reported a second
disease locus at chromosome 9g22.31 using genome-wide linkage analysis and
identified BICD2 (Bicaudal d homolog 2) as the causative gene using exome
sequencing (Neveling et al., 2013; Oates et al., 2013; Peeters et al., 2013).
Interestingly, BICDZ2 is an adaptor protein of the cytoplasmic dynein motor
complex. A comprehensive list of SMA-LED BICD2 mutations is found in Table
1.12. SMA-LED caused by mutations on BICD2 is designated SMA-LED2 (OMIM
#615290).
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Table 1.11

Gene

Mutation

Protein domain

Ref.

DYNC1H1

p.1584L
p.K671E

p.Y970C

p.H306R
p.Q1194R
p.E3048K

pR598C

p.R264L
p.E2616K
p.R1603T

p.W673C
p.V612M
p.E6O3V
p.R598C
p.R598L

p.M581L

p.R399G
p.D338N
p.R264G
p.S3360G

p.G807S

p.P776L
p.R3384G
p.G1132E

Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain (DLIC
binding region)
Tail domain
Tail domain
Motor domain (AAA4)
Tail domain (DIC
binding region)
Tail domain
Motor domain (AAA2)
Motor domain (linker)
Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain (DIC
binding region)
Tail domain
Tail domain
Tail domain
Motor domain (stalk)
Tail domain (DLIC
binding region)
Tail domain
Motor domain (MTBD
on stalk)

Tail domain

(Harms et al., 2012)

(Tsurusaki et al., 2012)
(Fiorillo et al., 2014)

(Punetha et al., 2015;
Peeters et al., 2015)
(Peeters et al., 2015)

(Scoto et al., 2015)

(Strickland et al., 2015)
(Niu et al., 2015)
(Ding et al., 2016)

(Chen et al., 2017)

Table 1.11 Summary of all DYNC1H1 mutations associated with SMA-LED and
the domain in which they are located. Those shown in bold are investigated in

this thesis. Dynein structures from Carter et al. 2016; Kon et al. 2012.
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Table 1.12

Gene | Mutation dete'.n Ref.
omain
(Neveling et al., 2013; Oates et al., 2013;
p-S107L CC1 Peeters et al., 2013)
E'LZ%%'\# 88? (Neveling et al., 2013)
5%215%32 gg; (Oates et al., 2013)
BICD2 p.E774G CC3 (Peeters et al., 2013)
p.R747C CC3 (Synofzik et al., 2014)
gﬁggg\'l{ 8g§ (Rossor et al., 2015)
A (Rudnik-Schéneborn et al., 2016)
p.L683R CC3 (Fiorillo et al., 2016)

Table 1.12 Summary of all BICD2 mutations associated with SMA-LED and the
domain in which they are located. Those shown in bold are investigated in this

thesis.

1.2.2.1.1.1 DYNC1H1P338N

The p.D338N DYNC1H1 de novo heterozygous mutation was identified in a
patient which presented with symptoms at birth such as talipes (club foot) and
arthrogryposis (joint contractures in two or more areas of the body) (Scoto et al.,
2015). Upon examination at 3 years of age, the maximum motor milestone
displayed by the patient was the ability to sit independently. Contractures were
present in the hips and knees and the patient also exhibited adducted thumbs and
a tremor. Muscle atrophy was evident in both upper limbs and distally in the lower
limbs causing weakness in these muscles. However, weakness was also evident
in bulbar muscles and consequently the patient required ventilation and a
percutaneous endoscopic procedure was performed at 1 years of age needing
Nissen fundoplication. The patient was not tested for cognitive symptoms but did
display a speech delay. An MRI proved to be normal, as did a nerve conduction
study. On the other hand, a muscle biopsy indicated excessive connective tissue.
Fibroblasts from this patient were biopsied and were used for the research

presented here.
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1.2.2.1.1.2 DYNC1H1R3996G

The p.R399G DYNC1H1 mutation was identified in a kindred (Scoto et al., 2015).
The father harboured the heterozygous p.R339G mutation (as did the mother) and
displayed lower limb denervation, muscle atrophy and weakness of the lower
limbs. Interestingly, the onset occurred in adulthood but at birth the patient was
hypotonic and had proximal contractures. However, the patient could walk
independently. The patient was not tested for cognitive impairment but had a
positive family history. The homozygous offspring harboured the codominant
homozygous p.R399G DYNC1H1 substitution and showed a much more severe
phenotype. The onset in the child was at birth at which point the patient exhibited
arthrogryposis in both lower and upper limbs and axial hypotonia. Upon
examination at 9.5 years of age, the patient showed contractures in the hips,
knees and had iliotibial band syndrome. The patient also had distal lower limb
muscle atrophy and proximal weakness. However, he could sit independently,
stand with support and crawled but was incapable of independent ambulation.
Additionally, cognitive tests showed mental retardation in association with attention
deficit hyperactivity disorder (ADHD). In both patients, deep tendon reflexes were
present but were weak. Fibroblasts from this patient were biopsied and were used

for the research presented here.

1.2.2.1.1.3 BICD218%F

The de novo p.I189F heterozygous mutation was identified in a patient which
presented at birth and exhibited joint contractures (knee, hips and Achilles tendon)
and a calcaneovalgus foot (Oates et al., 2013). Additionally, the patient had both
proximal and distal muscle weakness but predominantly distal muscle wasting.
Consequently, the patient had delayed motor milestones, an abnormal gait and
required the use of a wheelchair. Deep tendon reflexes were reduced in the lower
limbs and had an abnormal plantar response. Interestingly, the patient also
exhibited mild weakness in the elbow and increased upper limb deep tendon
reflexes but also had upper motor neuron involvement. Fibroblasts isolated from

this patient were used for the research presented.

1.2.2.1.1.4 Mutations of dynein components and other diseases
In addition to SMA-LED, mutations in DYNC1H1 have also been reported in
Charcot-Marie-Tooth disease (CMT2) which is a peripheral neuropathy affecting
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motor and sensory neurons (Lipka et al., 2013). Furthermore, several DYNC1H1
mutations are also associated with malformation of cortical development and
learning disability (Scoto et al., 2015). Mutations in the p150¢'“ed (DCTN1) subunit
of dynactin are also associated with ALS and Perry syndrome (a late onset
neurodegenerative disease associated with parkinsonism) (Farrer et al., 2009;
Munch et al., 2004). Interestingly, recently a mutation in BICDZ2 has also been

found associated with juvenile ALS (Huang and Fan, 2017).

1.2.2.2 Dynein family

The dynein family is one of three cytoskeletal motor protein families and is broadly
divided into axonemal and cytoplasmic dynein (Roberts et al., 2013; Bhabha et al.,
2016). Axonemal dynein was the first microtubule molecular motor to be identified
and was named after the unit of force, dyne (Gibbons, 1963; Gibbons and Rowe,
1965). Today it is understood to mediate microtubule sliding within the
microtubule-based core (axoneme) of cilia and flagella in eukaryotes (Roberts et
al., 2013; Bhabha et al., 2016). Subsequently, cytoplasmic dynein 1 was isolated
in calf brain tissue and was found to mediate microtubule based intracellular
transport in the retrograde direction (towards microtubule minus ends) (Paschal et
al., 1987; Paschal and Vallee, 1987; Schroer et al., 1989). A second cytoplasmic
dynein was later isolated, which exclusively mediates retrograde intraflagellar
transport (IFT) (cytoplasmic dynein 2 or IFT dynein) (Ishikawa and Marshall,
2011). Cytoplasmic dynein 1 (referred to from this point as dynein) is the member

of the family relevant to SMA-LED and so will be the focus of further discussion.

1.2.2.2.1 Cytoplasmic dynein 1 (dynein)
1.2.2.2.1.1 Structure of the dynein complex

The size and complexity of the approximately 1.5 MDa dynein multisubunit
complex has made it difficult to determine its precise structure (Carter et al., 2016).
However, significant progress has been made within the last few years using X-ray

crystallography and high resolution cryo-electron microscopy (Cryo-EM).

The core of the complex around which the other subunits assemble is formed by a
homodimer of DYNC1H1 (hereafter referred to as heavy chain (HC)), see Figure
1.8a, b (Schiavo et al., 2013). Each HC is approximately 500 kDa and is divided

into two functional domains, the tail domain which is implicated in cargo binding
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and binding to regulators of dynein and the motor domain responsible for the
generation of movement (Chowdhury et al., 2015; Cianfrocco et al., 2015).
Previously, the dimerization domain of the HC was reported as being between
residues 300 and 1140 in the tail domain (Tynan et al., 2000). However, recent
studies using high resolution Cryo-EM have demonstrated that the dimerization
domain lies approximately within the N-terminal 200 amino acid residues (Figure
1.8b) (Urnavicius et al., 2015; Chowdhury et al., 2015; Carter et al., 2016). After
this region each tail forms an elongated rod that harbours the binding site for an
intermediate chain (IC) (encoded by either by DYNC1/1 or DYNC1/2) and a light
intermediate chain (LIC) (encoded by DYNC1LI1 or DYNC1LI2) (Chowdhury et al.,
2015; Pfister et al., 2006; Carter et al., 2016). The LIC binding region is estimated
to be between amino acid residues 900 and 990, adjusted from the previously
reported position (residues 649-800) (Carter et al., 2016; Chowdhury et al., 2015;
Tynan et al., 2000). On the other hand, the IC binding region is estimated to be
between amino acid residues 560 and 770 based on Cryo-EM (Carter et al.,
2016).

The N-terminus of the two ICs present in the complex form an extended region to
which the light chain dimers bind, see Figure 1.8a, b (Carter et al., 2016). These
dimers maintain the ICs together and consequently restrict the movement of the
HCs, keeping them almost parallel to each other. Each intermediate chain binds to
three different types of light chain (LC) (Chowdhury et al., 2015; Pfister et al.,
2006). The first type is either Tctex1 encoded by DYNLT1, or rp3 encoded by
DYNLTS3, the second is Roadblock/LC7 encoded by either DYNLRB1 (Roadblock
1) or DYNLRBZ2 (Roadblock 2) and the third is LC8 encoded by either DYNLL1
(LC8a) or DYNLL2 (LC8b).

X-ray crystallography also began to allow for a better understanding of the
structure of the 380 kDa HC motor domain in 2011, see Figure 1.8a, b (Carter et
al., 2011; Kon et al., 2011). These and later higher definition studies showed that
the motor domain consists of six AAA+ (ATPases Associated with various
Activities) domains which are linked together and arranged in a ring formation
(Bhabha et al., 2016; Carter et al., 2016). AAA1-4 are able to bind adenosine
triphosphate (ATP) but only AAA1, AAA3 and AAA4 are capable of hydrolysis.
However, it is AAA1 that is the primary site of ATP hydrolysis and is pivotal for
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dynein motility (Bhabha et al., 2016). Conversely, the lack of hydrolysis on AAA2
means that it is thought to act as a stable site for nucleotide binding and
contributes to the formation of the AAA1 nucleotide binding site (Roberts et al.,
2013). The function of hydrolysis of ATP on AAA3 and AAA4 is not fully
understood, but it is thought to play a regulatory role in dynein motility (Bhabha et
al., 2016). AAA5 and AAAG lack the nucleotide binding domains and as such are
thought to facilitate the transmission of conformational changes throughout the
AAA+ ring (Cianfrocco et al., 2015). The motor domain also contains three other
structures, the stalk, buttress/strut and the linker (Bhabha et al., 2016). The coiled-
coil stalk emanates from AAA4 and at the tip of its 15 nm length resides the
microtubule binding domain (MTBD). The buttress is a shorter coiled-coil which
extends from AAA5 and makes contact with the stalk. The linker is composed of 4

bundled a-helices which stretch across the N-terminal portion of the AAA+ ring.

1.2.2.2.1.1.2 Summary of the mechanochemical cycle of dynein

The first step in the mechanochemical cycle of dynein to generate force is the
binding of ATP to the nucleotide free AAA1 (going from state 1 to state 2) (Carter
et al., 2016; Cianfrocco et al., 2015). This binding alters the AAA1 and causers the
buttress to move, which in turn causes the sliding of one of the helices within the
coiled coil of the stalk and consequently alters the conformation of the MTBD.
Additionally, the binding of ATP to AAA1 causes the linker to clash with AAA4,
resulting in its bending, followed by ATP hydrolysis. The motor then diffuses to a
new site towards the microtubule minus end and binds. Upon completion of ATP
hydrolysis and the release of ADP from the AAA1 site, the tension that keeps the
linker bent is released, allowing it to straighten (power-stroke) which moves the

other motor domain, the tail and attached cargo forward.
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Figure 1.8
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Figure 1.8 (a) Diagram showing the organisation of the dynein complex.
Note that the linker is obscured by the AAA+ ring in this orientation.
Schematic of the DYNC1H1 protein, showing the position of the binding sites
for the IC and LIC. It also shows the dimerization domain and the
organisation of the motor domain. The mutation sites corresponding to the
animal models discussed in section 1.2.2.2.1.3 are also shown. The site of
the p.D338N and p.R399G mutations are also displayed as they are relevant
to the work in this thesis. Adapted from Hoang et al. 2017.
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1.2.2.2.1.2 Functions of dynein

Dynein is the only molecular motor which moves in the retrograde direction on
microtubules over long distances, and therefore is involved in a large variety of
cellular processes (Cianfrocco et al., 2015). For example, it is involved in the
endocytic pathway, where it is the principal mediator of early endosome transport
away from the cell’s cortical region as they mature into late endosomes and
eventually fuse with lysosomes (Huotari and Helenius, 2011; Granger et al., 2014).
Importantly, endosomes transported by dynein are also used as signalling
compartments, allowing the transmission of signals from different areas of the cell
(Roberts et al., 2013). Neurons are particularly dependent on this process due to
the large distance between the site of receptor activation and the site of effector
function (Sorkin and von Zastrow, 2009). The dynein-dependent transport of
receptor-ligand complexes within endosomes from nerve termini to the cell body
includes brain derived neurotrophic factor (BNDF) activated tropomyosin-related
kinase B (TrkB) and epidermal growth factor (EGF) activated epidermal growth
factor receptor (EGFR) (Garrett et al., 2014). Additionally, dynein is important in
the transport of autophagosomes towards their fusion with lysosomes (Kimura et
al., 2008). It is also responsible for the transport of several other membrane bound
organelles such as mitochondria, lipid droplets and peroxisomes, as well as the
transport of stress granules, processing bodies, cytoskeletal filaments and other
proteins (Cianfrocco et al., 2015; Roberts et al., 2013).

Outside of its transport function, dynein is also important for several other
processes through its ability to generate force and tension (Roossien et al., 2015).
For example, it is important in the assembly of microtubules which make up the
mitotic spindle and in the segregation of chromosomes (Roberts et al., 2013).
However, of relevance to the work presented in this thesis is dynein’s role in

neuronal and cellular migration, which is explored further below.

1.2.2.2.1.2.1 Impaired axonal transport in motor neuron diseases

Due to the extreme morphology of neurons, they rely on the efficiency of the
intracellular transport machinery. Deficits in both retrograde and anterograde
axonal transport have been observed in neurons from SOD1%%3A mice (Bilsland et
al., 2010; De vos et al., 2007). Additionally, mutations in components of the

transport machinery have been identified in ALS. Specifically, a base pair change
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was found in the gene encoding the p150 subunit of dynactin (DCTN7) (Puls et al.,
2003). Subsequent mutations were found in this gene associated with both fALS
and sALS (Munch et al., 2004). The expression of mutant p150 in mice caused
motor neuron disease phenotypes and impaired vesicular transport within the cell
bodies of motor neurons (Laird et al., 2008). Impaired axonal transport was also
noted in SOD1 transgenic mouse models of ALS (Wijesekera and Leigh, 2009).
Subsequently, a mutation which caused a reduction in the expression of kinesin-
associated protein 3 (KIFAP3) was found to result in the extension of the lifespan
of SALS patients (Landers et al., 2009). Finally, mutations in vesicle-associated
membrane protein (VAPB) and charged multivesicular protein 2B (CHMP2B) have
also been found in ALS cases. Both of these proteins are important in vesicle
trafficking (Nishimura et al., 2004; Cox et al., 2010).

The p.H306, p.1584L and Y970C DYNC1H1 mutations, which cause SMA-LED,
have also been shown to impair the run length of the dynein-dynactin-BICD2
complex (Hoang et al., 2017). Furthermore, several DYNC1H1 mutations
associated with malformation of cortical development were also seen to have the
same effect. Some of these (p.K3336N, R3344Q, R3384Q and K129I) also
affected the amount of processive dynein-dynactin-BICD2 complexes and the
velocity of their travel. A p.H3822P substitution appeared to have the most severe
effect as it also impacted microtubule gliding. Additionally, axonal transport deficits
are also seen in the Loa mouse model of SMA-LED, see section 1.2.2.2.1.3.1 for
details (Hafezparast et al., 2003).

1.2.2.2.1.2.2 Dynein in migration and neurodevelopment

Dynein is implicated in neuronal migration during neurodevelopment due to the
discovery of developmental brain diseases associated with mutations in DYNC1H1
and genes encoding dynein adaptors (Vallee et al., 2009). Multiple, mutations in
DYNC1H1 have been reported to cause malformation of cortical development
associated with intellectual disability, including the p.R399G mutation (Scoto et al.,
2015). Lissencephaly 1 (Lis1) is a dynein adaptor which is named after the term
which describes the smooth surface of the cortex caused by defects in neuronal
migration, a phenotype which occurs in patients with Lis7 mutations (Wynshaw-
Boris and Gambello, 2001). Furthermore, analysis of brains from the Loa animal

model of SMA-LED also showed neuronal migration defects (see section
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1.2.2.2.1.3.1) (Ori-McKenney and Vallee, 2011; Hafezparast et al., 2003). More
recently, Dr Muruj Barri in the Hafezparast lab, identified a decrease in paxillin
phosphorylated at Tyr118 (pPaxY''8) in Loa mouse embryonic fibroblasts (MEFs)
(Barri, 2015). Paxillin is a key focal adhesion (FA) protein important for cell
migration. Similarly, she also identified a decrease in pPax''8 in DYNC1H1R399G
patient fibroblasts. Furthermore, she observed that FAs were smaller and that Loa
MEFs migrated more slowly in a wound healing assay. Interestingly, it has been
previously reported that the IC interacts with paxillin (Rosse et al., 2012).
However, this was not replicated in the Hafezparast lab by Dr Muruj Barri (Barri,
2015).

1.2.2.2.1.2.2.1 Cell migration and focal adhesions

A key part of cellular migration is the ability for cells to apply force to their
extracellular environment in order to gain traction to facilitate their movement
(Case and Waterman, 2015). The internal force that needs to be transmitted to
their environment is principally generated by the actin cytoskeleton. In fact, it is the
polymerization of actin filaments which drives cellular migration (Pollard and
Cooper, 2009). The transmission of force to the extracellular environment occurs
at the site of integrin attachment to the extracellular matrix (ECM), commonly
known as FAs (Case and Waterman, 2015). Integrins are transmembrane
proteins, which form a and 3 subunit heterodimers and directly attach to

components of the ECM (Krause and Gautreau, 2014).

However, for cells to be able to undergo directional migration they need to become
polarized (Huttenlocher, 2005). Polarized cells have a leading edge, which points
in the direction of travel and a trailing a trailing edge (Figure 1.9). Cell polarisation
requires complex signalling, mainly regulated by the Rho family (Mayor and
Etienne-Manneville, 2016). At the leading edge, Rac and Cdc42 cause the
protrusion of the membrane, forming both filopodia and lamellipodia, while
inducing the interaction between integrins and the ECM (Mayor and Etienne-
Manneville, 2016). Simultaneously, at the trailing edge, a signalling pathway
induces the contraction of cell. Lamellipodia are a flat thin extension of the
membrane at the leading edge, while filopodia are “finger-like” protrusions at the
edge of the lamellipodia (Krause and Gautreau, 2014). Filopodia are formed of

bundled actin filaments and are used by the cell to detect cues for the migration
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from their environment and are particularly important in neuronal guidance (Leijnse
et al., 2015). However, the focus here will be on lamellipodia as this is the site of

FA formation.

Within the lamellipodia, there is rapid actin polymerization which is mainly driven
by the actin nucleator actin-related protein 2/3 (ARP2/3) (Krause and Gautreau,
2014). ARP2/3 forms new actin flaments branching from existing filaments.
Additionally, proteins such as ENA/VASP and formins stop the capping of the
nascent actin filaments and speed up elongation. This polymerization of actin
creates a pushing force on the leading edge of the membrane (Case and
Waterman, 2015). However, at the edge of the lamellipodia and lamella (region
behind the lamellipodia) most of the lamellipodial actin networks undergoes
depolymerization. This means the lamellipodial actin network is undergoing
treadmilling with new actin monomers added at the tip of the lamellipodia and
depolymerization occurring at the base (Case and Waterman, 2015; Krause and
Gautreau, 2014). The actin treadmilling and the counter-force of the actin filaments
pushing against the membrane drive the retrograde flow of actin at the
lamellipodia (Case and Waterman, 2015). Additionally, at the lamella the
molecular motor myosin Il exerts a pulling force on the actin bundles which
reorganises and disassembles them, which forms the basis of actin retrograde
flow within the lamella. Interestingly, in neuronal growth cones, the separation
between the lamella and lamellipodia is less well defined, and it has been shown
that myosin Il also contributes to lamellipodial retrograde flow (Forscher and
Smith, 1988; Case and Waterman, 2015).

The crucial function of FAs is to link the ECM to the actin network, allowing them
to act as anchor points which slow retrograde flow (Case and Waterman, 2015).
Talin and vinculin are thought to be the main constituents of this molecular clutch
thanks to their interaction with actin (Jansen et al., 2017). This changes the
balance between retrograde flow and actin polymerization and consequently
allows actin polymerization to push against the membrane forming protrusions.
Furthermore, the force applied against the FAs by the retrograde flow of the actin
network drives the propulsion of the cell forward (Case and Waterman, 2015;
Mayor and Etienne-Manneville, 2016). The trailing edge is also important in the

disassembly of FAs and the contraction of the cell body (Mayor and Etienne-
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Manneville, 2016). Similar mechanisms underlie the extension of axons towards
their targets guided by the growth cone. In fact, growth cone advance was seen to
be inversely proportional to the speed of the actin retrograde flow (Lin and
Forscher, 1995).

FAs are highly dynamic structures which consist of an extensive repertoire of
proteins including scaffolding proteins, kinases, phosphatases and structural
proteins (Case and Waterman, 2015). FAs initially form within the lamellipodial
protrusion as nascent FAs which are small and punctate in morphology (Zaidel-
Bar et al., 2003; Choi et al., 2008; Lawson et al., 2012), as shown in Figure 1.9.
These have a short half-life and most disassemble, while the remainder are
stabilised and undergo maturation into fully formed FAs (Case and Waterman,
2015). Linkage to F-actin and myosin Il activity is required for the maturation of
FAs (Sun et al., 2014). Finally, they continue to elongate due to the retrograde flow
of actin, becoming fibrillar adhesions and are eventually disassembled at the rear
of the cell (Zaidel-Bar et al., 2003; Case and Waterman, 2015).
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Figure 1.9
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Figure 1.9 lllustration of a polarized cell undergoing migration. At the leading
edge, nascent focal adhesions (FAs) are forming and begin to mature due to

the contractility of acto-myosin. At the lamella, large mature FAs can be seen
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1.2.2.2.1.2.2.2 Paxillin

Paxillin is one of the central proteins within FAs, where it acts as a scaffolding
protein for the recruitment of other structural and signalling molecules (Lopez-
colomé et al., 2017). The paxillin gene (PXN) on chromosome 12q24 is highly
conserved and expressed in most tissues, with the nervous system exhibiting the
lowest expression. There are four known alternatively spliced isoforms of paxillin
with different expression patterns (Schaller, 2001; Tumbarello et al., 2005).
Isoform a is the canonical isoform and is the most widely expressed (Lépez-
colomé et al., 2017). Isoform B is formed by the insertion of exon 15 and exhibits a
more restricted expression pattern than a (Lépez-colomé et al., 2017). Isoform vy is
formed when an alternative 5’ donor site of exon 16 is used, and appears to be
involved in cell differentiation. Finally, isoform & has a shorter N-terminal domain in
comparison to isoform a and is only expressed in epithelial cells. While all four
isoforms are found in humans, in mice only the a, B and d isoforms are detected
(Mazaki et al., 1998; Tumbarello et al., 2005).

Structurally, paxillin consists of a proline rich region at the N-terminus followed by
a series of 5 leucine-rich domains (LD1-5) (Figure 1.10) (L6pez-colomé et al.,
2017). The proline rich region forms the site for the binding of SH3 containing
proteins, and the LD domains mediate interactions with signalling and structural
proteins containing SH2 domains. Table 1.13 summarises the binding partners
known for paxillin LD domains. Importantly these include members of the Src
proto-oncogene, non-receptor tyrosine kinase (Src) family and focal adhesion
kinase (FAK). Through its association with FAK, paxillin is also known to indirectly
interact with p130cas, growth factor receptor bound protein 2 (Grb2) and talin
(Turner, 2000). The C-terminal portion of the protein is formed of four cysteine-

histidine-enriched LIM domains.
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Figure 1.10
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Figure 1.10 Schematic representation of the structure of paxillin, showing leucine-rich domains 1-5 (LD1-5) and 4 LIM domains.

The SH3 binding site is shown in pink, while the Tyr31 and Tyr118 sites are also indicated. FAK phosphorylates both Tyr31 and
Tyr118, and Src phosphorylates Tyr118. Adapted from Lépez-Colomé et al. 2017.
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Paxillin is one of the first proteins recruited to nascent FAs, which is an indicator of
its importance in their assembly (Deakin and Turner, 2008). Paxillin is recruited to
FAs primarily via its LIM3 domain with some involvement of LIM2, a process
facilitated by the phosphorylation of S457/481 on LIM3 and T403 on LIM2 (Brown
et al., 1996, 1998). Of note is the fact that FAK assembles at nascent FAs earlier
than paxillin (Hu et al., 2014). The activation of integrin results in the
autophosphorylation of FAK at Tyr397 which creates a binding site for the SH2
domain of the Src kinases (Lépez-colomé et al., 2017). Subsequently, the active
FAK/Src complex phosphorylates paxillin (Src phosphorylates Tyr118 and Tyr88,
while FAK phosphorylates Tyr31 and Tyr118. The phosphorylation at these sites
and various others regulate various signalling pathways and the recruitment of
various binding partners, which coordinate to remodel the cytoskeleton to facilitate
migration (Lopez-colomé et al., 2017). Additionally, paxillin phosphorylation by
upstream pathways regulates the expression, turnover and the localisation of
paxillin. However, of particular relevance to this thesis is the phosphorylation at the
Tyr118 site (which is functionally coupled to Tyr31 phosphorylation) and so this will

be explored further.

Table 1.13
Paxillin LD . . . Indirect
. Direct interactions . .
motif interactions
LD1 - Actopaxin, Vinculin/metavinculin, acQCtlanxi(:lgn d
LDALLADL Papillomavirus E6 protein. paxii
vinculin).
LD2 - Vinculin/metavinculin, Focal adhesion
LDRLLLEL kinase (FAK). (likely to mediate interaction Not determined.
with PYK2, a FAK family member)
Vinculin (weak), FAK1, Paxillin kinase ,
LD4 - linker (PKL), Clathrin. (likely to mediate F(’\'fl(a (‘F’,'S()P’f\l"c)f( Tﬁ:
LDELMASL interaction with PYK2, a FAK family '

member) PAK).

Table 1.13 Summary of paxillin binding partners at LD domains. Adapted from
Turner 2000.
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1.2.2.2.1.2.2.3 Paxillin phosphorylation at Tyr118 and Tyr31

As discussed above, paxillin phosphorylation at Tyr118 is mediated by both Src
and FAK, while FAK is solely responsible for Tyr31 phosphorylation (L6pez-
colomé et al., 2017). The phosphorylation of paxillin at these sites is associated
with both the assembly and the turnover of FAs (Zaidel-Bar et al., 2007). In cells
lacking either FAK or Src, which consequently decreases paxillin phosphorylation
at Tyr118 and Tyr31, FAs are more stable and appear larger (lli¢ et al., 1995;
Volberg et al., 2001). Additionally, in the absence of FAK there is a slower turnover
of FAs (Webb et al., 2004). This is contrast to faster turnover in cells lacking
tyrosine phosphatase Shp2 (Von Wichert et al., 2003). Additionally,
phosphorylation of paxillin at Tyr118 and Tyr31 is higher in nascent adhesions in
comparison to mature FA, and completely absent in fibrillar adhesions (Zaidel-Bar
et al., 2007). These differences in the phosphorylation state of paxillin at these
sites correlates with the level of turnover at each of those adhesion types. Highest
turnover is found at nascent adhesions, followed by FAs, while fibrillar adhesions
exhibit the slowest turnover. Interestingly, the expression of non-phosphorylatable
paxillin at Tyr118 and Tyr31 caused a reduction in nascent adhesions, mature
FAs, and increased fibrillar adhesions, while also causing a reduction in the
adhesion turnover. Conversely, the expression of phosphomimetic paxillin
increased the number of nascent adhesions and reduced the number of fibrillar
adhesions, while dramatically increasing the turnover of both nascent and mature
FAs. These experiments confirmed that Tyr118 and Tyr31 are crucial for
regulating the turnover of adhesions which was shown to be mediated by an
increased recruitment of FAK. The turnover of adhesions is critical for migration as
they can counteract the forward propulsion of cells (Stehbens and Wittmann,
2014). In line with this, disrupting FAK-paxillin interactions has been shown to

negatively influence cell migration (Deramaudt et al., 2014).

Interestingly, the phosphorylation at these sites has been shown to impact the
turnover of paxillin at adhesion sites. The inhibition of Src family members kinases
by treatment with PP2 causes a reduction in the turnover rate of paxillin at

previously formed adhesion sites (Qin et al., 2015).

In addition to the regulation of FA dynamics, the phosphorylation of paxillin at

Tyr118 and Tyr31 and association with FAK allows for the binding of several
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proteins. For example, it creates a binding site for the SH2 domain of Crk and
p120RasGAP which either lead to the activation of Rac or inhibition of Rho

respectively (Lopez-colomé et al., 2017).

A mechanism which regulates paxillin phosphorylation is the activity of myosin I
(Pasapera et al., 2010). Myosin Il activity increases the FAK-Src mediated
phosphorylation of Tyr118 and Tyr31. In fact, inhibition of myosin Il by treatment
with blebbistatin causes a drastic reduction in the phosphorylation of Tyr118 and
Tyr31. Similar results were obtained by the use of a Rho kinase (ROCK) inhibitor
which is upstream of myosin Il and regulates its activity by regulating the
phosphorylation of the myosin light chain (MLC) (Ridley, 2003; Kaneko-Kawano et
al., 2012). ROCK acts in a twofold fashion, it not only directly phosphorylates MLC
but also dephosphorylates myosin phosphatase targeting subunit (MYPT1) which
inactivates myosin phosphatase activity (Kaneko-Kawano et al., 2012). Upstream
of ROCK is RhoA, which has previously been reported to stimulate FA formation
by triggering acto-myosin contractility (Chrzanowska-Wodnicka and Burridge,
1996).

1.2.2.2.1.3 Mouse models of Dync1h1 mutations

1.2.2.2.1.3.1 Loa mouse model

The Legs at odd angles (Loa) model of dynein dysfunction originated from
mutagenesis programme in which mice were treated with the ENU chemical
mutagen (Schiavo et al., 2013). The name given to these mice alludes to the fact
that the mutants exhibited hind limb grasping when suspended by the tail. This
abnormal grasping reflex is a sign of deficits in the neuromuscular system.
Subsequently, the causative mutation was mapped to chromosome 12 and further
analysis revealed a T to A transversion in the Dync1h1 gene causing phenylamine
at position 580 to be substitute by tyrosine (p.F580Y) (Witherden et al., 2002;
Hafezparast et al., 2003). Behavioural assessment revealed that heterozygous
Loa mice have a reduced grip strength and limb tone and performed worse in the
wire manoeuvre compared to wild-type mice (Rogers et al., 2001). Reduced rota-
rod testing scores also suggested progressive deficits in motor function, balance
and co-ordination in the Loa mice. Subsequent analysis confirmed that
heterozygous Loa mice have an age-dependent progressive muscle atrophy and

reduced locomotor ability (Hafezparast et al., 2003). Histopathological analysis

102



revealed a loss of motor neurons in the anterior horn of the spinal cord.
Homozygous Loa mice have a more severe phenotype which results in death
within 24 hours of birth, whilst heterozygotes have a normal lifespan. Homozygous
Loa mice also had a 50% reduction in the number of anterior horn cells in the
spinal cord. In these mice, the migration and pathfinding of facial motor neurons to
their destination within the hindbrain was also defective (Hafezparast et al., 2003).
Similarly, they also exhibit defective neuronal migration causing abnormalities in
neocortical lamination (Ori-McKenney and Vallee, 2011). It has also been shown
that Loa heterozygous mice can develop early-onset proprioceptive sensory defect
as indicated by the loss of lumbar DRG neurons and the lack of the Hoffman’s
reflex (Chen et al., 2007; llieva et al., 2008). Furthermore, nerves innervating the
limbs in Loa heterozygous mice showed reduced branching (Hafezparast et al.,
2003). Similarly, there was also an altered morphology of dendrites from trigeminal

motor neurons in heterozygous mice (Wiggins et al., 2012).

Importantly, in motor neuron cultures derived from Loa homozygous mice there
was a significant impairment of dynein mediated fast retrograde axonal transport
(Hafezparast et al., 2003). Furthermore, live cell analysis of lysosomes in wild-type
and Loa mutant axons further confirmed that the Loa mutation impairs retrograde
axonal transport (Ori-McKenney et al., 2010; Hafezparast et al., 2003). Defective
axonal transport caused by the Loa mutation could be the underlying cause of the
neurodevelopmental phenotypes observed in these mice (Hafezparast et al., 2003;
Ori-McKenney et al., 2010). As a consequence of altered transport, in Loa mice
there is abnormal transport of signalling endosomes which causes aberrant
ERK1/2 and c-FOS activation (Garrett et al., 2014).

Interestingly, single molecule analysis by the use of quantum dot and optical-trap
experiments on purified wild-type and mutant dynein underlined reduced
processivity, early run termination and diminished motor coordination as the
underlying cause of the observed impaired retrograde transport (Ori-McKenney et
al., 2010). However, these studies do not explain how the Loa mutation directly

impairs the dynein complex.

The Loa mutation resides within the IC binding region of the HC and in an area

which had previously been thought to constitute the dimerization domain
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(Hafezparast et al., 2003; Tynan et al., 2000; Carter et al., 2016; Urnavicius et al.,
2015; Chowdhury et al., 2015). Interestingly, it has been shown that this mutation
alters the affinity of the HC to several other components of the dynein complex
and the stability of the complex (Deng et al., 2010; Ori-McKenney et al., 2010).
Immunoprecipitation experiments have shown that there is an increased affinity
between the IC and Loal/Loa HC in comparison to wild-type (Deng et al., 2010). A
similar effect was also seen between Loa/lL.oa mutant HC and the LIC.
Consequently, Tctex-1 was also seen to associate more tightly with the IC, whilst
the interaction of the complex with dynactin (a dynein adaptor which regulates

some cargo binding and processivity) is reduced.

1.2.2.2.1.3.2 Cra1 mouse model

As with the Loa model, the Cramping-1 (Cra7) model arose from an ENU
mutagenesis program (Hafezparast et al., 2003). This model has a tyrosine to
cysteine substitution at position 1055 (p.Y1055C). Heterozygous mice with this
mutation also exhibit progressive locomotor deficits and the same grasping reflex
as the Loa model. Furthermore, Cra7 homozygous mice also die within 24 hours
of birth, are unable to feed or move within that time and have a severe loss of
anterior horn cells embryonically. On the other hand, heterozygous mice have a
normal life span but were reported to have a progressive loss of spinal motor
neurons within the anterior horn as observed at 3 and 16 months of age. However,
in the years after the first description of these mice conflicting reports have arisen.
For example, a study found that there was no loss of either upper or lower motor
neurons in the Cra1 mice but reported degeneration of sensory neurons (Dupuis et
al., 2009). Furthermore, they also found no abnormalities at the neuromuscular
junctions (NMJs). However, a later study showed that Cra7 mice exhibit early
onset but non progressive neuronal dysfunction (as measured by grip strength)
without a loss of sensory neurons and abnormalities at NMJs were detected
(Courchesne et al., 2011). It is not clear what underlies the variation seen in

reports concerning these mice.

1.2.2.2.1.3.3 Sw/ mouse model
The sprawling (Sw/) mouse model was first described in 1967, but the mutation
was only later identified as a X-radiation induced 9 bp deletion within exon 12 of

the Dync1h1 gene (Chen et al., 2007). The deletion corresponds to residues 1040-
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1043, which causes the substitution of four amino acid residues (glycine,
isoleucine, valine and threonine) to a single alanine residue. Like the other mouse
models described, homozygosity for Sw/ was embryonically lethal and
heterozygous mice display a hind limb grasping phenotype when suspended by
the tail. Heterozygous mice exhibit a normal lifespan but have proprioceptive
sensory neuropathy with an early onset, which was underlined by the loss of
lumbar proprioceptive DRG neurons and muscle spindles. Importantly, a-motor
neurons were spared, even in mice which had been aged. Retrograde axonal
transport of nerve growth factor (NGF) is also impaired in Sw/ heterozygous mice.
Interestingly, this study also revealed that neither Swi, Loa or Cra1 mutations
impair the homodimerization of the HC in the dynein complex (Zhao et al., 2016).
As indicated previously, the dimerization domain is no longer thought to be
between residues 300 and 1140 which encompasses the site of these mutations,
but within the N-terminal 200 residues (Urnavicius et al., 2015; Chowdhury et al.,
2015; Carter et al., 2016; Tynan et al., 2000).

1.2.2.2.1.4 Dynein adaptors

Since a single type of dynein is responsible for nearly all retrograde transport in
eukaryotic cells, an added layer of complexity is required to regulate dynein’s
selective interaction with a myriad of different cargoes (Roberts et al., 2013; Vallee
et al., 2012). This is achieved via interactions with adaptor proteins, which in some
cases also regulate the cellular localisation of dynein and its processivity, see
Table 1.14 for summary (Vallee et al., 2012). One of these adaptors, dynactin is
an essential co-actor without which dynein is largely non-processive (McKenney et
al., 2014). However, it has become increasingly clear that for a stable dynein-
dynactin complex to form a second adaptor protein is required such as BICD2
(Carter et al., 2016).

1.2.2.2.1.4.1 Dynactin

Like dynein, dynactin is itself a 1 MDa multisubunit complex formed from 23
subunits assembled around an actin-like filament which is made up of Actin related
protein-1 (Arp1) (Carter et al., 2016). The core filament is formed from 2
protofilaments which wrap around each other (Urnavicius et al., 2015). The top
protofilament consists of 5 Arp1 subunits and the bottom protofilament consist of 3

Arp1 subunits and a 3-actin subunit (Figure 1.11). As with actin filaments, the
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dynactin filament has a barbed and a pointed end which are capped. The barbed
end is capped by a CapZaf heterodimer and the pointed end is capped by Arp11,
both capping proteins bind the top and bottom protofilaments. However, at the
pointed end, Arp11 then binds to p25, p27 and p67 which may be involved in
cargo attachment. On top of this filament there is a shoulder domain consisting of
a bundle of a-helices which contains 4 copies of p50/dynamitin, 2 copies of p24
and 2 copies of the largest subunit of dynactin, p150¢'ed. The p150¢ued subunits
form a long projection, where its C-terminus resides within the shoulder and the N-
terminus contains the CAP-Gly domain which interacts with microtubules.
However, the shorter p135 isoform of p150¢'“ed may instead be present which

lacks this microtubule binding domain.

Table 1.14
Adaptor Function Ref.
Interacts with the motor domain of the (Jaarsma
Lissencephaly 1 HC. Important for dynein recruitment and and
(LIS1) regulation particularly in the initiation of | Hoogenraad,
axonal transport and in cell migration. 2015)
Nuclear Interact with the IC and Lis1 and so (Cianfrocco
PP . modulates Lis1 interaction with dynein et al., 2015;
distribution protein )
E/Nude ant_:i therefore affects seveltal dynelln Jaarsma and
. functions. Can also regulate interactions | Hoogenraad,
like1(NudE/Nudel) :
with cargo. 2015)
Acts as a cargo adaptor but is important
Dynactin for the full activation of dynein (see

sections 1.2.2.2.1.4.1 and 1.2.2.2.1.5)

Bicaudal D homog Cargo adaptor and allows for a stable

2 (BICD2) dynein/dynactin complex (see sections (Cianfrocco
1.2.2.214.2and 1.2.2.2.1.5) et al., 2015)
. Important for the recruitment of dynein to
Spindly

the kinetochores.
Act as cargo adaptors and can also

Hook family stabilise dynein/dynactin complex

Table 1.14 Summary dynein adaptors and their function.
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Figure 1.11

p150°ed projection
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P150%ed, p135, p50, P25
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domain

p25/p27p67

CapZap

Bottom protofilament

Figure 1.11 Figure showing the structure of dynactin. Dynactin consists of two protofilaments (top and bottom), the top consists
of 5 Arp1 subunits, the bottom consists of 3 Arp1 subunits and a 3-actin subunit. The barbed end is capped by a CapZaf3
heterodimer and the pointed end is capped by Arp11, which in turn binds to p25, p27 and p67. The shoulder is formed of 4
copies of p50/dynamitin, 2 copies of p24 and 2 copies of p150¢ued, The p150¢ued subunits form a long projection which ends

with a Cap-Gly domain. Adapted from Linas Urnavicius et al. 2015; Carter et al. 2016.
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1.2.2.2.1.4.2 Bicaudal D homolog 2 (BICD2)

Bicaudal D (BICD) was originally identified in Drosophila where mutations in its
gene (BicD) produced two-tailed (bicaudal) embryos as a result of altered mRNA
transport (Mohler and Wieschaus, 1986; Wharton and Struhl, 1989; Suter et al.,
1989; Swan and Suter, 1996; Swan et al., 1999; Suter and Steward, 1991; Mach
and Lehmann, 1997). Mammals possess two BICD orthologs, BICD1 and BICD2
and two distantly related proteins, Bicaudal D related protein 1 (BICDR-1) and
Bicaudal D related protein 2 (BCDR-2). BICD1, BICD2 and BICDR-1 have been
shown to interact with the dynein complex, but this section will focus on BICD2 as
it is better documented and is mutated in SMA-LED (Schlager et al., 2010;
Hoogenraad et al., 2001; Matanis et al., 2002; Neveling et al., 2013).

BICD2 consists of three coiled-coil (CC) domains. The N-terminal CC1 domain
and the central CC2 domain mediate the proteins interaction with the dynein
complex and dynactin (Hoogenraad and Akhmanova, 2016). On the other hand,
the C-terminal CC3 domain mediates cargo binding via its association with cargo-
associated proteins (Hoogenraad and Akhmanova, 2016; Hoogenraad et al.,
2001). Interestingly, CC2 also mediates BICDZ2'’s interaction with the kinesin-1
family (KIF5) (Grigoriev et al., 2007).

The CC domains of BICD2 allow the protein to homodimerize. Additionally, a
model has been suggested in which the interaction of the N-terminal CC1/CC2
domain with the C-terminal CC3 domain maintains BICD2 in a diffuse inhibited
state (Hoogenraad et al., 2001, 2003; Splinter et al., 2012; Liu et al., 2013). Upon
interaction of the C-terminal portion with a cargo-associated protein, the inhibitory

interaction is broken and BICD2 is able to bind to the dynein complex.

Interestingly, BICD2 has been implicated in the recruitment of the dynein/dynactin
complex to nuclear pore complexes. A study in 2010 used pull-down assays which
utilised a tagged C-terminal fragment of BICD2 as bait followed by mass
spectrometry and found that Ran-binding protein 2 (RanBP2), a nuclear pore
complex protein, was a potential BICD2 binding partner (Splinter et al., 2010). This
interaction was further verified using co-immunoprecipitation of endogenous
RanBP2 with endogenous BICD2. Subsequently, evidence confirmed that the C-

terminal portion of BICD2 specifically interacts with a region of RanBP2 previously
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known to interact with kinesin-1 isoforms. Furthermore, experiments suggested
that RanBP2 is required for the recruitment of BICD2 to nuclear pore complexes
during the G2 phase of the cell cycle. Specifically, it was shown that during G2,
BICD2 switches from binding Rab6-bound membranes to binding at nuclear pore
complexes at the nuclear envelope and cytoplasmic annulate lamellae (stacks of
cytoplasmic nuclear pore complexes). Importantly, evidence showed that BICD2 is
required for the recruitment of the dynein/dynactin complex to nuclear pore
complexes. Therefore, a mechanism emerges whereby RanBP2 recruits BICD2 to
nuclear pore complexes and BICD2 in turn recruits dynein/dynactin to these same
complexes. This recruitment of dynein/dynactin/BICD2 to the nuclear envelope by
RanBP2 was shown to be important for the relative positioning of the centrosome
and nuclear envelope during prophase. Interestingly, it was also suggested that
BICD2 regulates the activity of kinesin-1, which was found to be antagonistic to the
activity of dynein/dynactin during prophase. In summary, BICD2 is important for
proper localisation of the centrosome and nucleus during mitotic entry via its ability
to bind RanBP2, dynein/dynactin and kinesin-1. A later study showed that LIS1 is
required for the targeted recruitment of dynein/dynactin to nuclear pore complexes
by BICD2 (Splinter et al., 2012).

Interestingly, this function of BICD1 and dynein/dynactin has been linked to the
interkinetic nuclear migration (INM) exhibited by radial glial progenitor (RGP) cells,
which are precursors for neurons and glial cells within the vertebrate neocortex
(Hu et al., 2013). INM describes the oscillation of the nucleus during mitotic
division of RGP cells. During G1 the nucleus ascends basally along the elongated
RGPs to undergo S phase, and then descends to the ventricular surface during
G2. This behaviour of the nucleus had previously been linked to microtubule motor
proteins (Tsai et al., 2010a). It was found that microtubules were orientated with
their minus ends pointed towards the apical surface, whilst the plus ends were
faced towards the basal surface. Interestingly, knockdown of DYNC1H1 or LIS1
resulted in the inhibition of nuclear migration towards the apical surface.
Conversely, RNAI directed at KIF1A impaired nuclear migration towards the basal
surface. Similar results were seen after the inhibition of dynactin (Del Bene et al.,
2008). It was found that RanBP2 recruitment of dynein/dynactin was important for

early apical movement of the nucleus in these cells during G2 (Hu et al., 2013).
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Late apical migration was mediated by a different dynein recruitment mechanism
to the nuclear pores, in which nucleoporin 133 (Nup133) recruits centromere
protein F precursor (CENP-F), which in turn recruits NudE and NudEL and
consequently dynein. Interference with these processes resulted in impaired
neurogenesis and migration. Additionally, RanBP2 phosphorylation by Cdk1 was
shown to facilitate the recruitment of BICD2 and consequently dynein/dynactin and
microtubules to nuclear pore complexes during apical nuclear migration (Baffet et
al., 2015).
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Figure 1.12
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Dynein/dynactin Rab6
Kinesin-1
Y p.1189F

Figure 1.12 Schematic of BICD2 structure, showing the location of the p.I189F substitution. BICD2 consists of three coiled-coil
(CC) domains. CC1 mediates interactions with dynein/dynactin (green), CC2 mediates interactions with kinesin-1 (blue) and
CC3 mediates cargo binding through cargo-associated proteins like Rab6 (red). Within CC3 there is a conserved BICD domain.
The orange boxes represent other highly conserved regions within CC1 and CC3. Adapted from Hoogenraad & Akhmanova

2016
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1.2.2.2.1.5 Activation of dynein by the dynein/dynactin/BICD2 complex
Recent studies have shown that purified dynein is not able to engage in long
distance processive motion which is characteristically seen in vivo (McKenney et
al., 2014; Schlager et al., 2014). Instead, it has been shown that for full
processsivity to be achieved both dynactin and a cargo adaptor such as BICD2 or
Hook3 are required (McKenney et al., 2014; Schlager et al., 2014; Schroeder and
Vale, 2016; Olenick et al., 2016). This implies that dynein is present in an inhibited

state which requires activation (Dodding, 2014).

Interestingly, dynein exists in two structural configurations. In the first, the two
motor heads are apart (open dynein) and in other the motor heads appear to be
positioned together (known as the phi-particle) (Amos, 1989). It has been
suggested that dynein in its phi-particle conformation represents the inhibited state

due to the self-dimerisation of the motor domains (Torisawa et al., 2014).

Cryo-EM has recently elucidated how dynein is autoinhibited and how this is
inhibition is released by the binding of dynactin and a cargo adaptor like BICD2
(Zhang et al., 2017b). The purification of dynein from insect cells yielded a large
proportion of dynein in the phi-particle configuration (>85 %). EM revealed that in
the phi-particle a novel direct interaction between the HCs near the LIC binding
domain is present, while it was not found in the open dynein configuration,
indicating that it may serve to stabilise the motor domain dimerization in the phi-
particle. The motor domain in the phi-particle configuration is held together by
interactions at the linker, AAA4, AAA5 and stalk domain. In this configuration, the
stalks (containing the MTBD) are locked in the low microtubule affinity
conformation. This phi-particle configuration represents autoinhibited dynein with
lower microtubule binding affinity and lower affinity for dynactin/BICD2. However,
the switch between the phi-particle state to an open state is not sufficient to induce
long distance processive movement. Dynein in the open state is predominantly
represented by a configuration in which the stalks are inverted (pointed towards
each other) and therefore non-processive. However, the binding of
dynactin/BICD2 causes a twist in the HC, changing the alignment of the motor
domain meaning that the stalks are then predominantly found in a parallel
arrangement and constrains them in this position. This parallel arrangement of the

stalk is thought to be more conducive to microtubule binding.
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The structure of the dynein/dynactin/BICD2 (DDB) complex has also been
elucidated using Cryo-EM (Urnavicius et al., 2015), see Figure 1.13. The dynein
HC tail interacts with the Arp1 filament of dynactin and occupies the length from
the B-actin subunit to the barbed end of the filament. An approximately 270 amino
acid coiled coil at the N-terminus of BICD2 stretches the length of the dynactin
filament (its C-terminus is at the pointed end and N-terminus at the barbed end)
and stabilises this interaction. Specifically, this occurs in the clefts of Arp1-D and
Arp1-F, and Arp1-F and B-actin. BICD2 also resides between one of the HCs and
dynactin.

In summary, the processes described above explain the necessity of both dynactin
and a cargo adaptor such as BICD2 for the activation and sustained processivity
of dynein (McKenney et al., 2014; Schlager et al., 2014; Zhang et al., 2017b).
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Figure 1.13

Cargo binding
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of BICD2
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Dynein motor
domains

Figure 1.13 Schematic of the interaction between dynein-dynactin and the N-
terminus of BICD2. The tail of the HCs interacts with the Arp1 filament of
dynactin and occupies the entire length of the filament. BICD2 stretches along
the length of the dynactin filament with its C-terminus towards dynactin’s
pointed end. BICD2 stabilises the interaction between dynein and dynactin.

Adapted from Carter et al. 2016.
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1.2.2.3 Golgi apparatus

The Golgi apparatus (hereafter referred to as the Golgi) is a pivotal organelle in
the cellular secretory pathway (Wei and Seemann, 2017). It is composed of
flattened membrane disks known as cisternae which are stacked on top of each
other forming the Golgi stack (Witkos and Lowe, 2017; Lowe, 2011). Each stack is
functionally and structurally divided into three compartments, through which cargo
is transported (Nakamura et al., 2012; Witkos and Lowe, 2017; Sundaramoorthy et
al., 2015; Brandizzi and Barlowe, 2013). Firstly, cargo exists the ER at ER exit
sites (ERES) in coat protein complex Il (COPII) vesicles which are then clustered
into a membranous ER-Golgi intermediate compartment (ERGIC). Cargo
subsequently proceeds to the cis Golgi network (CGN) on the cis face of the Golgi
before progressing through the medial Golgi where it undergoes modification.
Finally, it is sorted and packaged within the trans Golgi network (TGN) on the trans
face of the Golgi and is subsequently delivered to their specific cellular
compartment such as the plasma membrane, endosomes and secretory vesicles.
The method through which cargo is transported from the cis to the trans face of
the Golgi remains under debate (Witkos and Lowe, 2017). However, a model
where cargo is retained within cisternae which mature as they move through the
stack is currently the best recognised for most cargoes. It has also been shown
that the TGN also receives cargo from outside the stack, which mostly arrives from
the endosomal compartment, while the CGN is also capable of returning cargo,
such as misfolded proteins, to the ER. Therefore, there is bidirectional transport at
both the cis and trans face of the Golgi. This structure of the Golgi is highly

conserved amongst eukaryotes (Lowe, 2011).

However, whereas most lower eukaryotes simply have multiple dispersed stacks,
in vertebrates the Golgi stacks are laterally interconnected by tubular reticular
structures forming a continuous structure referred to as the Golgi ribbon
(Nakamura et al., 2012; Lowe, 2011). Importantly, in vertebrates this singular Golgi
is found located in close proximity to the microtubule organisation centre (MTOC)
at the centrosome (Yadav and Linstedt, 2011). The accurate positioning of the
Golgi is crucial for several cellular processes including neuronal arborisation and
cell migration (Figure 1.14a) (Yadav et al., 2012). Interestingly, in neurons Golgi

stacks are found in dendrites (known as “Golgi outposts”) which are thought to be
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involved in the local delivery of receptors and dendritic arborisation (Wei and
Seemann, 2017; Jeyifous et al., 2009). Important for the formation of the Golgi

ribbon, its maintenance and positioning are microtubules and dynein (Lowe, 2011).
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Figure 1.14
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Figure 1.14 (a) Golgi positioning during cell migration allows for the directed
secretion towards the cell edge along microtubules. (b) Schematic of the steps
in Golgi assembly. Golgi stacks undergo clustering using Golgi-derived
microtubules and are transported towards the centrosome. Tethering proteins
further connect the Golgi stacks before undergoing tabulation and fusion to
form the Golgi ribbon. Adapted from: Yadav & Linstedt 2011; Nakamura et al.
2012; Wilson et al. 2011.
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1.2.2.2.3.1 Microtubules at the Golgi

In most cells, the primary microtubule organising and nucleation centre is the
centrosome (Rios, 2014). The centrosome consists of a pair of centrioles
surrounded by the pericentriolar matrix containing the components which are
necessary for microtubule nucleation. Specifically, the y-tubulin ring complex (y-
TuRC) which consist of y-tubulin and y-tubulin complex proteins (GCPs).
However, in some differentiated cells including neurons most microtubules are
nucleated at acentrosomal sites. Interestingly, the Golgi can act as a site of
microtubule nucleation including in neurons (Chabin-Brion et al., 2001; Ori-
McKenney et al., 2012; Efimov et al., 2007). This nucleation is dependent on y-

TuRC like the nucleation seen at the centrosome (Efimov et al., 2007).

Golgi-derived microtubules are thought to be important for the formation of the
Golgi ribbon, whilst centrosome derived microtubules are important for the
localisation of the Golgi (Miller et al., 2009; Hurtado et al., 2011). Depolymerisation
of microtubules through treatment with nocodazole or colchecine results in the
Golgi fragmenting and the dispersal of the Golgi stacks (mini-stacks) (Haase and
Rabouille, 2015). Simply inhibiting Golgi microtubule nucleation does not disperse
the Golgi but causes the fragmentation of the Golgi ribbon (Rios, 2014). The
current model stipulates that Golgi-derived microtubules cluster Golgi stacks in the
periphery (G-stage) and these are then transported on centrosome derived
microtubules to the pericentrosomal position (C-stage) (Miller et al., 2009;
Nakamura et al., 2012; Lowe, 2011). Subsequently, these clustered Golgi stacks
undergo tubulation and fusion to form the Golgi ribbon for which Golgi-derived
microtubules are essential (Figure 1.14b). Therefore, the formation of an intact
Golgi ribbon requires the cooperation of both Golgi-derived and centrosome

derived microtubules.

Additionally, the asymmetric nature of Golgi-derived microtubules is important for
the polarization of the cell and therefore for cell migration (Miller et al., 2009). The
inhibition of Golgi microtubule nucleation results in aberrant directed cell migration
(Miller et al., 2009; Hurtado et al., 2011). Overall, cells require an intact polarised
Golgi located at the centrosome to enable the polarized secretion which sustains

directional migration (Rios, 2014).
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1.2.2.2.3.1.1 Post-translational modification of microtubules

Microtubules consist of cylindrical polymers of a-tubulin and B-tubulin
heterodimers and are important for a variety of cellular functions including
intracellular transport and organelle positioning (Janke and Chloé Bulinski, 2011).
The post-translational modifications (PTMs) of microtubules allows for their
specialisation (Howes et al., 2014). Interestingly, microtubules associated with the
Golgi are highly enriched in acetylated and detyrosinated microtubules (Thyberg
and Moskalewski, 1993; Skoufias et al., 1990). Additionally, the rate of acetylation
on Golgi-derived microtubules is especially rapid indicating that they are stabilised
immediately after formation (Sanders and Kaverina, 2015; Chabin-Brion et al.,
2001).

Many of the PTMs of microtubules occur on the C-terminus of tubulin which extend
perpendicularly from the microtubule surface (Howes et al., 2014). One such
modification is the reversible enzymatic removal of the C-terminal tyrosine residue
(detyrosination) present on most a-tubulin isotypes (Song and Brady, 2015). This
process occurs preferentially once tubulin is polymerised into microtubules but the
responsible cytosolic carboxypeptidase (CCP) is yet to be identified (Kumar and
Flavin, 1981; Song and Brady, 2015; Gundersen et al., 1987). However, this
modification is reversible in soluble tubulin dimers by the tubulin Tyr ligase (TTL)
enzyme (Janke and Chloé Bulinski, 2011). Whilst detyrosination is often
associated with stable long live microtubules this does not mean that the
modification imparts stability (Song and Brady, 2015). It merely reflects the fact
that detyrosination preferentially occurs on polymerised tubulin dimers into
microtubules as oppose to soluble tubulin. This generates microtubules in which
the “older” minus end are detyrosinated (detyr-microtubules) and the “newer” plus
end is tyrosinated (tyr-microtubules). It is thought that detyrosination and
tyrosination are used to differentially regulate the interactions of microtubules with
other proteins. Interestingly, CAP-Gly domain-containing linker protein 170
(CLIP170) which is a +TIP binding protein is preferentially recruited to end binding
protein 1 (EB1) bound tyr-microtubules (Peris et al., 2006; Bieling et al., 2008).
CLIP170 is then able to recruit dynactin through its interaction of the p150¢'ued
subunit. Interestingly, the p150©!“¢d subunit of dynactin also preferentially binds to
tyr-microtubules (Peris et al., 2006; Nirschl et al., 2016; McKenney et al., 2016).
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EB1, CLIP170 and p150©'“¢¢ are responsible for the recruitment of dynein to
microtubule plus ends. Therefore, the tyrosination state of microtubules regulates
the recruitment of these proteins to the plus end of microtubules and consequently
of dynein and thus impact the initiation of dynein mediated transport (McKenney et
al., 2016; Nirschl et al., 2016). Additionally, the tyrosination state of microtubules
has been implicated in the regulation of various members of the kinesin family
(Song and Brady, 2015).

In contrast to detyrosination, acetylation occurs within the lumen of microtubules
on lysine 40 (Lys40) of a-tubulin (Song and Brady, 2015). Several enzymes have
been identified which are capable of acetylating Lys40 such as elongator complex
protein 3 (ELP3), arrest-defective-1 (ARD1) - N-acetyltransferase 1 complex
(NAT1) complex, histone acetyltransferase GCN5, and alpha tubulin
acetyltransferase 1 (aTAT1). However, abolishing aTAT1 activity results in an
almost complete loss of microtubule acetylation indicating that it is the enzyme
primarily responsible for the acetylation of microtubules (Kalebic et al., 2013;
Shida et al., 2010; Akella et al., 2010). Conversely, deacetylation preferentially
occurs on soluble tubulin dimers once released from microtubules (Song and
Brady, 2015). Histone deacetylase 6 (HDACG6) and sirtuin 2 (SIRT2) are the
deacetylases responsible for the deacetylation of Lys40 of a-tubulin. However,
mice lacking HDACG6 show hyperacetylation of microtubules (Zhang et al., 2008).
Additionally, only the knockdown of HDACG6 had a significant effect on the
acetylation of microtubules in MDA-MB-231 cells (Deakin and Turner, 2014).
Therefore, HDACSG is considered to be the primary deacetylase for Lys40 (Sadoul
and Khochbin, 2016). Acetylation of microtubules is predominantly associated with
stable, long-lived microtubules. Therefore, there is on-going debate as to whether
the modification imparts stability or is simply a marker that accumulates on
microtubules which survive long enough to undergo this modification: currently,
consensus sides with the latter. However, two recent studies have shown that
acetylation of microtubules is not simply a marker of stability but actually infers
resistance to mechanical breakage by altering the flexibility and compliance of
microtubules (Portran et al., 2017; Xu et al., 2017). Interestingly, dynein has been
shown to have a higher affinity to acetylated microtubules in vitro (Dompierre et

al., 2007; Bhuwania et al., 2014). Furthermore, it has also been shown that the
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acetylation state of microtubules affects the velocity of axonemal dynein (Alper et
al., 2014). Therefore, it is suggested that the acetylation state of microtubules
could regulate dynein activity (Sadoul and Khochbin, 2016). Similarly, kinesin is
also thought to be regulated by the microtubule acetylation. Recently, it was
shown that the inhibition of dynein using Ciliobrevin D which inhibits the ATPase
activity of the motor domain of the HC caused a decrease in acetylation and
tyrosination of microtubules in neuronal cultures (Sainath and Gallo, 2014). Also, it
has been reported that HDACG6 interacts with the p150¢!“¢d subunit of dynactin in
the context of aggresome formation (Kawaguchi et al., 2003). It is unknown
whether this interaction may allow dynein to modulate the levels of microtubule

acetylation.

1.2.2.2.3.2 Dynein at the Golgi

Dynein is responsible for transport from post-Golgi compartments such as
endosomes and lysosomes back to the TGN. It also mediates the transport of
cargo from the ER to the CGN but the precise sequence of events is still unclear
(Jaarsma and Hoogenraad, 2015). Currently there are two models which attempt
to explain how cargo from the ER is transported to the Golgi via the ERGIC
(Brandizzi and Barlowe, 2013). Both models begin with the COPII vesicles exiting
the ER and moving in a microtubule and dynein-independent manner
(Appenzeller-Herzog, 2006). Subsequently, in the transport complex model, COPII
vesicles fuse to form the ERGIC (also known as the vesicular tubular cluster (VTC)
or the transport complex (TC)) (Appenzeller-Herzog, 2006). The ERGIC itself is
then transported in a microtubule and dynein-dependent manner and either
undergoes fusion with other ERGIC to form new cis-Golgi cisternae or fuses with
the first cisternae of the cis-Golgi. A more recent model (the stable compartment
model) stipulates that the ERGIC is not a transient structure but a stable organelle
which exists between ER and the Golgi (Appenzeller-Herzog, 2006). In this model,
COPII vesicles are transported from the ER and fuse with the ERGIC. This is
followed by a dynein and microtubule dependent transport from the ERGIC to the

cis-Golgi.

The transport of cargo from the ER to the Golgi by dynein is suggested to maintain
the Golgi at the centrosome (Allan et al., 2002). Further evidence that dynein is

important for localisation of the Golgi to a pericentrosomal position was obtained
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using purified Golgi complexes applied to “semi-intact” cells (Corthésy-Theulaz et
al., 1992). Additionally, the importance of dynein to the integrity of the Golgi is
illustrated by various knockdown and inhibition studies. The disruption of the
dynactin complex and therefore inhibition of dynein function via the overexpression
of p50/dynamitin causes Golgi fragmentation (Burkhardt et al., 1997). The Golgi is
also fragmented in cells cultured from HC knockout mice (Harada et al., 1998).
More recently, siRNA was used to knockdown individual components of the dynein
complex (Palmer et al., 2009). For several of these subunits (HC, IC2, LIC1,
Tctex-1 and Roadblock1) knockdown resulted in the fragmentation of the Golgi.
Interestingly, the concomitant knockdown of the dynein adaptor proteins NudE and

Nudel or depletion of LIS1 also causes Golgi fragmentation (Lam et al., 2010).

A study also using the overexpression of p50/dynamitin or the CC1 domain of
p150€!ued to inhibit dynein, was able to show which steps of Golgi reassembly
following nocodazole washout are dependent on dynein (Miller et al., 2009). The
inhibition of dynein halted both the clustering of the Golgi stacks (G-stage) at the
periphery and the centripetal movement of these stacks towards the centrosome

(C-stage).

Recently, progress was made with the identification of golgin160 as the protein
responsible for recruiting dynein to the Golgi membranes (Yadav et al., 2012).
Golgin160 binds to the IC of the dynein complex through one of its coiled-coill
domains (CC7) and attaches to the Golgi membranes via its N-terminal interaction
with Arf1. Interestingly, the knockdown of golgin160, preventing the recruitment of
dynein, stopped the transport of membranes at the C-stage, thus stopping the
peri-centrosomal localisation of the Golgi. Therefore, it is suggested that
Golgin160 recruitment of dynein is important for the localisation and maintenance

of Golgi positioning at the centrosome.

Interestingly, dynactin is proposed to be capable of binding to Golgi membranes
directly via the interaction of its Arp1 subunit and Blll-spectrin on Golgi membranes
(Jaarsma and Hoogenraad, 2015). Furthermore, the knockdown of Blll-spectrin
also causes Golgi fragmentation and impaired recovery following microtubule

depolymerisation with nocodazole (Salcedo-Sicilia et al., 2013).
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Dynein is also crucial for the nucleation of microtubules at the Golgi which as
discussed are important in ribbon formation (Rivero et al., 2009). Additionally, in
Drosophila, dynein is also important for the transport of Golgi outposts to distal
dendrites through its interaction with lava lamp which binds a-spectrin on Golgi
membranes (Zheng et al., 2008; Papoulas et al., 2005). However, a mammalian

homolog of lava lamp is yet to be identified.

1.2.2.2.3.3 BICD2 at the Golgi

The best understood function of BICD2 at the Golgi is its role in Ras-related
protein Rab-6A dependent retrograde transport from the Golgi to the ER. RAB
proteins are small Ras-Like GTPases which act as regulators of intracellular
vesicular transport (Hutagalung and Novick, 2011). RAB proteins are active when
bound to guanosine-5'-triphosphate (GTP) and are associated with membranes at
which point they recruit specific proteins to facilitate transport. RAB6A is involved
in intra-Golgi transport, where it specifically coordinates COPI-independent
retrograde transport from the Golgi to the ER (Martinez-Carrera and Wirth, 2015).
Importantly, active RAB6A on the TGN recruits and binds to the C-terminus of
BICD2 which in turn recruits the dynein-dynactin complex to facilitate the
retrograde transport towards the ER. Furthermore, the importance of BICD2 to the
Golgi is illustrated by the fact that a double knockdown of BICD1/2 and over
expression of the N-terminus of BICD2 (BICD2-N) both cause Golgi fragmentation
(Fumoto et al., 2006; Teuling et al., 2008).

Due to its coiled-coil structure, its localisation to the TGN of the Golgi and its
interaction of a RAB family member (RAB6A), BICD2 is considered to be a Golgin
(Martinez-Carrera and Wirth, 2015; Matanis et al., 2002). Golgins are part of a
matrix surrounding the Golgi which helps maintain the integrity of the Golgi and

mediate Golgi functions including vesicular transport (Witkos and Lowe, 2016).

1.2.2.2.3.4 Golgi fragmentation in SMA-LED

Two dynein mutations are associated with delayed recovery of the Golgi following
fragmentation by treatment of nocodazole (Fiorillo et al., 2014). A similar
phenotype was also observed in mouse embryonic fibroblasts from Loa

homozygous mice (Hafezparast et al., 2003).
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Several BICD2 mutations which cause SMA-LED are associated with Golgi
phenotypes. Patient fibroblasts with either p. T703M or p.N188T have decreased
BICD2 levels and Golgi fragmentation. The level of Golgi fragmentation in these
patients correlated with severity of patient phenotype (Neveling et al., 2013).
Additionally, the transfection of BICD2 with the p.S107L disease causing mutation
into SH-SYSY cells caused Golgi fragmentation (Peeters et al., 2013). The same
study also showed that the p.S107L mutation increased the affinity of BICD2 for
the dynein IC. Furthermore, it showed that the p.E774G mutation decreased the
interaction between BICD2 and RABGA. Another study found Golgi fragmentation
in myocytes of patients harbouring either p.S107L or p.T703M mutant BICD2
(Unger et al., 2016). Interestingly, muscle fibres from the same patients exhibited
BICD2 aggregates within the nuclei or within the perinuclear region. Similar
alterations were observed when staining for RAB6. Transfecting SH-SY5Y with
mutant BICD2 harbouring the p.R501P mutation produced similar perinuclear
aggregation in the form of ring structures positive for RAB6A (Oates et al., 2013).
The same study also showed that p.S107L and p.R501P mutant BICD2 interacts
more tightly with the IC and p1506'ved,

Interestingly, Golgi fragmentation is also a feature of other neurodegenerative
diseases including Alzheimer’s disease, Parkinson’s disease and ALS (Wei and
Seemann, 2017).

1.3 Research aims
This thesis focusses on elucidating the cellular and molecular aetiology which
underpins the degeneration of motor neurons in amyotrophic lateral sclerosis (ALS

and in spinal muscular atrophy, lower extremity predominant (SMA-LED).

Dysfunctional RNA metabolism has increasingly become implicated in ALS, with
the discovery of mutations in several RNA binding proteins (Strong, 2010). Of
importance is the RNA binding protein TDP-43, which was first implicated in ALS
upon the discovery that it is the principal component of the ubiquitin positive
inclusions that characterise the disease (Neumann et al., 2006; Arai et al., 2006)
(Cirulli et al., 2015; Buratti, 2015). Subsequently, causative mutations were
identified in its gene (TARDBP) and to date up to 52 mutations have been

identified and are known to account for up 4 % of fALS cases and 1 % of sALS
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cases (Kabashi et al., 2008; Sreedharan et al., 2008). TDP-43 is involved in
several steps of RNA metabolism including transcription, translation and mRNA
stability (Lee et al., 2012). Recently, data from a transgenic mouse model of ALS
from within the Hafezparast lab, implicated TDP-43 in the regulation of Peripherin
expression, specifically the alternative translation of Per-45 (Barri, 2015).
Peripherin is another ALS associated protein which is also found in inclusions in
ALS and mutation to its gene (PRPH) are also linked with ALS. The aim here is to
further elucidate TDP-43’s role in the regulation of peripherin expression and
specifically attempt to ascertain TDP-43'’s involvement in the alternative translation
of Per-45. This was performed in a mouse line where endogenous mutagenized
TDP-43 is expressed at isogenic levels, allowing for the elimination of

overexpression artefacts from previous data.

SMA-LED is caused by mutations in DYNC1H1 and BICD2. DYNC1H1 encodes
the heavy chain (HC) which forms the core of the dynein molecular motor, while
BICD2 encodes an adaptor of dynein (Neveling et al., 2013; Oates et al., 2013;
Peeters et al., 2013; Harms et al., 2010). Several mutations in DYNC1H1
associated with SMA-LED also cause malformation of cortical development (Scoto
et al., 2015). Similarly, mutations in Lis1 which encodes lissencephaly 1 causes a
neuronal migration disorder (lissencephaly). The Loa mouse model of the disease
also exhibits neuronal migration deficits (Hafezparast et al., 2003; Ori-McKenney
and Vallee, 2011). Recently, data from the Hafezparast lab has shown that focal
adhesions, which are crucial for normal cellular migration, have an abnormal
morphology and consequently Loa MEFs exhibit slower migration (Barri, 2015). It
is also suggested that this is caused by a decrease in the phosphorylation of the
focal adhesion protein paxillin at Tyr118, which was observed to be reduced in Loa
mouse embryonic fibroblasts. Here, the aim is to determine how mutations in the
HC of dynein can alter the phosphorylation of paxillin and further investigate the
effects of reduced Tyr118 phosphorylation on adhesion dynamics. To achieve this
microscopy and various drug treatments were used to dissect a potential pathway

linking dynein and paxillin.

Golgi pathology is associated with several DYNC1H1 and BICDZ2 mutations.
Recently in the Hafezparast lab, Golgi fragmentation was observed in patient

fibroblasts with a DYNC1H1 mutation in association with reduced microtubule
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acetylation. The aim here was to further investigate the involvement of dynein and
BICD2 in Golgi pathology and to try and understand the underlying molecular
mechanisms. To achieve these goals, DYNC1H1*/P338N patient fibroblasts and
BICD2*118%F patient fibroblasts were used to investigate Golgi morphology and
dynein localisation at the Golgi. These cells and Loa mouse embryonic fibroblasts
were also used to investigate the role of post-translational modifications Golgi

integrity and pathology.
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Chapter 2: Methods
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2.1 Genotyping
2.1.1 DNA preparation

Tissue for DNA preparation was obtained in the form of an ear punch using a
sterilised ear puncher, which yields approximately 0.2-0.3 cm? of tissue. When
fibroblasts were used, they were grown to confluency in a T25 flask (Corning, Cat:
430639), trypsinized, and then centrifuged at 390 x g for 5 minutes and the pellet
washed with Dulbecco's phosphate-buffered saline (DBPS). Subsequently, 200 uL
of lysis buffer (100 mM Tris-HCL at pH 8.0, 5 mM EDTA, 0.2 % SDS and 200 mM
NaCl) and 2 uL Proteinase K (20 mg/mL) were added and the sample incubated in
a 55 °C water bath overnight. The samples were then centrifuged for 15 minutes at
16,100 x g, following which the supernatant containing the DNA was decanted into
a new Eppendorf tube and a 1:20 dilution performed. For each polymerase chain
reaction (PCR) reaction 1 pL of the diluted DNA was used.

2.1.2 Genotyping TDP-43F210 mice

To enable the genotyping of the T>A substitution at position 628 (c.628T>A), a
multiplex PCR was performed through two independent duplex reactions, each
using 3 primers designed by PhD student Charlotte Chapman (see Table 2.1 for
primer sequences). One set of primers (outer primers) amplified a 225 bp fragment
encompassing the region with the mutation regardless of the presence of the
mutation. These annealed at the area highlighted in blue and yellow for the
forward and reverse primer respectively in Figure 2.1. The second set of primers
(inner reverse primers) were designed to target the site of the mutation specifically
(targeting the area highlighted in green in Figure 2.1). The first primer in this set,
(inner wild type) contained the complementary base to the wild type 628 base at
the 3’ end (T), whereas the second primer of this set (inner mutant) contained the
complementary base to the mutant base (A). Additionally, in both the inner wild
type and inner mutant primer, a second mismatch was introduced at the third base
from the 3’ end of the primer (base highlighted in purple in Figure 2.1) to increase
specificity. Each inner reverse primer was designed to work in conjunction with the

outer forward primer to generate a 143 bp fragment.
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Table 2.1

Primer Sequence (5’-3’)
Outer forward primer GTGTTTACCATCTCCTGTTCTCTCTT
Outer reserve primer GACAAATGACCAACAAATATACCTTATC
Inner reverse wild type TACCACTTCTCCATACTGACAGAAAA
Inner reverse mutant TACCACTTCTCCATACTGACAGAARAT

Table 2.1 Sequence of primers for the genotyping of TDP-43F2'0" mice. The
additional mismatch introduced in the inner primers to increase specificity is
highlighted in purple. The site of the mutation is underlined with the base
complementary to the wild type base shown in black and the base

complementary to the mutant base in red.

Figure 2.1

Outer forward
CAA AGC CCA GAC GAG

CCT TTG AGA AGC AGA AAG GTG TTT GTT GGA CGT TGT ACA GAG GAC ATG ACT GCT

A Inner reverse primers
GAA GAG CTT CAG CAG TTIH'TTCITGT CAG TAT GCAIGAAIGTG GTA'GAT GTC TTC ATT

CCC AAA CCA TTC AGA GCT TTT GCC TTC GTC ACC TTT GCA GAT GAT AAG

Outer reverse

Figure 2.1 Sequence of Tardbp at the region surrounding the site of the F210lI
(c.628T>A) mutation. The site of the mutation is underlined, and the mutant base
is shown in red above the site. The bases of the exon are in black and those of
the surrounding introns are in grey. The outer primers are highlighted in blue and
yellow for the forward and reverse primer respectively. The site complementary
to the inner primers is highlighted in green with the purple base corresponding to

the added mismatch in these primers for improved specificity.
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Reaction 1 and 2 both contained the outer primers, but only one of the variants of
the inner reverse primers, inner reverse wild type and inner reverse mutant
respectively. Therefore, since the outer primers generate a 225 bp fragment in
both reactions, the presence or absence of the inner 143 bp fragment
demonstrated the genotype. The amplification of the 143 bp fragment would only
occur in reaction 1 if the animal has a wild type allele, due to the two mismatches
which would otherwise occur between the wild type inner reverse primer and the
template (see Figure 2.2). Similarly, reaction 2 would only generate a 143 bp
fragment if the animal has a mutant allele due to the mismatches which occur if

this was not the case (see Figure 2.2).

The result would be that wild type mice would have the 2 bands in reaction 1 and
only the 225 bp band in reaction 2 due to the lack of a mutant allele. Heterozygous
mice would have 2 bands in reaction 1 and reaction 2 due to the presence of both
a wild type and a mutant allele. Homozygous mutant mice would only have the
225 bp band in reaction 1 due to the lack of a wild type allele, and 2 bands in
reaction 2. Figure 2.3a demonstrates these possible outcomes and a sample

result can be seen in Figure 2.3b.

Each reaction consisted of 5 pyL of HotStarTaq Master Mix (Qiagen, Cat:203443),
0.1 uM of each primer, 1 uL of template (from 1:20 dilution specified in section
2.1.1), with the volume made up to 10 pL with double distilled water. The samples
were run using the PCR program detailed in Table 2.2 and subsequently on a 2 %

agarose gel.
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Figure 2.2
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Figure 2.2 Schematic illustrating the principal of primer annealing for the TDP-43F21% genotyping. For each sample two reactions

were performed, and each reaction contains three primers. A set of outer primers (blue and yellow for the forward and reverse

respectively) and an inner reverse primer which exists in two variations, one in which the 3’ end is able to anneal to the wild

type allele and with the other being able to anneal to the mutant allele. The site of the mutation is underlined, and the last base

of the inner reverse primers are shown in black within a circle. Additionally, the inner reverse primers contain an additional

mismatch shown in purple within a circle for added specificity.




Figure 2.3
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Figure 2.3 (a) Schematic representation of the expected band pattern for each
potential outcome TDP-43F2'% genotyping. (b) A Sample result from TDP-
43F210 genotyping showing the outcome for a TDP-43** and TDP-43*/F210!
mouse. The PCR products were run on a 2 % agarose gel for 20 minutes. R1:
reaction 1, R2: reaction 2, L= 100 bp ladder (NEB, Cat: N3231).

Table 2.2
Number of cycles A Temperature Time
1 95 °C 15 minutes
94 °C 30 seconds
35 X°C 30 seconds
72 °C 1 minute
1 72 °C 10 minutes

Table 2.2 PCR program for TDP-43F21% (X = 60 °C), Loa (X = 62°C),
DYNC1H1P338N (X = 60.5°C) and BICD2!"8% genotyping (X = 60.5°C).
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2.1.3 Genotyping Loa mice and fibroblasts

Tissue from both mice and fibroblasts were prepared as described in section 2.1.1.
The genotyping of the Loa mutation was performed using PCR and a subsequent
restriction digest. The PCR was used to amplify the region surrounding the
¢.1739T>A mutation using the primers described in Table 2.3, which anneal at the
sites shown in Figure 2.4. The mutation generated a secondary Rsal restriction
site (GTY AC), shown highlighted in green in Figure 2.4. Therefore, the 696 bp
product was digested with the restriction enzyme Rsal. When the mutation was
present the enzyme would cut at the primary restriction site and the new
secondary site, generating fragments of 24 bp (not visible on gels after
electrophoresis), 135 bp and 537 bp. When the mutation was not present then two
fragments would be produced, a 24bp (not visible on gels after electrophoresis)

and a 672 bp fragment (see Figure 2.5a and b).

The PCR reactions consisted of 5 pyL of HotStarTaqg Master Mix (Qiagen,
Cat:203443), 0.1 uM of each primer, 1 uL of template (from 1:20 dilution specified
in section 2.1.1), with the volume made up to 10 pL with double distilled water. The
samples were amplified using the PCR program detailed in Table 2.2, and
subsequently restricted with 5 U of Rsal (NEB, Cat: R0167S) for 1.5 hours, being

run on a 2 % agarose gel.
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Table 2.3

Primer Sequence (5’-3’)
Forward primer TGCTGTGTGCTCTCCTGTTT
Reverse primer TTTTACAAGCTTGGCTTTGC

Table 2.3 Sequence of primers for the genotyping of the Loa mutation.

Figure 2.4

Forward primer

GTC ACA GCA GTC GCA CAA CAG AAC CAA
GGA GAA GCA CCT GAA CCC CAA GAC ATG AAA GTG GCC GAG GTG CTC TTT GAT GCT GCC GAC GCC
AAC GCC ATT GAG GAG GTG AAC CTG GCC TAC GAG AAT GTC AAG GAA GTC GAT GGT CTG GAT GTT
TCC AAA GAA GGG ACG GAA GCC TGG GAG GCC GCG ATG AAG AGA TAC GAT GAG AGG ATC GAC CGT
GTG GAG ACC CGC ATC ACC GCC CGC CTC CGA GAT CAG CTC GGC ACG GCC AAG AAT GCC AAT GAG

a

ATG TTC AGG ATT TTC TCC AGG TTC AAT GCACTG TTC GTC CGC CCA CAC ATC CGA GGG GCC ATT CGT
GAATAC CAG ACC CAG CTG ATC CAACGT GTG AAA GAT GAC ATC GAATCT CTG CAC GAC AAG TTC AAG

Reverse primer
GTC CAG TAC CCG CAAAGC CAAGCT TGT AAAATG AGT CAT GTC

Figure 2.4 Sequence of the Dync1h1 gene surrounding the Loa mutation site
(underlined and mutant variant shown in red). The sites for the forward primer
(highlighted in blue) and the reverse primer (highlighted in yellow) are also
shown. Additionally, the primary Rsal restriction site and the secondary site

formed by the mutation are highlighted in green. Introns are shown in grey and

exons in black.

134



Figure 2.5
(a)

672 bp 24 bp
Wild type GTTC GT'AC
537 bp 135 bp 24 bp
Loa GTYAC GTYAC
(b)
Dync1h1™* Dync1h1*a  Dync1h{toatoa
I | 672 bp
| B 537Dbp
I I 135bp
24 bp
(c) ,\,\\9@ \,\*
NS
N
L oY O
- s
672 bp— .
- - ——— 3
135 bp —

(NEB, Cat: N3231).

Figure 2.5 (a) Representation of the restriction digest following the PCR for Loa
genotyping. A wild type allele produced two fragments (637 bp and 24 bp),
whereas the Loa allele produced 3 fragments (537 bp, 135 bp and 24 bp). v
denotes the site of restriction. (b) Schematic representation of the bands
expected from the resulting gel electrophoresis for a Dync1h1**, Dync1h1*/ca,
Dync1h1tea'toa genotype. (c) Sample gel electrophoresis of Loa genotyping
showing the expected bands for Dync1h1**and Dync1h1*°a The PCR

products were run on a 2 % agarose gel for 20 minutes. L= 100 bp ladder.
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2.1.4 Genotyping DYNC1H1P33N fiproblasts

DNA for genotyping was obtained from human fibroblasts as described in section
2.1.1. Subsequently, 1 yL of DNA was used in a multiplex PCR to determine the
presence of the ¢.1012G>A mutation, using the primers detailed in Table 2.4. For
each sample two duplex reactions were performed, each reaction containing three
primers. Two outer primers (annealing to the regions highlighted in blue and yellow
for the outer forward and reverse primer in Figure 2.6) which would produce a
band of 537 bp irrespective of the presence of the mutation; and an inner wild type
forward or an inner mutant forward primer which anneal to the mutation site (area
highlighted in green in Figure 2.6). The inner primers specifically targeted the
mutation with the last base of the 3’ end, with the inner wild type only fully
annealing to the wild type allele and the inner mutant only fully annealing to the
mutant allele (see Figure 2.7). The inner primers worked in conjunction with the

outer reverse primer to produce a 413 bp band if fully annealed.

Each reaction had a total volume of 10 yL containing 5 uL of HotStarTaq Master
Mix (Qiagen, Cat:203443), 0.1 uM of each primer and 1 pL of template (from 1:20
dilution specified in section 2.1.1). The volume was then made up to 10 pL with
double distilled water. The PCR program used is shown on Table 2.2, following
which the samples were run on 2 % agarose gel. The expected pattern of the
results for the genotypes is shown in Figure 2.8a and a sample result is shown in
Figure 2.8b.
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Table 2.4

Primer Sequence (5’-3’)

Outer forward primer GCAACATCAAAATGTTCC
Outer reverse primer CGATGTCTCTCAACAATACC
Inner wild type forward GACTACAATCCTCTGATGAAAG
Inner mutant forward GACTACAATCCTCTGATGAAAA

Table 2.4 Sequence of primers for genotyping DYNC1H1P338N fibroblasts. 3’
end base pair which targets the mutation is underlined, with the mutant variant

shown in red.

Figure 2.6

Forward primer

GT
Inner forward primers A

CTA AAA CAG GCT TTG GAA ACT GTG AAT GAC TAC AAT CCT CTG ATG AAA GAT TTC CCT CTG AAT GAT TTG

CTG TCT GCC ACG GAG CTG GAC AAA ATA AGA CAG GCG CTT GTT GCC ATT TTC ACA CAT TTG AGA AAG ATC

CGA AAC ACA AAATAT CCT ATT CAG AGG GCACTG CGT TTG GTG GAG GCAATT TCAAGAGAC TTG AGT TCT

CAA TTA CTC AAA GTA TTG GGC ACT AGG AAA TTG ATG CAT GTT GCT TAT GAA GAA TTT GAA AAA

GTT ATG GTAGCATGC TTT GAAGTT TTT CAG ACT TGG GAT GAT GAG TAT GAG AAA CTT CAG

Reverse primer
GTATTG TTG AGA GAC ATC GTC AAA AGA AAA AGG GAA GAA AAT CTG AAG ATG GTG TGG CGT ATC AAC CCT

GCC CACAGGAAG CTG CAG GCC

Figure 2.6 Sequence of the DYNC1H1 gene surrounding the mutation site
(underlined and mutant variant shown in red). The sites for the forward primer
(highlighted in blue) and the reverse primer (highlighted in yellow) are also
shown. Additionally, the site to which the inner forward primers anneal is shown

highlighted in green. Introns are shown in grey and exons in black.
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Figure 2.7

Wild type allele Mutant allele
5 3 ¥ 3
Q ©
. 7é 4 3 l4 __) H
Inner wild type 3 C 5 3 = 5
forward primer - B
Product Product
537 bp 537 bp
413 bp
5 3 5 3
® @
Inner mutant 33— o — — 5
forward primer < 1
Product Product
537 bp 537 bp
413 bp

Figure 2.7 Schematic illustrating the principal of the primer annealing for the DYNC1H1P338N genotyping. For each sample
two reactions were carried out, each with three primers, the two outer primers (forward and reverse primer, shown in blue and
yellow) respectively) and either an inner wild type forward or inner mutant forward primer (shown in green). The 3’ end base of
the inner forward primers are shown in a circle and the base affected by the mutation is shown underlined and in red for the
mutant variant. Only at a wild type allele, would the inner wild type forward 3’ end fully anneal and therefore produce a 413 bp
fragment in conjunction with the outer reverse primer. Conversely, the inner mutant forward primer 3’ end would only fully

anneal at a mutant allele and cause the production of the 413 bp fragment. The outer primers produce a 537 bp fragment

irrespective of the presence of the mutation.
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Figure 2.8

(a)

DYNCIH1*  DYNC1H1*P38  DYNC1H10%8N0sasn
R1 R2 R1 R2 R1 R2
B D N N e e 537pp
[ | I Il 413 bp
N
(b) . x\Q”"@
N
NS NS
© ©
iy iy
Q Q
L RT R2 R1 R2
C—
500 bp — -
400 bp — - X

Figure 2.8 (a) Schematic representation of the expected band pattern for each
potential outcome of the DYNC1H1P338N genotyping. (b) A sample result
showing the outcome for DYNC1H1** and DYNC1H1*/P33N fiproblasts. The
PCR products were run on a 2 % agarose gel for 20 minutes. R1: reaction 1,
R2: reaction 2, and L= 100 bp ladder (NEB, Cat: N3231).
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2.1.5 Genotyping BICD2""%F fibroblasts

DNA for genotyping the c.565A>T mutation causing the 1189F substitution in
BICD2 was prepared as described in section 2.1.1. The genotyping was performed
in the form of a multiplex PCR reaction, with each sample requiring two duplex
reactions, each with 3 primers (primers detailed in Table 2.5). Each reaction had
two outer primers (outer forward and outer reverse, highlighted in blue and yellow
in Figure 2.9) which produced a band of 629 bp irrespective of the presence of the
mutation, as shown in Figure 2.10. Two inner forward primers specifically targeted
the site of the mutation with the 3’ end base pair (shown in green in Figure 2.9 and
in Figure 2.10). The inner wild type would anneal to the wild type sequence and
produce a fragment of 202 bp with the outer reverse primer, as shown in Figure
2.10. Conversely, the inner mutant forward fully annealed to the mutant sequence,
producing the 202 bp fragment with the outer reverse primer, shown in Figure
2.10. The expected band pattern for each genotype is shown in Figure 2.11a and

a sample result is shown in Figure 2.11b.

For each sample two 10 yL reactions were performed, with each consisting of 5 uL
of HotStarTaq Master Mix (Qiagen, Cat:203443), 0.1 yM of each primer (the outer
primers and 1 inner forward primer) and 1 uL of template (from 1:20 dilution
specified in section 2.1.1). The volume was made up to 10 pyL with double distilled
water. The PCR program used is shown in Table 2.2 and the samples were then

run on a 2 % agarose gel.
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Table 2.5

Primer Sequence (5’-3’)

Outer forward primer GCGCACTACTGTGTACATGC
Outer reverse primer ACAGTGGTAAAGCTGGCCC
Inner wild type forward GGAACTGGAGGAGGAGAACA
Inner mutant forward GGAACTGGAGGAGGAGAACT

Table 2.5 Sequence of primers for the genotyping BICD2''8F fibroblasts. 3’ end

base pair which targets the mutation is underlined, with the mutant variant

shown in red.

Figure 2.9

Outer forward primer

ATC AAC CAG AAT GTG GAGATC

CAG CGT GGC CGC CTG CGG GAT GAC ATC AAG GAG TACAAATTC CGG GAAGCT CGT CTG CTG CAG GAC

Inner forward primers T
TAC TCG GAA CTG GAG GAG GAG AAC BTC AGC CTG CAG AAG CAAGTG TCT GTG CTC AGA CAG AAC CAG

Outer reverse primer

Figure 2.9 Sequence of the BICDZ2 gene surrounding the mutation site
(underlined and mutant variant shown in red). The sites for the forward primer
(highlighted in blue) and the reverse primer (highlighted in yellow) are also
shown. Additionally, the site to which the inner forward primers anneal is shown

highlighted in green. Introns are shown in grey and exons in black.
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Figure 2.10 Wild type allele Mutant allele

5 3 5
® ®
. ,—— I , ,— -~
Inner wild type 3 - S 3 A
forward primer - -
Product Product
629 bp 629 bp
202 bp
5 3 5
@ ©)
Inner mutant 3’é 5’ 3'é —
forward primer T A
Product Product
629 bp 629 bp

202 bp

3!

Figure 2.10 Schematic illustrating the principal of the primer annealing for the BICD2'"8F genotyping. Each of the reactions
for genotyping contains three primers, the outer forward and outer reverse primer (shown in blue and yellow respectively) and
an inner forward primer (shown in green). In each reaction, there was either the inner wild type forward which has the 3’ end
base (shown in the circle) complementary to the wild type sequence, or the inner mutant forward which has the 3’ end base
(shown in the circle) complementary to the mutant sequence. The outer primers generated a fragment of 629 bp irrespective

of the presence of the mutation. The inner forward primers worked in conjunction with the outer reverse primer to produce a

202 bp fragment.
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Figure 2.11

(a)

BICD2* BICD2+/"esF BICD2189F/1189F
R1 R2 R1 R2 R1 R2
B N N N e o 629bp
[ I B 202 bp
o
b N )(\’\‘b
® g
OO
N %

Figure 2.11 (a) Schematic representation of the expected band pattern for
each potential outcome of the BICD2'"8F genotyping. (b) A sample result
showing the outcome for BICD2** and BICD2*"®F fibroblasts. The PCR
products were run on a 2 % agarose gel for 20 minutes. R1: reaction 1, R2:
reaction 2, NT = no template control and L= 100 bp ladder (NEB, Cat: N3231).

2.2 Dissection and tissue culture

2.2.1 Dissection of lumbar spinal cords (LSCs)

Mice were sacrificed using a COz2 rodent euthanasia chamber and confirmation
was performed by cervical dislocation. Mice were pinned ventral side down to a
dissection board to allow access to the dorsal side. The dorsal side of the mouse
was wiped with 70 % ethanol. Sterile surgical equipment was used for all
subsequent steps. Tweezers were used to raise the skin on the back of the neck
and surgical scissors created an opening in the skin centrally above the neck.
Using the same scissors, the opening was widened laterally to stretch from

shoulder to shoulder. After, the skin was cut in a caudal direction on both sides of
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the mouse until reaching the hind limbs, allowing the peeling back of the skin to
expose spinal column. A similar cut was then performed to remove the spinal
column, where surgical scissors were used to separate the column from the
mouse by cutting from the cranial region to the caudal region on both sides,
ensuring not to remove any organs. The spinal column was subsequently placed
on an ice pack and the removal of the spinal cord performed. Fine surgical
scissors were used to open the spinal canal to expose the spinal cord, then either
the lumbar portion of the cord was extracted using a scalpel or the entire spinal
cord was extracted and placed in a cryogenic vial and snap frozen in liquid

nitrogen.

2.2.2 Dissection of the brain for cofilin IPs

As for the dissection of the LSC, mice were sacrificed using a COz2 rodent
euthanasia chamber and confirmation was performed by cervical dislocation. The
mouse was then pinned on a dissection board, ventral side down and wiped with
70% ethanol. An incision was made at the back of the neck and expanded to allow
the removal of the skin from the head. Subsequently, three incisions were made at
the base of the skull and tweezers were used to snap away the skull to allow the
removal of the brain (care was taken not to damage the tissue). The brains were

then placed in cryogenic vials and snap frozen in liquid nitrogen.
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2.2.3 Culture media

Table 2.6 describes the culture media used for the various cell lines used in this

work.
Table 2.6
Cell line Culture reagent Concentration
DMEM (Gibco, Cat: 21969035) -
L-Glutamine (Gibco, Cat: 11500626) 1%
Penicillin/Streptomycin (Gibco, o
Neuro2a cells Cat:11528876) 1%
Foetal Bovine Serum (FBS) (Gibco, 10 %

Cat:10270106)
DMEM (Gibco, Cat: 21969035) -

Mouse embryonic | _Glutamine (Gibco, Cat: 11500626) 1%

fibroblasts (MEFs), T . .
human fibroblasts, Pemc'”"g:,[t_rﬁpégrgggg; (Gibeo,

HEK293 cells Bovine growth serum (GE
Healthcare Hyclone SH30541.03)

1%

10 %

Table 2.6 Table showing the constituents of cell culture media for the cell lines

used in this work.

2.3 Biochemistry

2.3.1 Lysis and sample preparation from tissue

2.3.1.1 Neurofilament extraction from LSCs

Snap frozen LSCs from mice aged between 6 and 9 months or whole spinal cords
from 5 month old mice underwent sequential homogenisation to enrich
neurofilaments, based on protocols by Xiao et al. 2008. The sequential
homogenisation involved three separate homogenisation steps (shown in Figure
2.12) with three different lysis buffers (see Table 2.7 for buffer details). Firstly,
LSCs were weighed and 1 mL of Lysis buffer 1 (L1) was added per 100 mg of
tissue in a glass Dounce homogeniser, which was used to break down the tissue
(given 30 twists). Subsequently, a 21-gauge needle was used to further disrupt the

tissue (6 times). The lysate was then centrifuged at 16,100 x g for 10 minutes at 4
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°C, following which the supernatant (S1) was separated, and the pellet (P1)
underwent a subsequent homogenisation step. Lysis buffer 2 (L2) was used to
homogenise P1 with a 21-gauge needle, as was performed for the first
homogenisation step. Again, the lysate was centrifuged at 16,100 x g for 10
minutes at 4 °C, the supernatant (S2) separated, and the pellet (P2) was used in
the next homogenisation step. P2 was homogenised in lysis buffer 3 (L3) using a
21-gauge needle and the lysate centrifuged as in previous steps. The sucrose
within L3 allowed for the separation and removal of lipids. The supernatant (S3)
was collected and DPBS was added to the pellet (P3) to wash off any S3, before it
was then again pelleted by centrifugation at 16,100 x g for 10 minutes at 4 °C.
Lysis buffer 4 (L4) was then used to disrupt the filaments in P3 with a 21-gauge
needle as described for previous steps. S1, S2, S3 and P3 were subsequently
used in SDS-PAGE and immunoblotting. However, only S1, S2 and P3 underwent

analysis as S3 was the product of a wash to remove lipids.
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Table 2.7

Lysis
Constituents Concentration
Buffer
DPBS without Ca?* and Mg?* (Sigma, Cat: D8537) -
Phosphatase inhibitor cocktail 2 (Sigma, Cat: 1x
L1 - P5726)
DPBS Phosphatase inhibitor cocktail 3 (Sigma, Cat: 1%
P0044)
Protease inhibitor (Roche, Cat: 11836170001) 1X
NaCl 750 mM
EDTA 5 mM
TrisatpH 7.5 50 mM
L2 - HSB
ith Triton X-100 (Sigma, Cat: X100) 1%
wi
. Phosphatase inhibitor cocktail 2 (Sigma, Cat:
Triton X- 1X
P5726)
100
Phosphatase inhibitor cocktail 3 (Sigma, Cat: 1x
P0044)
Protease inhibitor (Roche, Cat: 11836170001) 1X
NaCl 750 mM
EDTA 5 mM
L3 TrisatpH 7.5 50 mM
Sucrose 1M
HSB
. Phosphatase inhibitor cocktail 2 (Sigma, Cat:
with 1X
P5726)
sucrose
Phosphatase inhibitor cocktail 3 (Sigma, Cat: ix
P0044)
Protease inhibitor (Roche, Cat: 11836170001) 1X
L4- | DPBS without Ca?* and Mg?* (Sigma, Cat: D8537) -
DPBS
and SDS Sodium dodecyl sulfate (SDS) 2%

Table 2.7 Table showing the constituents of four lysis buffers used in the
sequential homogenisation of lumbar spinal cords to enrich the neurofilaments.
HSB = high salt buffer, DPBS = Dulbecco's Phosphate-Buffered Saline
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Figure 2.12

LSC + L1

| 16,100 x g for
RS 10 min (4°C) %

16,100 x g for _ |
§P 10 min (4°C)

E+L3
g
2 P2

16,100 x g for

S | 10 min (4°C) % |
F T +2%SDS
\ \y/
S3 P3

Figure 2.12 Schematic of sequential homogenisation of lumbar spinal cord
(LSC) tissue using lysis buffer 1, 2 and 3 from Table 2.7. S1 = supernatant 1,
S2 = supernatant 2, S3 = supernatant 3, P1 = pellet 1, P2 = pellet 2 and P3 =
pellet 3.

2.3.1.2 Brain homogenisation for cofilin immunoprecipitation

Snap frozen brains were weighed and per 100 mg of tissue, 1 mL of lysis buffer
(DPBS without Ca?* and Mg?* (Sigma, Cat: D8537), 1X Phosphatase inhibitor
cocktail 2 (Sigma, Cat: P5726), 1X Phosphatase inhibitor cocktail 3 (Sigma, Cat:
P0044), 1X Protease inhibitor (Roche, Cat: 11836170001)) were used to
homogenise the tissue in a glass Dounce homogeniser. The lysate was then
centrifuged at 16,100 x g for 15 minutes at 4 °C and the supernatant collected into

a separate 1.5 mL Eppendorf tube.

2.3.2 Lysis and sample preparation from cells
2.3.2.1 Cell homogenisation for SDS-PAGE
Cells used for western blot analysis were grown in 6 well tissue culture plates

(VWR, Cat: 734-1599), where they underwent any required drug treatments. For
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homogenisation, the cells were first washed in DPBS (without Ca%* and Mg?*) and
were then lysed using RIPA lysis buffer (1X RIPA (Merck Millipore, Cat: 20-188))
with 1X Phosphatase inhibitor cocktail 2 (Sigma, Cat: P5726), 1X Phosphatase
inhibitor cocktail 3 (Sigma, Cat: P0044), and 1X Protease inhibitor (Roche, Cat:
11836170001)). Briefly, an adequate volume of lysis buffer was added (depending
on the confluency of the cells) to each well and the plate swayed to ensure the
spread of the buffer. Subsequently, a cell scrapper was used to remove the cells
from the surface and the lysate collected into an Eppendorf tube. The lysate was
then centrifuged at 1000 x g for 5 minutes at 4 °C and the supernatant collected
(the pellet was stored at 4 °C). The protein concentration was then measured prior

to loading on SDS-PAGE (SDS polyacrylamide gel electrophoresis) gels.

The exception to the protocol described above being the homogenisation of
neuro2a cells for the experiment in section 3.2.3. Here, cells were plated in a T25
flask (Corning, Cat: 430639) following transfection. The cells were subsequently,
trypsinized and centrifuged at 390 x g for 5 minutes. The supernatant was
discarded and the pellet washed in DPBS (without Ca?* and Mg?*). RIPA lysis
buffer (constitution described above) was added to the cell pellet, followed by
vortexing and incubation on ice for 20 minutes with further intermittent vortexing
(once every 5 minutes). The lysate was then centrifuged at 1000 x g for 5 minutes
at 4 °C and the supernatant collected (the pellet was stored at 4 °C). The protein
concentration was the measured prior to loading on SDS-PAGE gels using the

bicinchoninic acid assay (BCA assay).

2.3.2.2 Cell homogenisation for immunoprecipitation

To determine the protein concentration of both cell and tissue lysates following
homogenisation a bicinchoninic acid assay (BCA) (ThermoFisher scientific, Cat:
23227) was used. The standard curve and samples were prepared as per the
manufacturer’s protocol but scaled down to a total volume of 200 uL, and 1 yL of

this was measured on a NanoDrop 2000 spectrophotometer.

2.3.5 Immunoprecipitation

50 uL of protein A sepharose beads (Life Technologies, Cat: 101041) were
washed with DBPS (without Ca? and Mg?*) three times. All washes consisted of 1
mL of DPBS (without Ca? and Mg?*) added to the beads, incubation on a rotator at
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4 °C for 10 minutes and centrifugation at 400 x g for 2 minutes at 4 °C.
Subsequently, the beads were incubated on a rotator at 4 °C overnight with DPBS
(without Ca? and Mg?*) containing 3 % bovine serum albumin (BSA) (Sigma, Cat:
A9056). The next day the beads were centrifuged as done previously and the
blocking solution removed. One set of blocked beads was then conjugated to an
antibody against the protein of interest and another set to the corresponding IgG
control for 2 hours on a rotator at 4 °C (see Table 2.8 for antibody details).
Simultaneously, the lysate was pre-cleared with washed beads to avoid non-
specific interactions between proteins within the lysate and beads. Pre-clearing
took place on a rotator at 4 °C for 1 hour. Both the beads conjugated to the
antibody targeting the protein of interest and those conjugated to the IgG control
underwent three further washes with DPBS (without Ca? and Mg?*) as previously
described. Subsequently, the pre-cleared homogenate was added to the
conjugated beads and incubated overnight on a rotator at 4 °C. The next day the
beads were centrifuged at 400 x g for 2 minutes and the homogenate removed
(post-IP lysate). The beads underwent 6 washes with DPBS (without Ca? and
Mg?*) as described previously and a further similar wash but substituting DBPS for
sterile double distilled water. 1X SDS sample buffer was then added to the beads,
which were subsequently boiled at 95 °C for 5 minutes and then centrifuged at
16,100 x g for 5 minutes. The supernatant was removed and kept at -20 °C until

analysed using SDS-PAGE and immunoblotting.
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Table 2.8

Amount
Target of ] ]
. Antibody IgG control conjugated to
Immunoprecipitation
beads
Mouse anti-
Dynein lgG Mouse
intermediate chain (Merk
Dynein IC . . 2.5 ug
1 antibody 74.1 | Millipore, Cat:
(Abcam, Cat: PP54)
ab23905)
|lgG Rabbit
Rabbit anti-Cofilin
_ (Merk
Cofilin antibody (Abcam, - 2.5 ug
Millipore, Cat:
Cat: ab11062)
PP64)
IgG Rabbit
Rabbit anti-GEF-
(Merk
Lfc/GEF-H1 H1 (Genetex, Cat: - 2.5 ug
Millipore, Cat:
GTX125893
PP64)

Table 2.8 Antibodies used for immunoprecipitations and the concentrations of

these antibodies conjugated to the beads.

2.3.6 SDS-PAGE

For experiments in sections 3.2.1, 3.2.2, 3.2.3 and 4.2.3, lab made 10 % Tris-
glycine SDS-PAGE gels were run using SDS running buffer (0.31 M of Tris base,
and 2.4 M Glycine in double distilled water). To make up these gels, a resolving
gel was made consisting of 10 % acrylamide, 375 mM Tris-Cl at pH 8.8, 0.1%
SDS, 0.5% ammonium persulfate and 0.05 % tetramethylethylenediamine
(TEMED). Once set, a stacking gel was added, consisting of 1 % acrylamide, 125
mM Tris-Cl at pH 6.8, 0.1 % SDS, 0.5 % ammonium persulfate and 0.05 %
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tetramethylethylenediamine (TEMED). The experiment in section 5.2.6 used 4-12
% Bis-Tris NuPAGE precast protein gel (Invitrogen, Cat: NP0323) with 1X
NuPAGE MOPS SDS running buffer. All other experiments were run on 12 % Bis-
Tris NUPAGE precast protein gel (Invitrogen, Cat: NP0343) with 1X NuPAGE
MOPS SDS running buffer. Furthermore, 20 ug of protein for each sample was
loaded for all experiments unless the homogenate concentration did not allow for
this. In that instance, the maximum allowed for by the lowest concentrated sample
was loaded, with an amount equal to this used for the rest of the samples.
SeeBlue Plus2 Pre-stained protein standard (Thermofisher, Cat: LC5925) was
used for all experiments and all SDS-PAGE gels were run for approximately 90
minutes at 140 V and subsequently transferred to PVDF membranes (Amersham,
Cat: 10600021) at 100 V for 75 minutes at 4 °C.

2.3.7 Immunoblotting and analysis

The PVDF membrane was blocked on a rocker for 1 hour or overnight at 4°C in 5
% skimmed milk in PBS-T (PBS and 0.05 % Tween-20 (Sigma, P9416)) (see
Table 2.9). Subsequently, the membranes were rinsed with PBS-T and incubated
with the primary antibody on a rocker, either overnight at 4 °C or for 1 hour at room
temperature (see Table 2.9 for antibody details, dilutions, length of incubation and
constituents of the antibody solution). After the primary antibody incubation, the
membrane was washed in PBS-T. The washes consisted of one 15 minute
incubation on a rocker and three 5 minute incubations. Next, the membrane was
incubated with the secondary antibody, see Table 2.9 for details. The incubation
with the secondary antibody was performed for 45 minutes on a rocker at room
temperature and followed by a second round of washes (one 15 minute wash and
three 5 minute washes in PBS-T). The relevant substrate for the secondary
antibody (either horse radish peroxidase (HRP) or alkaline phosphatase (AP) was
then evenly applied to the protein covered face of the membrane for 1 minute. The
membrane was then placed between two transparency sheets and within a film
cassette and the films (Thermofisher, Cat: 34089) developed in an X-ray
developer. Note that when probing for a phosphoprotein, all solutions including
blocking solution, wash solutions and antibody solutions consisted of TBS-T
instead of PBS-T.
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Table 2.9

Incubation
Protein Antibody Blocking Dilution y Secondary antibody
ime
Mouse anti-acetylated . . Goat anti-mouse IgG AP
Acetylated o _ o 1:2000 in = Overnight . .
tubulin (Sigma-Aldrich, 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
tubulin PBS-T at4°C
Cat: T7451) 1:10000
5 % Milk in PBS-T or .
_ S _ . . . Goat anti-mouse IgG AP
Mouse anti-B-actin (Sigma- 5 % BSA in TBS-T if | 1:5000 in | Overnight . .
B-actin . . (Sigma-Aldrich, Cat: A3562) at
Aldrich, Cat: A5316) also probing for PBS-T at4°C 1:10000
phosphoproteins
Rabbit anti-detyrosinated _ . Goat anti-rabbit IgG AP
Detyrosinated _ o 1:500 in | Overnight . .
tubulin (Abcam, Cat: 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3812) at
tubulin PBS-T at4°C
ab48389) 1:10000
Rabbit anti-Phospho- _ _
- . . Goat anti-rabbit IgG AP
Paxillin (Tyr118) . 1:1000 in | Overnight . .
pPaxillinY!18 _ o 5 % BSA in TBS-T (Sigma-Aldrich, Cat: A3812) at
(ThermoFisher Scientific, TBS-T at4°C

Cat: 44-722G)
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Incubation

Protein Antibody Blocking Dilution t' Secondary antibody
ime
. . . . . Goat anti-rabbit IgG AP
Rabbit anti-dynein HC 1:200 in | Overnight
Dynein HC 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3812) at
(Santa Cruz, Cat: sc-9115) PBS-T at4°C
1:10000
Rabbit anti-Peripherin . . Goat anti-rabbit IgG AP
1:1000 in | Overnight
Peripherin polyclonal (Merk Millipore, 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3812) at
PBS-T at4°C
Cat: AB1530) 1:10000
. . . . Goat anti-mouse IgG AP
Mouse anti-a-tubulin (Merk o 1:1000 in | Overnight . .
a-tubulin o 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
Millipore, Cat: 05-829) PBS-T at4°C
1:10000*
Mouse anti-V5 1-5000 i Goat anti-mouse IgG AP
: in
V5 (ThermoFisher Scientific, 5 % Milk in PBS-T PBS.T 1 hour (Sigma-Aldrich, Cat: A3562) at
Cat: R960-25) 1:10000
5 % Milk in PBS-T or
_ o _ . . Goat anti-rabbit IgG AP
Rabbit anti-cofilin (Abcam, = 5 % BSA in TBS-Tif = 1:10000 = Overnight . .
Cofilin . . (Sigma-Aldrich, Cat: A3812) at
Cat: ab11062) also probing for in PBS-T at4°C

phosphoproteins
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Incubation

Protein Antibody Blocking Dilution t' Secondary antibody
ime
. . . . Goat anti-mouse IgG AP
Mouse anti-Paxillin (Merk 1:500 in | Overnight
Paxillin o 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
Millipore, Cat: 05-417) PBS-T at4°C
1:10000
_ . . Goat anti-mouse 1gG AP
Mouse anti-C-Myc tag o 1:1000 in = Overnight . .
Myc . 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
(Genscript, Cat: AO0704) PBS-T at4°C
1:10000
. . _ . Goat anti-mouse IgG AP
Dynein LC Mouse anti-RP3 (a kind o 1:200in | Overnight . .
5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
(RP3) gift from Kevin Pfister) PBS-T at4°C
1:10000
Rabbit anti-GEF-H1 . . Goat anti-rabbit IgG AP
o 1:1000 in | Overnight . .
GEF-H1 (Genetex, Cat: 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3812) at
PBS-T at4°C
GTX125893 1:10000
Mouse anti-Dynein .
_ . . . . Goat anti-mouse IgG AP
intermediate chain 1 o 1:1000 in | Overnight . .
Dynein IC . 5 % Milk in PBS-T (Sigma-Aldrich, Cat: A3562) at
antibody 74.1 (Abcam, PBS-T at4°C

Cat: ab23905)
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Incubation

Protein Antibody Blocking Dilution t' Secondary antibody
ime
Rabbit Anti-Phospho- . . Goat anti-rabbit IgG AP
Phospho- 1:1000 in | Overnight
p44/42 MAPK (Erk1/2) 5 % BSA in TBS-T (Sigma-Aldrich, Cat: A3812) at
ERK1/2 PBS-T at4°C
(Thr202/Tyr204) 1:10000

Table 2.9 Primary antibodies used for immunoblotting, the type of blocking performed, antibody dilution used and the length of

the incubation. * For experiments in sections 3.2.1 and 3.2.3 Rabbit anti-mouse HRP was used at 1:10000 instead.
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2.3.7.1 Analysis and quantification of immunoblots

For the quantification of western blots, the films were scanned on an Epson
Perfection 4990 photo scanner and were quantified using one of two software
packages. TotalLab TL100 image analysis software was used to quantify
peripherin expression in the LSC, while all other western blots were quantified

using the FIJI distribution of ImageJ.

2.3.8 Immunocytochemistry

For immunocytochemistry, cells were seeded onto sterile 13 mm round glass
coverslips (Fisher Scientific, Cat: 12392128) in 24 well plates (VWR, Cat: 734-
1605). Depending on the requirements of the experiment the coverslips were
either left uncoated (experiments in sections 5.2.1 and 5.2.2) or coated with 10
pg/mL of collagen type 1 (BD biosciences, Cat: 354236) (experiments in section
4.2.1). The coating was performed by adding 200 uL at the correct concentration
and leaving in a laminar flow tissue culture hood overnight to dry. The next day the
coated cover slips were washed three times with double distilled water.
Subsequently, cells were seeded at an appropriate density and left overnight to

reach an adequate confluency.

After the removal of the culture media and a DPBS wash (adding and aspirating 1
mL of PBS for each wash), fixation was performed with 4% formaldehyde
(Thermofisher, Cat: 28906) for 5 minutes at room temperature. After this
incubation, the formaldehyde was aspirated and 3 washes with DPBS were
performed. The fixed cells were then permeabilised by incubating with 1 mL PBS
containing 0.2 % Triton X-100 for 2 minutes on a rocker. Subsequently, the
permeabilised cells were blocked with PBS containing 5 % BSA for 30 minutes on
a rocker at room temperature. Following the removal of the blocking solution the
cells were then incubated on a rocker overnight at 4 °C in a humidified box with
the primary antibody which was made up in PBS containing 1 % BSA (see Table
2.10 for antibody dilutions). The next day the antibody solution was removed and a
5 minute wash on a rocker was performed with PBSTS (1 mL PBS containing 0.1
% tween 20 and 0.02 % SDS). The solution was then removed and the fluorescent
secondary antibody solution applied (made up in 1 mL PBS containing 1 % BSA),
see Table 2.11 for antibody details. Note that this step and all subsequent steps

were performed in near darkness due to the sensitivity of the fluorescent antibody
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to light. After the 1 hour secondary antibody incubation, 3 further PBSTS washes
were performed as described previously. The cover slips were then removed from
the 24 well plate and mounted onto a droplet of ProLong Gold Antifade Mountant
with DAPI (Invitrogen, Cat: P36931) on glass microscope slides. Quick dry nail
varnish was used to seal the coverslip.

Table 2.10

Protein Incubation
Antibody Dilution ]
time

Giantin Rabbit anti-giantin (Biolegend, Cat:
1:200 Overnight

924302)
Dynein = Mouse Anti-Dynein intermediate chain 1 ]
. 1:200 overnight
IC antibody [74.1] (Abcam, Cat: ab23905)

Table 2.10 Primary antibodies used for immunocytochemistry and the dilution

used.
Table 2.11
Incubation
Antibody Dilution )
time

Goat Anti-rabbit Alexa fluor 546 conjugate

1:200 1 hour

(ThermoFisher Scientific, A11035)

Goat Anti-Mouse Alexa fluor488 conjugate

1:200 1 hour

(ThermoFisher Scientific, A11029)

Table 2.11 Secondary antibodies used for immunocytochemistry and the

dilution used.
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2.4 Cell assays

2.4.1 Measuring paxillin turnover at focal adhesions

Loa homozygous and wild type MEFs were transfected with pEGFP-Paxillin
(Rosse et al., 2012) using Lipofectamine LTX (ThermoFisher Scientific, Cat:
15338030) as detailed in section 2.7.2. The transfected MEFs were divided
between 5 wells in 24 well plates for 48 hours. Subsequently, a cell spreading
assay was performed where the cells were trypsinized and centrifuged at 390 x g
for 5 minutes and then resuspended in 1 mL of live cell imaging media
(ThermoFisher Scientific, Cat: A14291DJ). The cells were subsequently
recentrifuged at 390 x g for 5 minutes and again resuspended in 1 mL of live cell
imaging media and added to one well of a two well live cell imaging chamber
(ThermoFisher, Cat: 1565382) which had previously been coated with 10 pg/mL of
Collagen type 1. For the coating, 1 mL of collagen was added to each well and
allowed to dry overnight in a laminar flow tissue culture hood and washed three
times with double distilled water. 3.5 hours after plating the cells in the live cell
imaging chamber the cells underwent fluorescence recovery after photobleaching
(FRAP) as described in section 2.5.1.

2.4.2 Treating MEFs with blebbistatin, ciliobrevin D, laminin or U0126 ERK1/2
inhibitor

For each genotype (wild type and Loa homozygous) 300,000 MEFs were seeded
on 6 well plates (VWR, Cat: 734-1599) and incubated overnight. Subsequently, the
cells were incubated with complete growth media (see Table 2.6 for media details)
mixed with the required drug or equivalent volume of the vehicle control and
incubated (see Table 2.12 for drug concentrations, controls and incubation times).

After the treatment, the cells were lysed as described in section 2.3.2.1.

2.4.3 Synchronisation of the cell cycle with thymidine

Wild type and Loa homozygous MEFs were grown until 20-30 % confluent, at
which point the media was swapped with new complete media containing 2 mM of
thymidine (Sigma, Cat: T1895). After an 18 hour incubation the cells were washed
3 times in DPBS and incubated in thymidine free media for 9 hours. Subsequently,
the media was once again swapped with new complete media containing 2 mM of
thymidine, and the cells incubated for 17 hours. Finally, the cells were washed 3

times with DPBS and the cells lysed as per section 2.3.2.1.
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Table 2.12

Concentration
Drug d Vehicle control Incubation time
use

(-) Blebbistatin

(Sigma, Cat: 20 uM DMSO 1 hour

B0560)

Ciliobrevin D
(Merk Millipore, 50 uM DMSO 1 hour

Cat: 250401)
U0126 (ERK1/2

inhibitor)

Laminin (Sigma,

Cat: L2020)

10 uM DMSO 2 hours

25 ug/mL - 4 hours

Table 2.12 Table showing the working concentration, vehicle control and

incubation time of drugs used to treat MEFs,

2.4.4 HC knockdown using auxin inducible degron system in HCT116 cells
HCT116 cells were plated in 6 well tissue culture plates (150,000) and left
overnight to gain confluency. For each individual experiment, wells were treated
with both 500 uM of indol1-3-acetic-acid (Aux) and 2 ug/mL of doxycycline (Dox)
for either 4 hours, 8 hours or 24 hours. For the controls, a well was left untreated,
a well was treated with 500 uM of indol1-3-acetic-acid only and another with 2
pg/mL of doxycycline only. After each time point elapsed, the cells were lysed as
per the protocol in section 2.3.2.1. Note that the control wells were lysed at the 24-

hour time point.

2.5 Microscopy

2.5.1 Fluorescence recovery after photobleaching (FRAP)

FRAP was performed using an Olympus 3| spinning disc microscope with an
EMCCD Evolve camera (confocal) which operates using the 3i Slidebook
software. The settings used for the imaging were: 100x magnification, 488nm filter

(FITC), gain of 2, intensification of 200 and laser power of 300. FRAP was
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performed by drawing a squared selection area which was set to be targeted with
the 488 nm laser at full power for 1 ms at the 10 second timepoint of a time point
series where an image was taken every 5 seconds. Quantification was performed
using the inbuilt tools in Slidebook reader. Briefly, for each time point a
fluorescence intensity reading was taken at the area bleached. Additionally, two
control intensities were also measured: one for a control region which was not
photobleached and second for a background region from outside of the cell. Both
the region of interest intensity and the control region intensity were normalised to
the background reading. Then, the region of interest intensity was normalised to
the control region and the intensity presented as a percentage of the normalised

intensity of the 0 second timepoint (first image taken).

2.5.2 Imaging and quantification of Golgi fragmentation and IC-Golgi co-
localisation

Imaging of the Golgi to quantify the fragmentation of the organelle was performed
on an Olympus-3I microscope with a 63 X oil objective mounted with an EMCCD
Evolve camera. A Z-stack of 4 slices at a step size of 0.5 yM was used. The stack
was max projected and the area surrounding the Golgi cropped and used for
quantification. To ascertain the localisation of the IC at the Golgi images were
taken on a Leica TSC SP8 confocal microscope (Leica Microsystems) at 63x
magnification. To obtain Z-stacks for qualitative assessment of IC at Golgi the

same settings were used with a slices taken every 0.32 pym.

Golgi fragmentation and IC-Golgi localisation quantification were performed by Dr.
Carlos Reyes-Aldasoro Constantino (City, University of London) using in-house
algorithms developed in Matlab ® (Natick, MA, USA). For Golgi fragmentation
analysis, Golgi fragments were automatically counted to avoid bias using an
intensity-based segmentation based on Otsu’s algorithm for optimal thresholds
(Otsu, 1979). An initial Otsu level was calculated for the entire region of interest
and was reduced to 50 % of the value to segment what was assumed to be the
entire cell. Subsequently, another threshold was calculated for the pixels
previously segmented (those within were assumed to be the cell). As a
consequence of discarding a large portion of the background, the second
threshold was higher than the first, this meant that the first threshold removed the

background and the second distinguished between the Golgi and the rest of the
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cell. Detected Golgi fragments were then labelled (each region of connected pixels
given a label) and regions with less than 10 pixels were excluded as noise. The
Golgi fragments were counted and morphological measures obtained such as total

area and convex area (space between Golgi membranes).

To quantify the IC (green channel) localisation at the Golgi (red channel), the
green channel underwent segmentation to allow the identification of a general
foreground and background which had red and green signal. This was achieved by
thresholding and morphological closing with a circular structural element of 8-pixel
radius. The overlap of the foreground region with the red channel allowed for the
calculation of an Otsu threshold which was used to segmented the red channel.
Each region in the green channel within the segment red region were labelled and

the area occupied by these regions and their intensities calculated.

2.6 Cloning and plasmid preparation

2.6.1 Transformation of DH5-a E.Coli

For the propagation of plasmids, chemically competent DH5-a E.Coli
(ThermoFisher, Cat: 18265017) were used. 50 uL aliquots of this bacterial strain
were thawed on ice and once thawed 2 uL of plasmid DNA was added
immediately. The bacterial cells were incubated with the plasmid with occasional
agitation on ice for 30 minutes. After this time elapsed, the bacteria/DNA mixture
was heat shocked in a water bath at precisely 42 °C for 40 seconds and put back
on ice for a further 2 minutes. Subsequently, 200 uL of Super optimal broth with
catabolite repression (SOC) medium or lysogeny broth (LB) was added to the cells
which were then incubated at 37 °C for 1 hour in a shaker at 220 rpm. After this
incubation, the mixture was plated onto LB agar plates which contained the
appropriate selection antibiotic (see Table 2.13 for concentration). After being

allowed to absorb onto the agar for 15 minutes, the plates were incubated at 37 °C

overnight.
Table 2.13
Antibiotic High copy plasmid Low copy plasmid
(relaxed) (strigent)
Ampicillin 50 pyg/mL 20 pg/mL
Kanamycin 40 pug/mL 10 ug/mL

Table 2.13 Antibiotic concentrations used for selection in transformed cells and

in cultures for plasmid purification.
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2.6.2 Plasmid propagation and purification

2.6.2.1 Miniprep

Minipreps were performed using the QIAprep spin miniprep kit (Qiagen, Cat:
27104) as per the manufacturer’s instructions. Briefly, 5 mL of LB containing the
selective antibiotic (see Table 2.12 for concentrations) was inoculated with DH5-a
E.Coli, which had been transformed with the relevant plasmid. This 5 mL culture
was incubated overnight at 37 °C in a shaker at 220 rpm. The next day, the culture
was centrifuged in a microcentrifuge tube at 8,000 rpm for 3 minutes at room
temperature and the supernatant removed. The resulting pellet was resuspended
in 250 pL of buffer P1 (with RNAse A) and the subsequent lysis and neutralisation
steps followed in accordance to the manufacturer’s instructions. After centrifuging
the resulting solution for 10 minutes at 13,000 rpm, the supernatant was
transferred to a QlAprep 2.0 spin column which was then centrifuged for 1 minute
at 13,000 rpm and flow-through discarded. The subsequent series of washes was
performed as per the manufacturer’s instructions including the optional wash step
with PB buffer. Finally, 50 uL of double distilled water was added directly to the
membrane of the spin column which was left to stand for 1 minute and then
centrifuged one final time at 13,000 rpm for 1 minute and the flow through
containing the purified plasmid collected in a new microcentrifuge tube. The DNA

concentration was then measured using a NanoDrop 2000 spectrophotometer.

2.6.2.2 Midiprep

For this procedure 100 mL of LB containing the appropriate selection antibiotic
(see Table 2.12 for concentrations) was inoculated and incubated overnight at 37
°C on a shaker at 220 rpm. 25 mL of this culture was used for purification of
plasmid DNA using the Purelink HiPure Plasmid Filter Midiprep Kit (Invitrogen,
Cat: K2100-04). The procedure was followed in accordance to the manufacturer’s
protocol aside from variations at certain centrifugation steps. Briefly, the 25 mL of
the overnight culture was centrifuged at 3760 x g for 15 minutes and the
supernatant discarded. Subsequently, the pellet underwent resuspension, lysis
and precipitation as per the manufacturer’s protocol. The resulting solution was
then centrifuged at 3760 x g for 32 minutes at room temperature. The supernatant

was loaded into the equilibrated HiPure Midi columns and a series of washes and
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an elution step was performed in accordance to the manufacturer’s instructions.
Then, 3.5 mL isopropanol was added to the eluted DNA and mixed prior to
centrifugation at 3760 xg for 2 hours at 4 °C. The resultant pellet was then washed
in 3 mL of 70 % ethanol and centrifuged a final time at 3760 x g for 20 minutes at 4
°C. The DNA pellet was then air dried for 10 minutes and resuspended in 200 pL
of double distilled water. The concentration of the DNA was then measured using

a NanoDrop 2000 spectrophotometer.

2.6.2.3 Maxiprep

The maxiprep purification of plasmid DNA was performed using the PureLink
HiPure Plasmid Maxiprep Kit (Invitrogen, Cat: K2100-06) in accordance to the
manufacturer’s protocol, aside from variations in centrifugation speeds and times.
Briefly, 100 mL of LB was inoculated and incubated overnight at 37 °C on a shaker
at 220 rpm. Subsequently, the 100 mL culture was centrifuged at 3760 x g for 15
minutes, the supernatant discarded and the resuspension, lysis and precipitation
steps performed in accordance to the manufacturer’s instructions. The supernatant
was then loaded onto the equilibrated HiPure Maxi column which underwent a
series of washes prior to the elution as per the manufacturer’s instructions. 10.5
mL of isopropanol was then added to the eluate and was mixed prior to
centrifugation at 3760 x g for 2 hours at 4 °C. The resulting pellet was then
washed in 5 mL 70 % ethanol and centrifuged at 3760 x g for 20 minutes at 4 °C.
The pellet was then air dried for 10 minutes and resuspended in 200-500 uL of
double distilled water and the DNA concentration measured with a NanoDrop 2000

spectrophotometer.

2.7 Transfections

2.7.1 Transfection of cells with electroporation

Electroporation of neuro2a cells was performed using the Neon transfection
system (Invitrogen. Cat: MPK10025) in accordance to the manufacturer’s
instructions. Cells were trypsinzed and washed in warm DBPS (without Ca?* and
Mg?*) and were then resuspended at a density of 5x10°¢ per mL in the provided R
buffer. Prior to the electroporation 6.11 ug of pcDNA3.1-V5-His-WT-TDP-43 was
added to the cells and mixed. The mixture was taken up with 100 pL neon tip
using the neon pipette. The pipette containing the DNA-cell mixture was then

placed in the electroporation module in a Neon tube containing 3 mL of Buffer E,
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ensuring that no bubbles are present in the neon tip to avoid arcing. The cells then
received a single pulse at 1,410 V with a width of 1 ms. The cells were then placed
in complete media without antibiotic and incubated for 24 hours. For each sample

1,500,000 cells were electroporated and pooled.

2.7.2 Transfection of cells with lipofection

Transfections performed with lipofection were either performed using
Lipofectamine 2000 (ThermoFisher Scientific, Cat: 11668027) or Lipofectamine
LTX (ThermoFisher Scientific, Cat: 15338100) in accordance to the manufacturer’s
instructions. Briefly, cells were seeded on either a 24 or 6 well plate (see Table
2.14 for corresponding reagent volumes) an allowed to reach approximately 50-80
% confluency. The next day complete medium was replaced with medium lacking

antibiotic.

For lipofectamine LTX the plasmid DNA was diluted in Opti-MEM | reduced serum
media (ThermoFisher Scientific, Cat: 31985062) and Plus reagent added. This
mixture was incubated at room temperature for 15 minutes. Then, the
lipofectamine LTX reagent was added to the DNA-plus reagent mixture and
incubated for a further 30 minutes at room temperature. Subsequently, the DNA-
lipofectamine LTX reagent complexes were added to each well with gentle mixing

prior to incubation.

For lipofectamine 2000, the lipofectamine reagent was mixed with Opti-MEM |
reduced serum media and incubated at room temperature for 5 minutes.
Concurrently, the plasmid DNA was also diluted into opti-MEM and also incubated
for 5 minutes. The DNA mixture was then mixed with the lipofectamine 2000
mixture in a 1:1 ratio and incubated at room temperature for 20 minutes prior to

being added to the cells and mixed.
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Table 2.14

Lipofectamine LTX Lipofectamine 2000
24 well 6 well 24 well
Volume of Opti-MEM to
dilute DNA 100 pL 500 pL 250 pL
Volume of plus reagent 0.5 uL 2.5 uL -
Volume of reagent
used 1.75 uL 8.75 uL 5uL
Volume of Opti-MEM ) ) 50 ul
used to dilute reagent H
Volume added to cells 100 pL 500 uL 50 uL

Table 2.14 Volumes used for the transfection of cells using lipofectamine LTX

and Lipofectamine 2000 in both 24 and 6 well plates.

2.8 Generation of HEK293 cells stably expressing Myc-peripherin

A Kkill curve was generated by exposing HEK293 cells to G418 antibiotic at various
concentrations ranging from 0.1 mg/mL to 2 mg/mL. The cells were maintained in
antibiotic for a period of 2 weeks, with the media changed every 3 days to new
media containing the corresponding antibiotic concentration. After the 2 weeks
elapsed, the cells were counted using trypan blue (Sigma, Cat: T8154) to
distinguish between live and dead cells. The kill curve suggested a concentration
of 0.8 mg/mL to be adequate to kill most cells within 2 weeks. However, as this
was a high concentration, 0.5 and 0.65 mg/mL were also used to generate the

stably transfected cells.

Subsequently, HEK293 cells were transfected using Lipofectamine 2000 (see
section 2.7.2) with either 2.5 pg or 5 ug of a plasmid which expresses c-terminally
Myc tagged peripherin under the control of a CMV promoter and concomitantly
expresses turboGFP under the control of a SV40 promoter (Origene, Cat:
PS100001). 24 hours after the transfection the cells were incubated with either
0.5, 0.65 or 8 mg/mL of the G418 antibiotic for which the plasmid provides
resistance to due to the presence of the neomycin resistance gene. The cells were
maintained in antibiotic containing media for 7 weeks, after which they were tested

for Myc-peripherin expression.
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2.9 Statistical analysis

Statistical analysis was performed using either GraphPad Prism or SPSS statistics
software. Firstly, when data contained more than 3 repeats, the ROUT method on
GraphPad Prism was used to remove outliers with the Q value set at the
recommended 1%. All data was then tested with the Shapiro-Wilk test to
determine if it was normally distributed. Assuming that this assumption was met,
all immunoblot data expressed as relative to a fixed value (1 or 100%) was
compared using a one sample t-test and all other data was tested using unpaired
t-tests. However, for data with more than two levels within a single independent
variable a one-way ANOVA with Tukey’s multiple comparison test was performed
if the normality and homogeneity of the variance requirements were met. If the
data failed the normal distribution test, Log'® transformation was used and the
normality retested, if it passed a one-way ANOVA was used if the homogeneity of
the variance requirements were met. If transformation was insufficient to meet the
normality requirement but data met the homogeneity of the variance requirement a
Kruskal-Wallis test was performed, and Dunn’s multiple comparisons test used for
post-hoc analysis. If data was normally distributed prior to or after transformation
but the homogeneity of the variance requirement was not met a Welch’s ANOVA
was performed with Games-Howell multiple comparisons test for post-hoc
analysis. For experiments where there were two independent variables (drug
treatment and genotype), two-way ANOVAs were performed if the normality and
homogeneity of the variance requirements were met. For both one-way and two-
way ANOVAs, homogeneity of the variance was tested using the Brown—Forsythe
test within GraphPad Prism. While data for Figures 4.5b, 4.7c and 4.8c failed the
Shapiro-Wilk test for normality, given the small sample number (N = 3) and other
similar data passing the test with larger sample numbers, two-way ANOVAs were
deemed appropriate. Especially as two-way ANOVAs only require approximately
normally distributed data. Finally, for the analysis of data with multiple time points
across two genotypes multiple t-tests were performed and Holm-Sidak correction
for multiple comparisons was used to adjust the P values to mitigate type 1 errors.
For all statistical tests a confidence level of 95% was used, therefore p values of

<0.05 were deemed significance.
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Chapter 3: Increased Peripherin expression in the lumbar spinal cord of
TDP-43F21% mice
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3.1 Introduction

Peripherin is a type lll intermediate filament which has been implicated in the
pathogenesis of ALS (McLean et al., 2010). There is evidence that the overall
expression levels and the ratio of peripherin isoform expression is altered in ALS
(McLean et al., 2010). Additionally, toxic disease associated splice variants of
peripherin have been identified which are not present in control samples (McLean
et al., 2010; Robertson et al., 2003; Xiao et al., 2008). The factor affecting
peripherin expression is yet to be identified, but recent evidence from the
Hafezparast lab has indicated that TDP-43 could be involved (Barri, 2015). In
pooled lumbar spinal cords from a transgenic mouse line overexpressing A315T
mutant TDP-43, there was an increase in soluble Per-45, and alterations in the
expression of Per-56 and an unidentified isoform at 50 kDa. Interestingly, it was
suggested that the increase in soluble Per-45 was an indication that TDP-43 may
be involved in regulating the alternative translation of this isoform. However, the
overexpression of TDP-43 in these transgenic mice means that it is unclear if
TDP-43 is able to alter peripherin expression and/or alternative translation at

endogenous levels, or if this was an overexpression artefact.

The aim of this work was to further investigate if TDP-43 is capable of altering the
expression of peripherin isoforms and to explore its involvement in the alternative
translation of Per-45. To determine if previously observed alterations are an
artefact of TDP-43 overexpression, a mouse model with endogenous ENU
mutagenized TDP-43, causing a F210I substitution localised to RRM2, was used.
It is hypothesised that peripherin expression will be altered in these mice, and that
there will be an alteration in the alternative translation of Per-45. Additionally, in
vitro analysis was used to further investigate the role of TDP-43 in alternative
translation using the overexpression of wild type, F210l and M337V mutant TDP-
43 in HEK293 cells made to stably express Myc-tagged peripherin.
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3.2 Results

3.2.1 Analysis of peripherin expression from the entire spinal cord of TDP-
43F21% mice

As discussed, aberrant peripherin expression has been found in the lumbar spinal
cord of transgenic mice which overexpress A315T mutant TDP-43. To eliminate
the overexpression of TDP-43 as the cause of these changes rather than the
mutation, a mouse line which has endogenous TDP-43 mutated causing a F210lI
substitution was used. Additionally, previous experiments with the TDP-43A315T
mouse line were performed by pooling the lumbar spinal cords to ensure sufficient
protein was obtained for analysis. However, for the following experiment the entire
spinal cord was used to try and mitigate the need for this pooling. The entire spinal
cord was dissected and neurofilament enrichment performed as detailed in the

materials and methods.

Figure 3.1 shows a representative S1 fraction from several experiments analysed
by western blotting and probing with a polyclonal peripherin antibody which
detects all peripherin isoforms. Per-58 was clearly identifiable as the most
abundant isoform. Interestingly, Per-61 was also present in both wild type and
TDP-43*F210 mice despite being previously reported as an aberrant disease
associated isoform not found in wild type mice (McLean et al., 2010; Robertson et
al., 2003). However, several other unidentifiable bands are present which

prohibited further detailed analysis of the expression of other peripherin isoforms.

Despite the use of the entire spinal cord likely causing the detection of several
unidentifiable bands which prohibited quantification, these experiments showed
that Per-61 is not a neurotoxic splice variant as it was found in both wild type and
TDP-43*F210 mijce. Importantly, Dr Muruj Barri from the Hafezparast lab used an
antibody specific to the Per-61 isoform and confirmed the identity of this band as
Per-61.
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Figure 3.1
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Figure 3.1 Analysis of peripherin expression in the spinal cord of both wild type
and TDP-43*F210 mice. The blot shows three biological repeats for each
genotype. Per-58 is identifiable as the most abundant isoform and Per-61 is
present in both wild type and TDP-43*F21% mice. a-tubulin was used as the

loading control.
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3.2.2 Increased peripherin expression in the lumbar spinal cord of TDP-
43F210 mice

To overcome the difficulties in assessing peripherin expression in the entire spinal
cord, the lumbar region was instead used. Initial results revealed that the pooling
of the lumber spinal cords was not necessary as sufficiently clear bands were
detected (Figure 3.2). As with the entire spinal cord, sequential homogenisation
was used to analyse soluble peripherin content and peripherin in enriched
intermediate filaments. Each extraction produced two soluble fractions (DPBS
soluble S1 and Triton X-100 soluble S2) and an insoluble fraction (P3) consisting
of the enriched neurofilaments which were disrupted with 2 % SDS. Note that
while the S3 sucrose fraction was ran in the western blot analysis and so is shown
in Figure 3.2, it did not undergo further analysis as it represents the product of a
step designed to only remove lipids from the P3 fraction. Four biological repeats
were conducted per genotype. Western blot analysis of each fraction was
performed to compare peripherin expression between wild type and TDP-43*/F210!
mice. As before, probing was performed with a polyclonal peripherin antibody

which detected all peripherin isoforms.

Figure 3.3a shows the result of western blot analysis of the DPBS soluble fraction
(S1) which represents non-filamentous soluble peripherin. Several peripherin
isoforms were detected in this fraction, including Per-58 and Per-45. Additionally,
an isoform of approximately 50 kDa was detected, which has previously been
suggested to be the equivalent of a human isoform of the same size generated by
alternative splicing of exon one (McLean et al., 2010). Within this fraction, this
isoform appears to be the most abundant (Figure 3.3a). A further unknown isoform
between Per-45 and Per-58 was also detected in both genotypes but remains
unidentified. Finally, an isoform was seen above Per-58 in both wild type and TDP-
43*F210 mice and due to its unusual size at approximately 64 kDa its identify was
checked and confirmed as corresponding to Per-61 by Dr Muruj Barri using an

antibody specific for this isoform.

Figures 3.3b-e shows the densitometric quantification of the levels of peripherin
isoforms. This analysis revealed no significant difference in the expression of Per-
58 between genotypes (one sample t-test, P = 0.3806). Furthermore, a one

sample t-test showed no statistically significant difference in the levels of the 50
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kDa isoform (P = 0.2274; Figure 3.3c). Similarly, no significant difference between
genotypes was seen in Per-45 and in the unknown isoform above it (one sample t-

test, P =0.3157 and P = 0.3719 respectively).

Figure 3.2
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Figure 3.2 Western blot analysis of peripherin levels in the lumbar spinal cords
of wild type and TDP-43*F21% mjce. The blot shows the expression of Per-61,
Per-58, Per-45, the 50 kDa isoform and an unknown isoform between 45 kDa

and 50 kDa in the fractions produced from the neurofilament extraction
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Figure 3.3
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Figure 3.3 (a) Western blot analysis of peripherin levels in the DPBS soluble
S1 fraction of lumbar spinal cords of wild type and TDP-43*F21% mice. The blot
shows Per-61, Per-58, Per-45, the 50 kDa isoform and an unknown isoform
between 45 kDa and 50 kDa. (b) Densitometric quantification of Per-58 levels
in S1 showed an increase in TDP-43*F219 mice which is not statistically
significant (one sample t-test, P = 0.3806). (c) Densitometric quantification of
the 50 kDa isoform and a one sample t-test showed a non-statistically
significant decrease (P = 0.2274). (d) Similarly, the unknown isoform detected
between Per-45 and 50 kDa showed a decrease, which a one sample t-test
revealed not to be statistically significant (P = 0.3719). (e) Densitometric
quantification of Per-45 showed a decrease in TDP-43*F210 mijce but did not
reach statistical significance (one sample t-test, P = 0.31517). For each
densitometric quantification, the levels of each peripherin isoform were
normalised to the cofilin loading control and expressed as relative levels to the

wild type samples. N = 4 biological repeats. Error bars represent SEM.

In the Triton X-100 soluble fraction (S2) that also constituted of non-filamentous
peripherin, only Per-58 and Per-45 were consistently detected while the 50 kDa
isoform was only seen in one of the four biological repeats for each genotype
(Figure 3.4a). In this fraction, there was a distinguishable increase in the levels of
Per-58 in TDP-43*/F21% mice in comparison to wild type mice, which was confirmed
by densitometric quantification (Figure 3.4b). However, a one sample t-test
showed this difference did not reach the significance threshold (P = 0.7082).
Importantly, Per-45 was also increased in the TDP-43*F210 mice in Figure 3.4a
and this was reflected in the densitometric quantification, analysis of which with a
one sample t-test showed this to be statistically significant (P = 0.0353; Figure
3.4c). Despite the increase in Per-58 not reaching significance, the concomitant
increase in Per-58 and Per-45 suggests that the increase in Per-45 may not due to
altered alternative translation of the Per-58 transcript. Therefore, to test this, the
ratio of Per-45 to Per-58 was analysed between genotypes (Figure 3.4d).
Unexpectedly, the results showed that the levels of Per-45 relative to Per-58 are
decreased in the TDP-43*F210! mice but this did not reach the threshold for

statistical significance (P = 0.1049). Therefore, while this data is potentially
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indicative of an alteration in the selection of the start codon on the Per-58
transcript towards the production of Per-58 rather than Per-45, the lack of a

statistically significant change means further confirmation is required.

Finally, several isoforms were detected in the insoluble fraction (P3) consisting of
enriched filamentous peripherin (Figure 3.5a). In both genotypes, the most
abundant isoform detected was Per-58, followed by the isoform at 50 kDa.
However, while both Per-45 and the unknown isoform are present in this figure at
very low levels, this was not consistent across all repeats. Therefore, these

isoforms were not quantified in this fraction.

Densitometric quantification of Per-58 levels and a one sample t-test showed no
significant difference between genotypes (P = 0.3454). On the other hand, the 50
kDa isoform was consistently increased in TDP-43*F21% mice and densitometric
quantification showed an approximately 2-fold increase, as seen in Figure 3.5c. A
one sample t-test confirmed a statistically significant increase in this isoform in
TDP-43*F21% mjce (P = 0.0241). To determine whether the increase in the 50 kDa
isoform was altering its stoichiometry relative to Per-58 within the filaments, the
ratio between these two isoforms was analysed (Figure 3.5d). An unpaired t-test
showed no significant change in the ratio of the 50 kDa isoform to Per-58 (P =
0.6437).

Overall, data presented here suggests that peripherin expression was altered
within the murine lumbar spinal cord in TDP-43*F210 mice. This was indicated by
the significant increase in soluble Per-45 (S2) and a significant increase in
filamentous peripherin isoform of 50 kDa (P3), the latter of which appears not to be

altering the stoichiometry of peripherin isoforms within the filaments.
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Figure 3.4
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Figure 3.4 (a) Western blot analysis of the Triton X-100 soluble S2 fraction
from the neurofilament extraction performed on the lumbar spinal cord of wild
type and TDP-43*F210 mice. Per-58 and Per-45 were detected and both are
visibly increased in TDP-43*F210! mice. (b) Densitometric quantification of Per-
58 expression in S2 from wild type and TDP-43*F210 mice. A one sample t-test
shows no significant difference in the levels of Per-58 (P = 0.1082). (c)
Densitometric quantification of Per-45 levels in S2 showing a statistically
significant increase in Per-45 in TDP-43*F210 mice (one sample t-test, P =
0.0353). (d) An unpaired t-test on the ratio of Per-45 to Per 58 in the S2 soluble
fraction showed no significant difference in TDP-43*/F21% mice (P = 0.1049). For
each densitometric quantification the levels of each peripherin isoform were
normalised to the cofilin loading control. Apart for the Per-45 to Per 58 ratio
analysis, these were expressed as relative levels to the wild type samples. N =

4 biological repeats. Error bars represent SEM. (* P < 0.05)
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Figure 3.5
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Figure 3.5 (a) Western blot analysis of the insoluble P3 fraction of the
neurofilament extraction conducted from the lumbar spinal cord of wild type and
TDP-43*F210 mjce. Per-58 and the 50 kDa isoforms were strongly detected,
whilst Per-45 and an unknown isoform between Per-45 and 50 kDa were
detected inconsistently and weakly. (b) Densitometric quantification of Per-58
levels in fraction P3 showed an increase in TDP-43*F21%" mice which does not
reach statistical significance (one sample t-test, P = 0.3454). (c) Densitometric
quantification showed a statistically significant increase in the levels of the 50
kDa isoform in the lumbar spinal cord of TDP-43*F21% mice (one sample t-test,
P =0.0241). (d) Analysis of the ratio of the 50 kDa isoform to Per-58 in the
filamentous fraction. An unpaired t-test showed no significant difference
between wild type and TDP-43*F210 mice (P = 0.6437). For each densitometric
quantification the levels of each peripherin isoform were normalised to the
cofilin loading control. Apart for the Per-50 to Per 58 ratio analysis, these were
expressed as relative levels to the wild type samples. N = 4 biological repeats.
Error bars represent SEM. (* P < 0.05)
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3.2.3 Peripherin expression in neuro2a cells overexpressing TDP-43

To further investigate whether TDP-43 is able to alter the alternative translation of
Per-45, neuro2a cells which express peripherin in an undifferentiated state were
transfected via electroporation with wild type TDP-43 tagged with a V5 epitope. 24
hours after transfection with 6.11 ug of wild type pCDNA3.1-V5-His TDP-43

plasmid, the cells were lysed with RIPA lysis buffer.

Western blot analysis was performed to check the transfection and to detect any
changes in peripherin expression (Figure 3.6). Probing for the V5 epitope shows a
high level of transfection of wild type TDP-43. Using the same polyclonal
peripherin antibody previously used, a high expression of Per-58 was detected.
Additionally, Per-45 and the 50 kDa isoform were also detected at very low levels.
Consequently, the low levels of the expression of these isoforms made it difficult to
quantify accurately and thus to overcome this difficulty a different approach was

taken.

180



Figure 3.6
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Figure 3.6 Peripherin expression in neuro2a cells following overexpression of
wild type TDP-43 tagged with a V5 epitope. The electroporation control
consisted of cells which underwent electroporation without the presence of a
plasmid but an equivalent volume of water. The empty vector control consists of
transfection with the pcDNA-V5-His vector without TDP-43. Probing for V5
shows the transfection to be successful, whilst peripherin probing produces
bands corresponding to the Per-58, Per-45 and 50 kDa isoforms. However,
Per-45 levels are minimal and difficult to quantify. a-tubulin was used as a

loading control.
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3.2.4 Overexpression of wild type and mutant TDP-43 does not alter Per-45
alternative translation in HEK293 cells stably expressing peripherin

To overcome the difficulties in investigating the role of TDP-43 in the alternative
translation of Per-45 using neuro2a cells, a stable cell line was generated from
HEK293 cells which expressed peripherin at higher levels. An antibiotic kill curve
was performed where HEK293 cells were incubated with varying concentrations of
(G418 antibiotic to determine the appropriate concentration for the selection of
stably transfected cells. As shown in Figure 3.7a, the concentration which caused
almost complete cell death within a period of two weeks was 0.8 mg/mL. However,
0.5 mg/mL, 0.65 mg/mL and 0.8 mg/mL of G418 antibiotic were used to select for
stably transfected cells to ensure the survival of these cells. HEK293 cells were
transfected with lipofectamine 2000 with either 2.5 ug or 5 ug of a plasmid
expressing human peripherin tagged with Myc. After maintaining the cells in G418
at the aforementioned concentrations for 7 weeks, western blot analysis was
performed and a Myc antibody was used to detect tagged peripherin. As shown in
Figure 3.7b, cells transfected with both 2.5 ug or 5 ug of the human peripherin
clone were still expressing Myc tagged peripherin in every concentration of G418.
This expression was not detected in the negative HEK293 control which did not

undergo this process.

Subsequently, the HEK293 cells that were made to stably express Myc-peripherin
by selection with 0.8 mg/mL of G418 were used to investigate the effect of wild
type and mutant TDP-43 on the alternative translation of Per-45. These cells were
transfected using lipofectamine LTX with either wild type TDP-43, TDP-43 F210I
or TDP-43 M337V which were all tagged with a V5 epitope in pcDNA3.1-V5-His.
Western blot analysis and probing for the V5 epitope showed a high transfection
efficiency in all samples (Figure 3.8a). The peripherin expression in transfected
cells were subsequently analysed by probing for the c-terminal Myc tag. As was
seen previously, both Per-58 and Per-45 were detected, whilst a third band at 39
kDa was also detected (Figure 3.8b). However, this 39 kDa band was seen in the

negative control in Figure 3.7b and so it was excluded from the analysis.

Densitometric quantification of Per-58 did not show a statistically significant
difference between the control samples and those transfected with either wild type,
F210l or M337V TDP-43 as shown by a one-way ANOVA (P = 0.9868, N= 3)
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(Figure 3.8c). Similarly, a one-way ANOVA of the quantification of Per-45 showed
no significant difference between samples transfected with wild type, F210l or
M337V TDP-43 and control samples (P = 0.6214) (Figure 3.8d). Finally, the ratio
of Per-45 to Per-58 was analysed to ensure that TDP-43 was not affecting
alternative translation (Figure 3.8e). A one-way ANOVA showed no significant

difference in this ratio across the samples (P = 1.108).

In summary, the overexpression of both wild type and mutant TDP-43 (with either
the F210I or M337V substitution) did not alter alternative translation of Per-45 in
HEK293 cells made to stably express peripherin. However, it may be the case that
the use of a cDNA clone to induce peripherin expression lacked regulatory

elements necessary for TDP-43 to affect alternative translation.
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Figure 3.7
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Figure 3.7 (a) G418 antibiotic kill curve for HEK293 cells. A 24 well plate was
seeded with 100,000 cells and the next day, varying concentrations of G418
antibiotic were added and maintained for 2 weeks. After this period, the cells
which remained alive were counted. The curve shows the optimum
concentration to be 0.8 mg/mL. (b) Western blot analysis of stably transfected
HEK293 cells maintained in varying concentrations of the G418 antibiotic after
transfection with a vector expressing C-terminally Myc-tagged human
peripherin that also imparts G418 resistance. Myc-peripherin expression was
detected at all concentrations of G418 and in both concentrations of transfected
plasmid (2.5 pug and 5 ug). Note the presence of a non-specific band at 39 kDa
in both the negative control (untransfected HEK293 cells) and the stably

transfected cells.
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Figure 3.8
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Figure 3.8 continued
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Figure 3.8 (a) Western blot to check the transfection of V5 tagged TDP-43 (wild
type, F2101 or M337V mutant) in HEK293 cells made to stably express Myc-
tagged peripherin. Probing was performed for the V5 tag and shows successful
transfection in all samples. (b) Western blot analysis of Myc-peripherin
expression in HEK293 cells made to stably express Myc-tagged peripherin
following overexpression of either V5 tagged wild type, F210l or M337V mutant
TDP-43. No differences between transfected samples and controls can be seen
in both Per-58 and Per-45. A non-specific band is seen at 39 kDa. (c)
Densitometric quantification of the Per-58 isoform following overexpression of
the different variants of TDP-43. A one-way ANOVA shows no significant
difference across all samples (P = 0.9868). (d) Densitometric quantification of
the Per-45 isoform following overexpression of the different variants of TDP-43.
A one-way ANOVA shows no significant difference across all samples (P =
0.6214). (e) Analysis of the ratio of Per-45 to Per-58 after transfection with
TDP-43 (wild type, F2101 or M337V mutant). A one-way ANOVA shows no
significant difference in this ratio across the samples (P = 1.108). In each
densitometric quantification, the levels of each peripherin isoform were
normalised to the cofilin loading control. Aside from the Per-45 : Per58 ratio,
there were expressed as relative levels to the untransfected samples. N = 3.

Error bars represent SEM.
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3.2.5 Summary

Firstly, data presented here supports recent evidence that Per-61 is not
exclusively found in disease associated tissues but is also present in wild type
tissue. Further evidence, showed that the F210l mutation of TDP-43 altered the
levels of several peripherin isoforms. There was significantly increased Per-45 and
statistically non-significant increased Per-58 in S2. A significant increase in the 50
kDa isoform in the filamentous fraction (P3) was also observed. Interestingly, ratio
analysis of Per-45 to Per-58 levels in S2 suggested that there may be a change in
the alternative translation of Per-45 as despite an overall increase in peripherin,
Per-45 was reduced in comparison to Per-58. However, this change did not reach
statistical significance. Furthermore, ratio analysis of the 50 kDa isoform to Per-58
in the filamentous fraction showed no alterations in their stoichiometry. Overall,
this suggests that in the lumber spinal cord of TDP-43*/F210! mice there is an
increased expression of peripherin as a whole, and that there may be a change in
the alternative translation of Per-45. Furthermore, the overexpression of wild type
TDP-43 did not alter the alternative translation of Per-45 in HEK293 cells stably
expressing peripherin. Similarly, F2101 and M337V mutant TDP-43 also failed to

elicit changes in Per-45 levels in these cells.

Table 3.1 shows a summary of the changes observed in the TDP-43*F210 mice
and what had previously been seen in the TDP-43%3"5T transgenic mice in the
Hafezparast lab (Barri, 2015).
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Table 3.1

S1 (DPBS) S2 (Triton X-100) P3 (SDS)
= 5 S 5 = B
Peripherin % 2 % 2 % 2
isoform S S S S S s
o % o g o %
E - E (= E =
Per-61
Per-58 N
change
Per-56
Per-45 Decrease
50 kDa
. Decrease
isoform
Unidentified
. Decrease
isoform
Per-45 : Per-
58
50 kDa
isoform : Decrease
Per-58

Table 3.1 Changes in peripherin isoforms identified here in the TDP-43*/F210!
mouse model in contrast with the changes previously reported in the TDP-

43A315T mouse model (Barri, 2015). * denotes a statistically significant change (*
P < 0.05)
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3.3 Discussion

3.3.1 Analysis of peripherin expression in the spinal cord of TDP-43F21% mice
To investigate if TDP-43 is involved in regulating the alternative translation of Per-
45 and if endogenous levels can affect peripherin expression, a mouse model
where endogenous TDP-43 contained a F210I substitution was used. Firstly,
peripherin expression was analysed using the entire spinal cord by western blot
analysis using the same extraction method used previously in the Hafezparast lab
which was adapted from Xiao et al. 2008. Probing with a polyclonal peripherin
antibody which detects all known isoforms of peripherin showed a high level of
Per-58 expression, agreeing with previous observations that it forms the most
abundant isoform in the spinal cord (McLean et al., 2008). However, above Per-58
another band was detected at the expected size for Per-61, in both wild type and
TDP-43*F210 mjce. As discussed, the identify of this band as Per-61 was later
verified by Dr Muruj Barri from the Hafezparast lab using a Per-61 specific
antibody. These data contradict previous observations that Per-61 is a disease
associated isoform only detected in motor neurons of SOD1¢3"R and in
symptomatic SOD1%%A mice (Robertson et al., 2003; McLean et al., 2010).
However, it does agree with previous findings in the Hafezparast lab which also

found Per-61 in wild type mice (Barri, 2015).

Further analysis was prohibited by the presence of several unidentified bands in
both wild type and TDP-43*F210 samples. This unexpected complication was not
seen in the analysis of the lumbar spinal cord previously performed in the
Hafezparast lab. This may have been caused by the use of the entire spinal cord
as peripherin is differentially expressed in different regions of the spinal cord
(McLean et al., 2008). To overcome this, experiments proceeded to use only the
lumbar spinal cord, but it was found that unlike experiments previously conducted

in the Hafezparast lab, pooling of the samples was not required.

The sequential enrichment began with the use of DPBS as the lysis buffer, giving
the first soluble fraction (S1). Peripherin detected in this fraction should not have
been disrupted from the filaments but represents free peripherin within the cytosol.
The use of the lumbar spinal cord confirmed that the issues encountered in the
previous analysis were indeed due to the use of the entire spinal cord. However,

as with the previous analysis of the entire spinal cord, a band was detected above
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Per-58 which as mentioned was later confirmed to represent Per-61 despite
appearing a 64 kDa. Furthermore, no other peripherin isoform is found in this
region (McLean et al., 2010). Conversely, while the analysis of the entire spinal
cord showed Per-58 to be the most abundant isoform in the S1 fraction, data here
revealed that in this fraction the 50 kDa isoform appeared at consistently higher
levels than Per-58. Previously, this 50 kDa isoform has been suggested to be the
mouse equivalent of a human isoform of the same molecular weight and is
generated by alternative splicing of exon 1 (McLean et al., 2010). In addition to the
Per-61, Per-58 and the 50 kDa isoform two further bands were detected. The
lower band was identified as Per-45 as it was also present in the Triton X-100 S2
fraction as previously reported, whilst the band above this was not present in this
fraction (McLean et al., 2008). Importantly, there was no significant difference in
the levels of any of the peripherin isoforms detected in S1 between wild type and
TDP-43*F210 mijce. In contrast, Per-45 was found increased in this fraction in the
TDP-43/315T mice in the Hafezparast lab (Barri, 2015).

In the Triton X-100 soluble fraction (S2), Triton X-100 was used to ensure
complete lysis of the tissue without disrupting the filaments. In this fraction, only
Per-45 and Per-58 were consistently detected. Interestingly, there was a
significant increase in Per-45 in the TDP-43*F21% mice. It is likely that the shift in
the difference from S1 in the TDP-43%3'5T mice to S2 in the data presented here is
due to variation between experimenters in the harshness of the homogenisation of
the tissue. In this fraction, densitometric quantification showed an increase in the
levels of Per-58, and while this change was not statistically significant, it was a
feature seen in all 4 biological repeats. The variation in the amount of the increase
between the samples may have underpinned the lack of a significance. This
suggests that the increase in Per-45 is accompanied by an increase in Per-58
which initially indicated that Per-45 alternative translation in not being altered by
TDP-43. However, analysis of the Per-45 to Per-58 ratio shows that Per-45
decreases relative to Per-58 in the mutant. This may be indicative of a shift in the
alternative translation of Per-45 towards that of Per-58. This is in contrast to
observations that the alternatively translated Per-45 is increased TDP-43A315T mice
(Barri, 2015). However, it is important to note that the shift in the Per-45 to Per-58

in the TDP-43*F210 presented here failed to reach statistical significance.
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Furthermore, it may be the case that the overall increase in peripherin levels may
cause a shift in the balance of the alternative translation and so this change may
not represent a direct intervention by TDP-43. Finally, the increases seen in Per-
45 and Per-58 might indicate a breakdown of the peripherin filaments in TDP-

43*/F210 mice that would result in an increase in soluble peripherin.

However, analysis of the final fraction (P3), which consists of the enriched
filaments disrupted with 2 % SDS, disputes this. Here the most abundant isoform
detected is Per-58, showing that it is the main constituent of peripherin filaments,
in agreement with previous reports (McLean et al., 2008). Importantly, there is no
detectable loss of Per-58 in comparison to wild type mice in this fraction to suggest
a breakdown of the filaments. Therefore, it is more likely that the increase in Per-
58 and Per-45 seen in S2 are due to overall upregulation of peripherin.
Interestingly, the second most abundant isoform detected in P3 was the isoform at
50 kDa, which was found to be significantly increase in TDP-43*F210 mice. This
could potentially indicate that the detected overexpression of peripherin is causing
a change in the stoichiometric ratio of peripherin at the filaments with increased
incorporation of the 50 kDa isoform. To assess this, the ratio of the 50 kDa isoform
to Per-58 in the filaments was analysed, and it showed that there is no significant
change. This indicates that the increase in peripherin expression is causing an
overall increase in filamentous peripherin without altering the stoichiometric ratio
between the 50 kDa isoform and Per-58. Only in one of the four biological repeats
was Per-45 and the unknown isoform between Per-45 and 50 kDa detected. This
is in agreement with previous observations that whilst Per-45 is not able to form
homopolymeric filaments, it is incorporated into heteropolymeric filaments with

other species of peripherin (McLean et al., 2008).

Overall, these data indicate that there is an overall upregulation of peripherin
expression in TDP-43*F210 mice which is potentially accompanied by a shift in the
alternative translation of Per-45 towards Per-58. However, it is unclear whether the
shift in alternative translation is due to the overall increase in expression or TDP-
43 specifically altering alternative translation. Interestingly, others have observed
peripherin upregulation in both TDP-43/3'5T and TDP-43%348C mice (Swarup et al.,
2011). This indicates the peripherin isoform changes seen previously in the TDP-

43A315T mice in the Hafezparast lab could also be due to changes in peripherin
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expression. Furthermore, the finding of increased peripherin expression in TDP-
43*F210 mice indicates that changes in peripherin expression seen in the TDP-
43A315T mice are not due to an artefact of TDP-43 overexpression. However, while
it is tempting to conclude that TDP-43 is able to upregulate peripherin expression,
it is important to note that peripherin expression is known to increase following
sciatic nerve injury indicating that it is potentially involved in regeneration of the
PNS (Beaulieu et al., 2002). It may be the case that there is neuronal injury to
spinal cord neurons in TDP-43*F210 mice as a consequence of altered TDP-43
function, which could underlie the increase in peripherin expression. However,
histopathological analysis of older TDP-43*/F210' mice showed no abnormalities in
the spinal cord (De Oliveira, 2014).

3.3.2 Peripherin expression in neuro2a cells overexpressing wild type TDP-
43

To further test whether TDP-43 is involved in the alternative translation of Per-45,
an in vitro system using neuro2a cells was initially used. However, the levels of
peripherin expression in these cells was not sufficient to allow for detailed
analysis. Despite this, it is interesting to note that as with the lumbar spinal cord

analysis, the 50 kDa isoform was also observed in these cells.

3.3.3 Role of TDP-43 in Per-45 alternative translation in HEK239 cells stably
expressing peripherin

To overcome the limitations encountered in the neuro2a cells, HEK293 cells were
made to overexpress human peripherin tagged with Myc by the stable transfection
of a cDNA clone, as described in section 3.2.4. The stable transfectants were
made to overexpress wild type TDP-43, TDP-43F21% and TDP-43M337V, The M337V
mutation of TDP-43 was selected as it is known to be an ALS causing mutation
with a high pathogenicity (Xu et al., 2011; Janssens et al., 2013). Overexpressed
TDP-43 was tagged with V5 to allow for confirmation of the transfection. Analysis
revealed that the stable transfectants were fully capable of expressing both Per-58
and Per-45. There was also a band at approximately 39 kDa which was previously
observed as a non-specific band when probing with anti-myc was performed in
control HEK293 cells.

192



The data shows that there is no significant alteration to the levels of Per-45 or Per-
58. Furthermore, analysis of the ratio of Per-45 to Per-58 levels also confirms that
there are no significant changes in any of the TDP-43 transfectants. This would
indicate that TDP-43 is not altering the alternative translation of Per-45 from the
Per-58 transcript. However, despite the machinery required for the alternative
translation of Per-45 clearly being present in these cells, it is possible that the use
of a cDNA clone containing only the coding sequence for peripherin lacks the
regulatory elements required by TDP-43 to affect this process. Future studies can
address this by including regulatory elements such as a UG rich element
downstream of the coding sequence in a similar assay as described by Lin et al.
2007. Alternatively, a BAC clone could be used to include the entire peripherin
gene inclusive of all its regulatory elements. However, this method may result in
low expression of peripherin and therefore cause similar problems as to those

seen in the neuro2a cells.

In summary, peripherin expression is increased in TDP-43*F210 mice and a shift
from Per-45 translation to the translation of the Per-58 isoform was observed but
was not statistically significant. In vitro experiments aimed at investigating whether
TDP-43 is indeed capable of altering peripherin expression provided initial data
suggesting that it does not. However, the system was limited by the lack of
regulatory elements in the peripherin transcript as it was generated from a cDNA
clone containing only the coding sequence. To provide conclusive proof that TDP-
43 is affecting alternative translation a more sophisticated system is required as
described above. Further work is also necessary to determine if the increase in
peripherin is due to TDP-43 mediated upregulation or as a consequence of

neuronal injury caused by the mutant TDP-43.
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Chapter 4: Investigating the effect of the Loa Dync1h1 mutation on paxillin
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4.1 Introduction

Mutations in DYNC1H1 which cause SMA-LED have previously been shown to
cause malformations of cortical development (Scoto et al., 2015). Additionally,
mutations in Lis71 are known to cause the neuronal migration disorder
lissencephaly (Wynshaw-Boris, 2007). Defects in neuronal migration have also
been observed in the Loa mouse model resembling the phenotypes described in
human diseases (Ori-McKenney and Vallee, 2011; Hafezparast et al., 2003).
Recently, abnormalities in focal adhesions (FAs) were observed in Loa/Loa MEFs,
in the Hafezparast lab (Barri, 2015). Specifically, FAs in spreading Loa/Loa MEFs
were more numerous and significantly smaller. Additionally, there was a reduction
in the phosphorylation of paxillin at Tyr118 (pPaxY''®) and a reduction in migration
in a wound healing assay. Paxillin is a scaffolding protein within FAs which is
crucial for cellular migration (L6épez-colomé et al., 2017). The phosphorylation at
Tyr118 is particularly important for regulating paxillin turnover at FAs and the
overall turnover of adhesions. This site is also involved in the activation of
signalling pathways to remodel the cytoskeleton for migration. These changes may
contribute towards the neuronal migration defects associated with dynein

dysfunction.

The aim of the work presented here was to establish how dynein can affect the
phosphorylation of paxillin at Tyr118 and to investigate potential consequences on
FA dynamics. Therefore, the turnover of paxillin at FAs in Loa/Loa MEFs was
measured using FRAP, and several drugs were used to dissect the role of dynein
in the regulation of paxillin. Based on results from previous data obtained in the
Hafezparast lab, it was hypothesised that dynein is causing a change in pPaxY'"®
which would consequently impact paxillin turnover at focal adhesions.
Furthermore, it was hypothesised that dynein affects pPax"'8 by affecting the

RhoA signalling pathway and actomyosin contractility.
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4.2 Results

4.2.1 Turnover of paxillin at FAs in spreading wild type and Loa/Loa MEFs
Paxillin phosphorylation at Tyr118 by FAK and Src promotes the disassembly of
paxillin from FAs (Qin et al., 2015). As reduced pPaxY''® has been observed in
Loa/LL.oa MEFs in the Hafezparast lab, paxillin turnover at FAs may be affected. To
determine if this was the case, wild type and Loa/Loa MEFs were transfected
using lipofectamine LTX with a GFP-Paxillin expressing plasmid previously used in
Rosse et al. 2012. 48 hours after transfection, cells were plated in live cell imaging
chambers coated with collagen type I. After being allowed to spread for 3.5 hours

the cells were imaged and FRAP performed.

Cells transfected with GFP-paxillin displayed prominent FAs at the cell edge
(Figure 4.1a). During imaging, bleaching was performed for 1 millisecond at the 10
second time point and the fluorescence recovery measured for 5 minutes with an
image taken every 5 seconds. As shown in Figure 4.1b, quantification of the
recovery showed no significant difference in the recovery of the GFP signal
between genotypes (multiple t-tests were performed with Holm-Sidak correction
for multiple comparisons). In summary, this indicates that there is no alteration in
the dynamics of paxillin turnover at FAs in Loa/Loa MEFs compared to wild type
MEFs.
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Figure 4.1 (a) FRAP analysis of paxillin turnover at FAs in Loa/LL.oa and wild
type MEFs. Cells transfected with GFP-Paxillin were plated on collagen type |
coated live imaging chambers and allowed to spread prior to FRAP analysis.
FRAP was performed for 1 millisecond at 10 seconds and recovery measured
for 5 minutes with an image taken every 5 seconds. (b) Quantification of
fluorescence recovery following bleaching, showing percentage fluorescence
relative to the 0 second time point. There is no significant difference between
wild type and Loa/Loa as shown by multiple t-tests with Holm-Sidak correction
for multiple comparisons. Wild type N = 20 and Loa/Loa N = 21. Error bars

represent SEM.
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4.2.2 Co-immunoprecipitation of the dynein IC and Lfc/GEF-H1

Tension generated by myosin Il is transmitted through the actin network to sites of
integrin binding to the extracellular matrix and is critical for the maturation of
nascent adhesions (Pasapera et al., 2010). Myosin |l driven contractility causes
the elongation of actin bundles associated with FAs and induces the
phosphorylation of FA proteins including that of paxillin by FAK (Pasapera et al.,
2010). As previously mentioned, myosin Il activity is regulated by the
phosphorylation state of the myosin light chain (MLC) (Ridley, 2003). One of the
proteins responsible for phosphorylating MLC is Rho Kinase (ROCK), which acts
in a twofold fashion; it directly phosphorylates MLC and dephosphorylates myosin
phosphatase targeting subunit (MYPT1) which inactivates myosin phosphatase

activity (Kaneko-Kawano et al., 2012).

ROCK is an effector of RhoA which in turn can be activated by a microtubule-
associated guanine nucleotide exchange factor (GEF) known as GEF-H1 (Meiri et
al., 2012). Relevantly, it has been shown that the murine isoform of GEF-H1 (Lfc),
interacts with the dynein complex through the LC Tctex-1 in a tripartite complex
involving the IC (Meiri et al., 2012). This interaction serves to inhibit Lfc’s
nucleotide exchange activity by sequestering it to microtubules, prohibiting it from
activating RhoA. Interestingly, it has been previously reported that Tctex-1 and the
IC have a tighter association with the dynein complex in Loa/Loa MEFs (Deng et
al., 2010). Therefore, there is the potential that this may increase the sequestration
of Lfc into the inactive state, thus reducing RhoA signalling which could result in

decreased myosin Il activity and consequently reduced pPax"118,

To investigate this, immunoprecipitations were performed to determine if the
interaction between Tctex-1 and Lfc/GEF-H1 is affected by the Loa mutation.
Firstly, the IC chain was immunoprecipitated from lysates originating from both
wild type and Loa/Loa MEFs. Subsequent analysis was performed by western
blotting (Figure 4.2a). The IC chain was successfully immunoprecipitated in both
genotypes as shown by the presence of a band at the expected size in both wild
type and Loa/Loa MEFs. The pull down appears to have been more efficient in the
wild type sample. As a positive control, probing was performed for RP3 (one of the
dynein LCs) to check that it was co-precipitated with the IC. As is evident in Figure

4.2a, there is a strong signal in the IPs and a low signal in the post IP lysates
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(protein not pulled down by the IP from the lysates), suggesting a strong co-
precipitation of RP3 in both genotypes. Lfc/GEF-H1 was however, only detected in
the inputs and was not present in the IPs of either genotypes. Despite multiple

attempts, no interaction was detected between these proteins.

Additionally, the reverse pull-down was performed using a Lfc/GEF-H1 antibody
(Figure 4.2b). There was a strong immunoprecipitation of Lfc/GEF-H1 in both
genotypes, but the IC was not present in the IPs, indicating that IC was not co-
precipitated with Lfc/GEF-H1. Also, RP3 was not pulled down via Lfc/GEF-H1.

In summary, the interaction of Lfc/GEF-H1 to dynein was not detected when
pulling down endogenous IC or Lfc/GEF-H1, prohibiting the possibility of
assessing for a potential phenotype.
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Figure 4.2
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Figure 4.2 (a) Western blot analysis of the immunoprecipitation of the IC from
lysate derived from wild type and Loa/Loa MEFs. The RP3 LC of dynein was
co-precipitated with the IC whilst Lfc/GEF-H1 was unable to be detected in the
IP. (b) Western blot analysis of the immunoprecipitation of Lfc/GEF-H1 from
lysate derived from wild type and Loa/Loa MEFs. Lfc/GEF-H1 was successfully

immunoprecipitated but neither RP3 nor IC were co-precipitated.
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4.2.3 Co-immunoprecipitation of the dynein IC and cofilin

As discussed, paxillin phosphorylation is dependent on the transmission of force
generated by myosin Il through the actin network (Pasapera et al., 2010).
Therefore, actin dynamics are important for the formation of FAs and potentially
the phosphorylation of paxillin. Interestingly, an immunoprecipitation of the IC
performed on an embryonic day 18 brain followed by mass spectrometry carried
out in the Hafezparast lab indicated that dynein might interact with Cofilin-1.
Cofilin-1 regulates actin dynamics by severing actin flaments and can also
regulate actomyosin contractility by competing for actin binding with myosin |l
(Kanellos and Frame, 2016). In doing so, it provides a counter balance stopping

excessive myosin |l contractility.

To investigate any potential link between the paxillin phosphorylation phenotype
and dynein interaction with cofilin, immunoprecipitations were performed by pulling
down with an anti-IC or anti-cofilin antibody on lysate from wild type embryonic day
18 brain. Subsequently, the samples were analysed by western blot analysis. The
IC pull down was successful as there was a strong signal in the IP that was not
detected in the post IP lysate (Figure 4.3a). However, no cofilin co-precipitated
with the IC. Similarly, despite a small pull down of cofilin with an anti-cofilin

antibody, the IC was not co-precipitated (Figure 4.3b).

In summary, the data is unable to verify the mass spectrometry data.
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Figure 4.3
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Figure 4.3 (a) Western blot analysis of an immunoprecipitation of the IC from
lysate derived from wild type embryonic day 18 brain homogenate. Despite the
IC being immunoprecipitated there was no cofilin co-precipitation. (b) Western
blot analysis of the immunoprecipitation of cofilin-1 from lysate derived from
wild type embryonic age 18 brain homogenate. A small amount of Cofilin-1 was

successfully immunoprecipitated but the IC was not co-precipitated.
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4.2.4 Role of pERK1/2 in the regulation of paxillin phosphorylation
Interestingly, it has previously been suggested that ERK1/2 inhibits the RhoA
signalling pathway by the inhibition of ROCK (Sahai et al., 2001). Specifically, it
was shown that treatment with the ERK1/2 inhibitor U0126 rescued actomyosin
contractility as indicated by an increase in stress fibre formation (Sahai et al.,
2001). ERK1/2 is activated by phosphorylation at threonine and tyrosine residues
(Roskoski, 2012). Interestingly, increased pERK1/2 has been reported in Loa/Loa
MEFs (Garrett et al., 2014). Consequently, this increase in ERK1/2 activity may

underlie the reduction in pPaxY''® due to reduced actomyosin activity.

Therefore, wild type and Loa/Loa MEFs were treated with the ERK1/2 inhibitor
U0126 to increase the levels of active ROCK and consequently increase
actomyosin contractility and rescue the levels of pPaxY''® in Loa/Loa MEFs.
Western blot analysis was used to assess the levels of pPaxY''® and the levels of
pERK1/2 (using an antibody which detects ERK1/2 phosphorylated at Thr202 and
Tyr204). Firstly, the results appeared to confirm the previously observed
phenotype of increased pERK1/2 in Loa/Loa MEFs in comparison to wild type
MEFs (Figure 4.4a). However, densitometric quantification and statistical analysis
using a one-sample t-test showed that the increase in pERK1/2 in Loa/Loa MEFs
did not reach the threshold for statistical significance (P = 0.7071, N = 3), as
shown in Figure 4.4b. Despite this, it was clear that the inhibition of ERK1/2 was
successful in both genotypes, as pERK1/2 is absent or severely reduced in the
U0126 treated cells (this made the levels of pERK1/2 unquantifiable in treated

samples).

Surprisingly, the levels of pPax"1'8 in the Loa/Loa MEFs within the untreated
conditions do not appear different from their wild type counterparts (Figure 4.4a).
However, it does appear that the inhibition of ERK1/2 did cause a mild increase in
pPax"""8in both wild type and Loa/Loa MEFs (Figure 4.4a). However, following
densitometric quantification, a two-way ANOVA was carried out to determine the
effect of the genotype and the U0126 treatment on the levels of pPaxY''® (N = 3).
The results showed that there is no significant interaction between the effect of
genotype (wild type or Loa/Loa) and U0126 treatment on the levels of pPaxY''8 (P
= 0.4295). Furthermore, neither the genotype (P = 0.7872) or the U0216 treatment

(P = 0.0654) had a significant main effect on pPax""'8levels.
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Overall, while the western blot appears to indicate the previously described
increase in pERK1/2 in Loa/Loa MEFs, it did not reach statistical significance.
Additionally, data shown here disputes the decrease in pPax"''8in Loa/Loa MEFs
previously observed in the Hafezparast lab due to a lack of a significant main

effect of the genotype on pPaxY'"@levels.
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Figure 4.4
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Figure 4.4 (a) Western blot analysis of three replicates of pPax¥''8 levels in wild
type and Loa/LL.oa MEFs treated with DMSO or U0126 ERK1/2 inhibitor (10 uM
for 2 hours). pPERK1/2 is increased in Loa/Loa MEFs in comparison to wild type
MEFs in the untreated condition. Treatment with U0126 drastically reduces the
levels of pERK1/2 detected in both genotypes. No difference in pPaxY'8 levels
is seen between wild type and Loa/Loa MEFs in both the untreated and treated
conditions. (b) Densitometric quantification of pERK1/2 levels in wild type and
Loa/l.oa MEF’s in the DMSO condition. The increased levels of pERK1/2 did
not reach statistical significance as shown by a one sample t-test (P = 0.1071,
N = 3) (c) Densitometric quantification of pPax¥'"®levels in wild type and
Loa/l.oa MEFs treated with DMSO or U0126. A two-way ANOVA (N = 3)
showed no significant interaction between genotype and U0126 treatment (P =
0.4295). Additionally, no significant main effects of genotype or U0126
treatment on pPax¥''8 levels were found (P = 0.7872 and P = 0.0654
respectively). B-actin was used as the loading control and normalised values

are plotted relative to DMSO wild type. Error bars represent SEM.
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4.2.5 Investigating the effect of laminin on paxillin phosphorylation

The absence of an interaction between U0126 treatment and genotype and the
absence of a significant main effect of genotype on pPax"'"8 |levels in the previous
experiment contradicts previous findings in the Hafezparast lab. To attempt to
replicate the decrease in pPaxY''® observed in Loa/Loa MEFs, stimulation of cell
dynamics was attempted by treating MEFs with 25 ug/mL of the extracellular

matrix protein laminin directly into culture media.

Western blot analysis was performed to determine if a difference in pPaxY'1®
between wild type and Loa/Loa MEFs was induced by laminin treatment (Figure
4.5a). In the untreated MEFs, there was no distinguishable decrease in pPax""'8
levels in Loa/Loa in comparison to wild type samples. In fact, there was a slight
increase in the levels of pPaxY'"®. The same pattern was visible between wild type
and Loa/Loa MEFs in the laminin treated samples. Densitometric quantification
and two-way ANOVA analysis (N = 3) revealed no significant interaction between
the effect of the genotype (wild type and Loa/Loa) and laminin treatment on the
levels of pPax¥""® (P = 0.7130). Furthermore, neither the genotype (P = 0.6034) or
laminin treatment (P = 0.4752) had a significant main effect on the levels of
pPaxY'8 (Figure 4.5b). Overall, these data indicate that both the Loa mutation and
laminin treatment do not have an effect on the levels of pPaxY''®. Therefore, there
is a discrepancy between these findings and those previously seen in the

Hafezparast lab.
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Figure 4.5
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Figure 4.5 (a) Western blot analysis of three replicates of pPaxY''8 levels in wild
type and Loa/Loa MEFs, untreated and treated with 25 ug/mL of laminin for 4
hours. pPax""8 levels are not reduced in Loa/Loa MEFs in both untreated and
treated samples. (b) Densitometric quantification of pPaxY"''®levels in wild type
and Loa/Loa MEFs in untreated and laminin treated conditions. A two-way
ANOVA showed no significant interaction between genotype and laminin
treatment (P = 0.7130). Additionally, both genotype (P = 0.6034) and laminin
treatment (P = 0.4752) failed to elicit a significant main effect on the levels of
pPax"118, B-actin is used as the loading control and normalised levels are

shown relative to wild type untreated. Error bars represent SEM.
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4.2.6 Blebbistatin induces a paxillin phenotype in Loa/Loa MEFs

As discussed, paxillin phosphorylation is known to be affected by the activity of
myosin Il. Therefore, treatment with blebbistatin, which causes inhibition of myosin
I, results in a reduction of paxillin phosphorylation at Tyr118 (Pasapera et al.,
2010). As the previous attempt at inducing the previously observed pPax"1'8
phenotype in Loa/Loa MEFs did not succeed, cells were treated with 20 uM
blebbistatin for 1 hour and the levels of pPaxY''® checked by western blot analysis.
Additionally, the levels of total paxillin were also examined to ascertain whether
the variability in the pPaxY''8 phenotype could be caused by changes in overall

paxillin levels.

Consistent with previous observations, pPaxY''8 levels in DMSO control samples
appeared similar in wild type and Loa/Loa MEFs (Figure 4.6a, top panel).
Treatment with blebbistatin drastically reduced the levels of pPaxY'"® in both wild
type and Loa/Loa MEFs. Additionally, it appears that the duplet which is seen for
pPaxY'"® in the DMSO samples becomes primarily a single band which represents
the higher band of the two previously present. Following densitometric
quantification, a two-way ANOVA was performed to determine the effect of the
genotype and blebbistatin treatment on the levels of pPax*''8 (N = 3). This
analysis reveals that there is no significant interaction between the effects of
genotype and blebbistatin treatment on pPax""'® (P = 0.27145), thus indicating that
the effect of blebbistatin was not affected by genotype. As shown in Figure 4.6b,
there are lower levels of pPax"''8 in Loa/Loa mutants in comparison to wild type
levels in both untreated and treated conditions and analysis reveals that genotype
has a significant main effect on pPaxY''® levels (P = 0.0057), meaning the marginal
mean for wild type (0.796 + 0.036) was significantly higher than the marginal mean
of Loa/Loa MEFs (0.603 £ 0.036) (note that from this point forward marginal
means are stated as mean + standard error). This may be indicative of a decrease
in pPax¥""® in Loa/Loa MEFs as previously reported in the Hafezparast lab.
Similarly, Figure 4.6b shows that both wild type and Loa/Loa exhibit a decrease in
the levels of pPax"""® following treatment with blebbistatin. Consequently, analysis
shows blebbistatin treatment to have a significant main effect on pPaxY''® levels (P
< 0.0001), where the marginal mean for blebbistatin samples was significantly
lower (0.461 + 0.036) than in DMSO samples (0.938 + 0.036).
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Western blot analysis of total paxillin levels in both wild type and Loa/Loa MEFs
indicates that there is a potential difference between the genotypes. A decrease in
total paxillin levels in Loa/Loa MEFs in comparison to wild type MEFs is observed
in all three replicates of DMSO control samples and two of the three presented
blebbistatin treated samples (Figure 6a, bottom panel). Densitometric
quantification confirmed a decrease in total paxillin levels in Loa/Loa MEFs in both
control and treated conditions. Subsequently, a two-way ANOVA was performed to
determine the effect of blebbistatin and genotype on the levels of total paxillin (N =
3). The results of this analysis show that there is no significant interaction between
blebbistatin treatment and genotype (P = 0.9716). This indicates that blebbistatin
is having an equal effect on both wild type and Loa/Loa MEFs. Furthermore, while
Figure 6¢ shows lower levels of total paxillin in Loa/Loa MEFs in both DMSO and
blebbistatin treated conditions, analysis showed no significant main effect with
regards to genotype (P = 0.0804). Similarly, there was no significant main effect of

blebbistatin treatment on the level of total paxillin (P = 0.3330).

Finally, since equal amounts of the same samples were loaded to determine
pPaxY''® and total paxillin levels and both were normalised to the same internal
control (B-actin), it is possible to work out the ratio of pPaxY''8 to total paxillin
levels (Figure 4.6d). A two-way ANOVA was performed to determine the effect of
genotype and blebbistatin treatment on this ratio (N = 3). There is no significant
interaction between genotype and blebbistatin treatment (P = 0.0799), thereby
indicating that blebbistatin treatment has an equal effect irrespective of genotype.
Figure 4.6d shows that within the DMSO condition there was a higher ratio of
pPaxY""8Aotal paxillin in the Loa/Loa MEFs in comparison to wild type MEFs, while
the opposite is true in the blebbistatin treatment condition. Consequently, analysis
showed no significant main effect of genotype on the pPax"'"8Aotal paxillin ratio (P
= 0.6430). Therefore, contradicting the initial indication of reduced pPaxY'"® in
Loa/L.oa MEFs which was seen when looking only at pPaxY'"® levels (Figure 4.6Db).
Additionally, Figure 4.6d shows a reduction in the pPaxY""8otal paxillin ratio in
both wild type and Loa/Loa MEFs in comparison to their corresponding DMSO
controls. Analysis confirms that there is a significant main effect of blebbistatin
treatment on the pPaxY''8Aotal paxillin ratio (P = 0.0099). This means DMSO
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samples had a significantly higher marginal mean (1.254 £ 0.145) than blebbistatin
treated samples (0.567 + 0.145).

Overall, data presented here shows that blebbistatin decreased the levels of
pPaxY'18 in both genotypes as seen in both the analysis of pPaxY'"® levels and the
analysis of pPaxY"8Aotal paxillin. While genotype had a significant main effect in
the analysis of pPaxY''8 levels, when total paxillin levels were considered, this
effect is no longer evident. Therefore, this experiment has not produced the
previously observed reduction of pPax"''8 in Loa/Loa MEFs previously reported in

the Hafezparast lab.
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Figure 4.6
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Figure 4.6 continued
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Figure 4.6 (a) Top panel: Western blot analysis of three replicates of pPax"'18
levels in wild type and Loa/L.oa MEFs treated with DMSO or blebbistatin (20 uM
for 1 hour). Bottom panel: Western blot analysis of total paxillin levels in the
same three replicates of wild type and Loa/Loa MEFs treated with DMSO and
blebbistatin (20 uM for 1 hour). (b) Densitometric quantification of pPaxY''®
levels in wild type and Loa/Loa MEFs treated with DMSO or blebbistatin. A two-
way ANOVA (N = 3) showed no significant interaction between genotype and
blebbistatin treatment (P = 0.27145). However, there was a significant main
effect on pPax"1"8 levels by both genotype (P = 0.0057) and blebbistatin
treatment (P < 0.0001). (c) Densitometric quantification of the total paxillin
western blot analysis. A two-way ANOVA (N = 3) showed no significant
interaction occurred between genotype and blebbistatin treatment (P = 0.9716).
Additionally, no significant main effect on total paxillin levels were found for
both genotype (P = 0.0804) and blebbistatin treatment (P = 0.3330). (d)
Analysis of the ratio of pPaxY'8 to total paxillin. A two-way ANOVA (N = 3)
showed no significant interaction between genotype and blebbistatin treatment
occurred (P = 0.0799). Furthermore, no significant main effect of genotype on
pPaxY""8Aotal paxillin ratio was found (P = 0.6430). Conversely, there was a
significant main effect of blebbistatin treatment on the pPaxY'"Aotal paxillin
ratio (P = 0.0099). For both pPaxY'"® and total paxillin, B-actin was used as the
loading control. In all analysis normalised values are plotted relative to DMSO

wild type. Error bars represent SEM.
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4.2.7 Effect of thymidine arrest on paxillin phosphorylation

Interestingly, the phosphorylation of paxillin at Tyr118 has been implicated in
proliferative signalling during the cell cycle (Sastry et al., 1999). Therefore, to
further investigate the absence of the previously observed pPaxY''® phenotype, a
double thymidine block was performed to synchronise cells to the G1/S phase of
the cell cycle (Harper, 2005). The aim was to eliminate potential cell to cell
variation in pPaxY''® phosphorylation caused by their differing progression through

the cell cycle.

Western blot analysis was used to analyse the levels of pPax""'® and total paxillin
in DMSO treated control cells and in cells which had undergone a double
thymidine block. Interestingly, in the untreated samples, there appears to be a
reduction in pPaxY""'®in the Loa/Loa MEFs in comparison to wild type MEFs, while
this difference was less apparent in the cells which underwent the double
thymidine block (Figure 4.7a, top panel). Densitometric quantification was
performed (Figure 4.7b), and a two-way ANOVA was used to assess the effect of
thymidine treatment and genotype on the levels of pPax¥''® (N = 3). Analysis
showed no significant interaction between thymidine treatment and genotype (P =
0.2000). Furthermore, there was no significant main effect of thymidine treatment
on the levels of pPaxY'"® (P = 0.8853). The reduction in the difference between
wild type and Loa/Loa MEFs after thymidine treatment in comparison to the DMSO
condition meant that no significant main effect of genotype on the levels of
pPaxY""®was found (P = 0.0761).

Interestingly, there was a striking reduction in total paxillin in the Loa/Loa MEFs,
which is seen both in the DMSO and thymidine block conditions (Figure 4.7a).
Densitometric analysis further confirms this observation (Figure 4.7c). A two-way
ANOVA was performed to ascertain the effect of thymidine treatment and
genotype on the levels of total paxillin (N = 3). This analysis showed a significant
interaction between genotype and thymidine treatment (P = 0.0008), indicating that
the effect of thymidine on the total paxillin levels is dependent on the genotype. As
such, analysis of the simple main effects for genotype using Bonferroni’s multiple
comparisons test showed that there is a statistically significant decrease in total
paxillin levels between wild type and Loa/Loa MEFs within the DMSO condition (P

< 0.0001). Additionally, there is also a significant decrease in total paxillin levels
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between the wild type and Loa/Loa MEFs within the thymidine treatment condition
(P < 0.0001). Furthermore, similar analysis of the simple main effects of the
thymidine treatment shows that there is a significant decrease in total paxillin
levels between the wild type DMSO and wild type thymidine treated samples (P <
0.0001). However, there is no significant difference in total paxillin levels between
Loa/Loa MEFs treated with DMSO and thymidine (P = 0.2327).

As with the previous experiment the pPaxY''8/total paxillin ratio was quantified.
Surprisingly, there appears to be an increased ratio of pPax"''8/total paxillin in the
Loa/LL.oa MEFs in comparison to wild type MEFs in both DMSO and thymidine
treated conditions. Statistical analysis of the effect of genotype and thymidine
treatment on the ratio of pPax""'8/total paxillin (N = 3) shows no significant
interaction between genotype and thymidine treatment (P = 0.7800). Furthermore,
there is no significant main effect of thymidine treatment on the ratio of
pPaxY""8/total paxillin (P = 0.1060). However, there is a significant main effect of
genotype on the ratio of pPax"""8/total paxillin (P = 0.0042), meaning that the
marginal mean for the wild type samples (1.217 + 0.872) was significantly lower
than that of the Loa/Loa samples (6.088 + 0.872). This indicates that there is an
increase in the ratio of pPax""'8/total paxillin in Loa/Loa MEFs in comparison to
wild type MEFs.

In summary, synchronization of the cell cycle using thymidine did not reveal a
difference when measuring pPax""8 levels between genotypes. However, there
was a significant reduction in total paxillin between wild type and Loa/Loa MEFs in
both DMSO and thymidine treatment conditions. Thymidine treatment was able to
reduce the total paxillin levels in wild type samples but not in Loa/Loa MEFs.
Finally, analysis of the ratio of pPaxY''8/total paxillin revealed a significant main
effect of the genotype. However, unlike previous observations within the
Hafezparast lab, there was an increase in this ratio which is not conducive with the

previously reported decrease in pPaxY'"® levels in Loa/Loa MEFs.
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Figure 4.7
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Figure 4.7 continued
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Figure 4.7 (a) Top panel: Western blot analysis of three replicates of pPaxY'1®
levels in wild type and Loa/Loa MEFs which underwent a double thymidine
block to synchronise their cell cycle or were treated with DMSO. Bottom panel:
Western blot analysis of total paxillin levels in the same three replicates of wild
type and Loa/Loa MEFs after cell cycle synchronisation by double thymidine
block or DMSO treatment. (b) Densitometric quantification of pPax"''8 levels in
wild type and Loa/Loa MEFs in both conditions. A two-way ANOVA (N = 3)
showed no significant interaction occurred between genotype and thymidine
treatment (P = 0.2000). Additionally, no significant main effect of both genotype
(P = 0.0761) and thymidine treatment (P = 0.8853) on pPax¥''8 levels was
observed. (c) Densitometric quantification of the total paxillin western blot
analysis. A two-way ANOVA (N = 3) showed that a significant interaction
between genotype and thymidine occurred (P = 0.0008). Analysis of simple
main effect of genotype using Bonferroni’s multiple comparison test showed a
significant reduction in total paxillin between wild type and Loa/Loa MEFs in
both the DMSO (P < 0.00017) and thymidine condition (P = 0.0007). Additionally,
analysis of the simple main effects of thymidine treatment showed a significant
reduction in total paxillin between wild type DMSO and wild type thymidine
treated MEFs (P < 0.00017) but not between DMSO and thymidine treated
Loa/Loa MEFs (P = 0.2327). (d) Analysis of the ratio of the pPaxY''®/total
paxillin ratio. A two-way ANOVA (N = 3) showed no significant interaction
between genotype and thymidine treatment occurred (P = 0.7800) and no
significant main effect of thymidine treatment was found (P = 0.7060).
Conversely, a significant main effect of genotype on the pPax"""8/total paxillin
ratio was found (P = 0.0042). For both pPax?''® and total paxillin, B-actin was
used as the loading control. Normalised values are plotted relative to the wild
type in their respective treatment conditions. Error bars represent SEM. (**** P
< 0.0001)
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4.2.8 Inhibition of dynein ATPase activity reduces levels of total paxillin and
pPaxY118

To investigate further whether dynein activity can influence the levels of total
paxillin, both wild type and Loa/Loa MEFs were treated with the dynein ATPase
activity inhibitor Ciliobrevin D (50 uM for 1 hour). Subsequently, western blot

analysis was used to assess the levels of pPaxY'"® and total paxillin.

As shown in Figure 4.8a, there is no distinguishable difference in pPaxY''®levels
between wild type and Loa/Loa MEFs within both DMSO and Ciliobrevin D treated
conditions. However, the treatment with Ciliobrevin D appears to have reduced the
levels of pPax"1'8 in both wild type and Loa/Loa MEFs. Densitometric
quantification and statistical analysis using a two-way ANOVA to analyse the effect
of genotype and Ciliobrevin D treatment on the levels of pPaxY''® was performed
(N = 3), as shown in Figure 4.8b. The results of this analysis showed that there
was no significant interaction between genotype and Ciliobrevin D treatment (P =
0.3983), indicating that the effect of Ciliobrevin D was unaffected by genotype. As
with previous experiments there was no significant main effect of genotype on the
levels of pPax"18 (P = 0.5806), which again contradicts previous data from the
Hafezparast lab which showed a reduction in pPaxY''® in Loa/Loa MEFs. However,
there was a significant main effect for Ciliobrevin D treatment on the levels of
pPax"1"® (P = 0.0028). This means that the marginal mean for DMSO samples
(1.024 £ 1.07) was significantly higher compared to samples treated with
Ciliobrevin D (0.381 + 1.07), indicating that Ciliobrevin D was able to reduce the

levels of pPax"1"8 irrespective of genotype, as shown in Figure 4.8b.

As shown in Figure 4.8a, total paxillin appears to be reduced in Loa/Loa MEFs in
both DMSO and Ciliobrevin D treatment conditions. Importantly, as with pPaxY'"®
levels, treatment with Ciliobrevin D causes a reduction in the levels of total paxillin.
However, a wild type sample in the second replicate appears to have a smaller
response to Ciliobrevin D treatment regarding pPaxY"'® and total paxillin levels.
Densitometric quantification and two-way ANOVA analysis (N = 3) showed no
significant interaction between genotype and Ciliobrevin D treatment with regards
to total paxillin levels (P = 0.7962), showing the effect of Ciliobrevin D on total
paxillin is independent of genotype. Further analysis reveals that there is no

significant main effect of genotype on the levels of total paxillin (P = 0.2147).
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However, there was a significant main effect for Ciliobrevin D treatment on the
levels of total paxillin (P = 0.0004). Therefore, the marginal mean for DMSO
samples (0.905 + 0.084) were significantly higher than those for Ciliobrevin D
treated samples (0.211 £ 0.084). This shows that Ciliobrevin D reduced the levels

of total paxillin irrespective of genotype.

Finally, analysis of the ratio of pPaxY''8/total paxillin through a two-away ANOVA
(N = 3), showed no significant interaction between genotype and Ciliobrevin D
treatment (P = 0.1537) and no significant main effect for genotype (P = 0.3487).
However, there was a significant main effect of Ciliobrevin D on the pPax"""é/total
paxillin ratio (P = 0.0238). The marginal mean of the DMSO samples (1.147 +
0.359) was significantly lower than that of the Ciliobrevin D treated samples (2.559
1 0.359). Therefore, this shows that Ciliobrevin D increased the proportion of total

paxillin that is phosphorylated at Tyr118.

In summary, Ciliobrevin D inhibition of dynein ATPase activity strongly reduced the
levels of total paxillin detected, which likely underlies the sharp decrease also
observed in the levels of pPaxY''®, However, when pPaxY''8 is analysed relative to
the total paxillin levels there is actually a higher proportion of the paxillin available
that is found phosphorylated at Tyr118. Importantly, the lack of interaction
between Ciliobrevin D treatment and genotype suggests that the effect of
Ciliobrevin D occurs in both wild type and Loa/Loa MEFs, thereby suggesting a

role for dynein activity in the regulation of total paxillin and consequently pPax"118.
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Figure 4.8
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Figure 4.8 continued
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Figure 4.8 (a) Top panel: Western blot analysis of three replicates of pPax'1®
levels in wild type and Loa/Loa MEFs treated with DMSO or the dynein ATPase
inhibitor Ciliobrevin D. Bottom panel: Western blot analysis of total paxillin
levels in the same three replicates of wild type and Loa/Loa MEFs treated with
DMSO or Ciliobrevin D (b) Densitometric quantification of pPaxY''8 levels in wild
type and Loa/Loa MEFs in both conditions. A two-way ANOVA (N = 3) showed
no significant interaction between genotype and Ciliobrevin D treatment
occurred (P = 0.3983). Additionally, no significant main effect of genotype on
pPax¥''8levels was found (P = 0.5806). Conversely, there was a significant
main effect of Ciliobrevin D treatment on pPax¥''8levels (P = 0.0028). (c)
Densitometric quantification of the total paxillin western blot analysis. A two-
way ANOVA (N = 3) showed that there was no significant interaction between
genotype and Ciliobrevin D treatment (P = 0.7962). There was also no
significant main effect of genotype on total paxillin levels (P = 0.2147).
However, there was a significant main effect of Ciliobrevin D treatment on the
levels of total paxillin (P = 0.0004). (d) Analysis of the ratio of pPaxY'"® to total
paxillin. A two-way ANOVA (N = 3) showed no significant interaction occurred
between genotype and Ciliobrevin D treatment (P = 0.1537). Furthermore, no
significant main effect of genotype on pPaxY''8otal paxillin ratio was found (P
= 0.3481). Conversely, there was a significant main effect of Ciliobrevin D
treatment on the pPax""'8otal paxillin ratio (P = 0.0238). For both pPax¥''®and
total paxillin, B-actin was used as the loading control. Normalised values are

plotted relative to DMSO wild type. Error bars represent SEM.
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4.2.9 Reduced total paxillin in Loa/Loa MEFs

To further illustrate the reduction of total paxillin in Loa/Loa MEFs in comparison to
wild type MEFs, statistical analysis was performed on the control samples from
Figure 4.6, 4.7 and 4.8. Additionally, to provide further evidence of a lack of a
difference in pPax"1"8 levels between genotypes the control samples of Figure 4.4,
4.5. 4.6, 4.7 and 4.8 were used for statistical analysis. Similarly, pPax"8/total
paxillin ratios from the control samples in Figures 4.6, 4.7 and 4.8 also underwent

combined statistical analysis.

This analysis conclusively shows that there is a statistically significant decrease,
as shown by a one sample t-test, in total paxillin in Loa/Loa MEFs in comparison
to wild type MEFs (P = 0.0015, N = 9), as shown in Figure 4.9a. Conversely, no
significant difference in pPaxY''8 levels was found between wild type and Loa/Loa
MEFs as confirmed by a one sample t-test (P = 0.4836, wild type N = 15 and
Loa/LLoa N= 14), as shown in Figure 4.9b. However, there was a statistically
significant increase in the pPax""'8/total paxillin ratio in Loa/Loa MEFs in
comparison to wild type MEFs as shown by a one sample t-test (P = 0.0323, N =
9).

In summary, the Loa mutation causes a reduction in the levels of total paxillin
within Loa/Loa MEFs in comparison to wild type MEFs, while an increase in
pPaxY""8/total paxillin ratio in Loa/Loa MEFs is seen as cells maintain the levels of

pPaxY118,
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Figure 4.9
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Figure 4.9 (a) Meta-analysis of total paxillin levels in wild type and Loa/Loa
MEFs from control samples in Figures 4.6, 4.7 and 4.8. One sample t-test
showed a significant reduction of total paxillin in Loa/Loa MEFs in comparison
to wild type MEFS. (P = 0.0015, N = 9). (b) Meta-analysis of pPax¥'"®in wild
type and Loa/Loa MEFs from control samples in Figures 4.4, 4.5. 4.6, 4.7 and
4.8. One sample t-test shows no significant difference between genotypes (P =
0.4836, wild type N = 15 and Loa/Loa N= 14). (c) Meta-analysis of the
pPaxY'"8Aotal paxillin ratio in wild type and Loa/Loa MEFs from control samples
in Figures 4.6, 4.7 and 4.8. One sample t-test showed a significant increase of
the pPax'"8Aotal paxillin ratio in Loa/Loa MEFs in comparison to wild type
MEFS. (P = 0.0323 N = 9). Normalised values are plotted relative to wild type
samples. Error bars represent SEM. (*P < 0.05, ** P < 0.01)
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4.2.10 Summary

Of the experiments which measured pPax"18 levels, all but the blebbistatin
experiment failed to show a significant effect of the genotype on pPaxY''® levels.
Therefore, these results appear to contradict the previous observation made in the
Hafezparast lab of reduced pPax"''® in Loa/Loa MEFs. This explains why no
difference in the turnover of paxillin at FAs was seen in a FRAP study.
Furthermore, investigating the role of Lfc/GEF-H1, cofilin-1 and pERK1/2 in
causing a pPaxY'"® phenotype is no longer as informative. Note that the interaction
of Lfc/GEF-H1 and Cofilin-1 with the IC could not be shown in this study.

Interestingly, for the first-time multiple experiments suggested that there is a
reduction in the levels of total paxillin within Loa/Loa MEFs in comparison to wild
type MEFs. This was found to be significantly different between genotypes in the
cell synchronisation experiment in both untreated and thymidine treated
conditions. Interestingly, this reduction in total paxillin was also observed following
inhibition of dynein activity using Ciliobrevin D. Finally, a meta-analysis of controls
from the previous experiments further confirmed that there is a reduction of total
paxillin in Loa/Loa MEFs but pPaxY''® remains unaltered in Loa/Loa MEFs. This is
because a greater proportion of available paxillin is phosphorylated at Tyr118 as
indicated by a significant increase in pPaxY''8/total paxillin ratio. Table 4.1
summarises the results from the various drug treatments carried out to assess the
levels of pPax"18, total paxillin and pPaxY'"®/total paxillin in Loa/Loa MEFs in

comparison to wild type MEFs.
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Table 4.1 Table summarising the results of the different drug treatments used
to assess the levels of pPax"'8, total paxillin and pPaxY''8/total paxillin in
Loa/l.oa MEFs in comparison to wild type MEFs. The meta-analysis performed
is also contrasted to previous data obtained in the Hafezparast lab (Barri,
2015). ¥ A significant interaction meant that simple main effects were instead
analysed. A significant decrease in total paxillin was seen between wild type
and Loa/Loa MEFs in both DMSO and thymidine treated conditions.
Additionally, thymidine treatment caused a significant decrease in total paxillin
levels in wild type MEFs. N/A = not applicable. * denotes a significant change (*
P <0.05 "™ P<0.01, ™ P<0.001, *** P <0.0001).
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4.3 Discussion

4.3.1 Paxillin turnover at FAs is not affected in Loa/Loa MEFs.

Paxillin is found in two separate pools, a transiently immobile pool associated with
FAs and a diffuse pool within the cytoplasm (Le Devedec et al., 2012). The
exchange of paxillin between these two pools is measured as paxillin turnover.
Paxillin phosphorylation at Tyr118 has been shown to be important for the turnover
of paxillin at adhesions, as shown by the inhibition of Src family kinases with PP2,
which causes a reduction in pPax"''® and resulted in a sharp decrease in the
turnover of paxillin at pre-existing adhesions (Qin et al., 2015). This indicates that,
as pPaxY'"® was shown to be decreased in Loa/Loa MEFs, this could have an

impact on paxillin turnover at adhesions.

To determine if paxillin turnover was indeed affected in Loa/Loa MEFs, both wild
type and Loa/Loa MEFs were transfected with GFP-paxillin and allowed to spread
on a collagen | coated live cell imaging dish for 3.5 hours before FRAP was
performed. Specifically, FRAP was targeted to the larger FAs observed at the
edge of the cell. The quantification of the time required for the recovery of the
GFP-paxillin signal at FAs following bleaching did not show a significant difference
between wild type and Loa/Loa fibroblasts. Note that in both genotypes the levels
of GFP-paxillin did not return to pre-bleaching levels as there is likely an immobile
paxillin pool at FAs which did not turnover. Additionally, it is likely that some of this
is also caused by photobleaching of the signal due to imaging over an extended

period.

The phosphorylation of Tyr118 on paxillin is mediated by FAK and Src (L6pez-
colomé et al., 2017). It has been previously shown that the inhibition of Src family
kinases decreases the turnover of paxillin by 14-fold in comparison to wild type
MEFs. Similarly, the turnover of paxillin in FAK" cells was also reduced by 14-fold
(Webb et al., 2004). Moreover, in a more targeted experiment in which Pax’ cells
were transfected with different paxillin variants, the expression of non-
phosphorylatable Y118F mutant paxillin reduced paxillin turnover 4-fold in
comparison to wild type cells. Therefore, the lack of a reduction in paxillin turnover
at adhesions in Loa/Loa MEFs is surprising. However, subsequent data produced

here shows that there is no significant difference in pPax"''8 in Loa/Loa MEFs in
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comparison to wild type MEFs in contrast to what was previously observed, thus

explaining this lack of a difference in paxillin turnover.

Interestingly, FAs in Loa/Loa MEFs had been shown to be smaller in size and
more numerous (Barri, 2015). Based on observations made during the microscopy
performed for this experiment, it was difficult to discern a visually distinguishable
difference in FA size between wild type and Loa/Loa MEFs. However, it may be
that the overexpression of GFP-paxillin may have abrogated any differences which

might have existed.

4.3.2 Lack of co-immunoprecipitation of dynein IC with either Lfc/GEF-H1 or
cofilin

As previously described, myosin |l activity has been shown to regulate Tyr118
paxillin phosphorylation by increasing FAK and Src activity (Pasapera et al., 2010).
RhoA regulates myosin Il activity through ROCK which stimulates the
phosphorylation of myosin light chain, increasing contractility (Kaneko-Kawano et
al., 2012). RhoA is known to be regulated by the microtubule associated guanine
nucleotide exchange factor Lfc/GEF-H1 (Meiri et al., 2012). Interestingly, GEF-H1
activity is governed by its association with Tctex-1, a dynein light chain. While the
original impetus for checking the Lfc/GEF-H1 interaction with dynein was based on
the pPax"""® phenotype, which was no longer observed, it would still be interesting
to test if the dynein interaction with Lfc/GEF-H1 is affected as this could have a

wide-ranging impact on RhoA signalling within the cell.

First, the IC was immunoprecipitated from wild type and Loa/Loa lysates and
probing was performed for the dynein LC RP3, Lfc/GEF-H1 and the IC. The results
showed that Lfc/GEF-H1 was not co-immunoprecipitated with the IC. This was not
caused in by a failure in the immunoprecipitation of the IC, as a strong IC signal is
seen in the IP. In support of this, a strong RP3 signal is also seen in the IP.
Similarly, the reverse experiment which immunoprecipitated Lfc/GEF-H1, did not
pull down the IC and RP3. Previously, immunoprecipitations of the IC have been
shown to co-precipitate with Lfc/GEF-H1(Meiri et al., 2012). However, these
experiments were performed following the overexpression of Lfc/GEF-H1.
Additionally, this interaction was increased following the overexpression of Tctex-

1. It is possible that at endogenous levels it is not possible to pick up this
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interaction as it may be transient. Further attempts should be made following the

overexpression of both Lfc/GEF-H1 and Tctex-1.

Previous findings in the Hafezparast lab from immunoprecipitations on embryonic
day 18 brains followed by mass-spectrometry indicated a potential interaction
between dynein and cofilin-1. Therefore, immunoprecipitations were performed to
validate this prediction. However, immunoprecipitations carried out by either
pulling down the IC or cofilin-1 failed to show this interaction and therefore the

prediction was not validated.

4.3.3 Normal pPaxY'18 |levels in the Loa/Loa MEFs

ERK1/2 is known to inhibit ROCK and affects actomyosin contractility (Sahai et al.,
2001). Therefore, it could have consequently affected paxillin phosphorylation by
downregulating the pathway above. Active ERK1/2 (pERK1/2) has been previously
shown to be increased in Loa/Loa MEFs (Garrett et al., 2014). The aim of this
experiment was to investigate if this could cause a reduction in pPaxY'"®levels

which had previously been seen in these fibroblasts (Barri, 2015).

Western blot analysis was performed following treatment with the ERK1/2 inhibitor
U0126. These results supported previous observations in that Loa/Loa MEFs have
increased pERK1/2, with levels seen more than threefold higher in Loa/Loa MEFs
despite not reaching statistical significance due to a small sample size (Garrett et
al., 2014). Additionally, the treatment with U0126 lowered pERK1/2 levels in both
genotypes to almost undetectable levels. The lack of an interaction between
genotype and U0126 treatment as indicated by a two-way ANOVA shows that the
inhibition of ERK1/2 was unable to induce a difference between wild type and
Loa/L.oa MEFs in terms of pPaxY''8 levels. Furthermore, despite a mild increase in
pPaxY''® levels in both genotypes after U0126 treatment, there was no significant
effect of U0216 on pPax"'® levels. Therefore, inhibition of ERK1/2 does not
appear to affect paxillin phosphorylation at Tyr118. Interestingly, ERK1/2 has been
shown to be involved in the phosphorylation of paxillin at sites other than Tyr118,
causing the phosphorylation of Ser130, 106, 231 and 290 (Lépez-colomé et al.,
2017).

Surprisingly, there was no distinguishable difference in pPax"''8 levels between

wild type and Loa/Loa fibroblasts both in the DMSO control and following the
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U0126 treatment. This observation was supported by a lack of a significant
genotype main effect. These data are in contrast to the previously observed
reduction in pPax""'8 levels in Loa/Loa MEFs (Barri, 2015). It is tempting to
conclude that the differences between these data and the original observation in
the Hafezparast lab are due to differences in experimental design. Potentially, the
cells in this experiment might have been in a less active state, and this might have
hidden any differences in pPaxY"''®levels. However, it is important to note that both
experiments were conducted on cells with similar levels of confluency and
performed using the same pPax"''® antibody. Also, these results support the
observations made in the experiment measuring paxillin turnover at FAs which is

dependent on Tyr118 phosphorylation (Qin et al., 2015).

The surprising lack of a difference in pPaxY''8levels in the previous experiment
prompted an attempt to stimulate MEFs by adding laminin directly to the media,
aiming to induce the previously observed phenotype by stimulating the cells (Barri,
2015). However, the lack of a significant interaction between genotype and laminin
treatment showed that laminin failed to stimulate a difference in pPax¥''® between
wild type and Loa/Loa MEFs. Additionally, analysis of main effects showed that as
with the previous experiment, the genotype failed to have an impact on the levels
of pPax¥''®, Therefore, these data are again in contradiction with the observation
within the Hafezparast lab which showed reduced levels of pPaxY''® in the
Loa/Loa MEFs. Additionally, analysis showed that laminin treatment also did not
affect the levels of pPax"1'8, which suggests laminin was ineffective in stimulating
the dynamics of the cell. Overall, given that the previous experiment by Dr Murj
Barri in the Hafezparast lab showed the phenotype without the need for stimulation
of the cells and the similarity in the methods used to those used here, it is likely

that the data presented is evidence that pPax"''8is not altered in Loa/Loa MEFs.

4.3.4 Blebbistatin treatment induces a difference between wild type and
Loa/Loa MEFs in pPaxY'1® levels

To sensitise the cells for exhibiting any potential difference in pPaxY''® levels
between wild type and Loa/Loa MEFs, blebbistatin was used to inhibit myosin Il.
As discussed, myosin Il activity induces the phosphorylation of paxillin Tyr118 via
FAK (Pasapera et al., 2010).
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Data from this experiment was analysed using a two-way ANOVA which revealed
no significant interaction between the genotype and the blebbistatin treatment in
relation to pPaxY''® levels, total paxillin levels and the pPax"''8/total paxillin ratio.
Therefore, it is clear that the effect of blebbistatin on the cells is not dependent on
the genotype for any of these measures. Interestingly, analysis of the main effects
showed that the genotype had a significant impact on the levels of pPax"''8, with a
reduction in Loa/Loa MEFs. While it would be tempting to conclude that this
experiment yielded the phenotype previously observed in the Hafezparast lab
further analysis provided a more intricate picture of the effect of Loa mutation on

paxillin.

Importantly, there was a previously unreported reduction in the levels of total
paxillin in Loa/Loa MEFs in comparison to wild type MEFs in both the DMSO and
the blebbistatin condition, which should be taken into consideration despite the
fact that genotype did not have a significant main effect on the levels of total
paxillin within this experiment. Therefore, the ratio of pPaxY''® to total paxillin was
analysed and revealed a suprising increase in Loa/Loa MEFs in the DMSO
condition. This increase in the pPaxY'"®/total paxillin ratio in Loa/Loa MEFs
suggests that despite data indicating a potentially smaller pool of total paxillin
within these cells, a greater proportion of this is found phosphorylated at Tyr118.
This suggests that the limiting factor here may be the levels of total paxillin.
Therefore, this would appear to support a scenario in which total paxillin levels are
reduced and while the proprotion of paxillin phosphorylated at Tyr118 is actually
higher to maintain pPaxY''® levels, the reduction in total paxillin levels prevents this
from being successful. However, it is important to note that genotype did not have
a significant main effect on pPaxY''8/total paxillin ratio. The lack of a significant
main effect of genotype on total paxillin and on the pPaxY''8/total paxillin ratio may
be underlined by the third replicate where total paxillin levels in wild type are
uncharacteristically low in comparison to the other wild type samples. Therefore,

further repeats should be performed to determine if this was an outlier.

Analysis also revealed that blebbistatin treatment had a significant effect on the
levels of pPax¥""® and pPaxY''8/total paxillin ratio but not on the levels of total
paxillin. Specficially, blebbistatin significantly reduced the levels of pPaxY'"® and

consequently the pPax"""8/total paxillin ratio. Therefore, these data indicate that as
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expected blebbistatin treatment does not affect the available pool of total paxillin
but affects the phosphorylation of paxillin at Tyr118 by affecting the activity of
myosin Il. Interestingly, blebbistatin treatment appears to have a more pronounced
effect on the Loa/Loa MEFs as evidenced by the fact that the pPaxY"'8/total paxillin
ratio went from above wild type levels in the DMSO condition to below that of the
wild type samples in blebbistatin condition. This may be due to lower amounts of
available total paxillin in Loa/Loa MEFs which could yield a more pronounced

effect of blebbistatin mediated pPax"''® reduction.

In summary, this experiment suggested that there may be a reduction in the levels
of total paxillin in Loa/Loa MEFs and that within these cells a higher proportion of
total paxillin is phosphorylated at Tyr118 to attempt to maintain levels of pPaxY'8,
However, this compensation proved to be ineffective as overall levels of pPaxY''8
appeared to be reduced, but this is likely due to the reduction in total paxillin.
Alternatively, since the previous two experiments failed to show such a difference,
it may be that the decrease in pPax"''8is due to variability caused by a cofounding
factor. One such factor may be the cell cycle which was subsequently controlled in

the next experiment.

4.3.5 Effect of cell cycle synchronisation on pPaxY''®in wild type and
Loa/Loa MEFs.

During mitosis, the phosphorylation of tyrosine residues on paxillin has been
shown to decrease (Yamaguchi et al., 1997). Furthermore, paxillin Tyr188
phosphorylation has been implicated in proliferative signalling in myoblasts (Sastry
et al., 1999). Moreover, the association between FAK and Src which is critical for
paxillin Tyr118 phosphorylation is reduced during mitosis (Yamakita et al., 1999;
Lopez-colomé et al., 2017). Therefore, it is possible that variations in the cell cycle
between genotypes could affect Tyr118 phosphorylation and give the appearance
of a pathogenic phenotype. To eliminate the cell cycle as a potential confounding
factor in the pPaxY''® phenotype, a double thymidine block was used to

synchronise the cell cycle in each genotype to the G1/S phase (Harper, 2005).

Two-way ANOVAs were used to analyse the impact of the genotype and thymidine
treatment on pPaxY''® levels. No significant interaction was found between

genotype and thymidine treatment, indicating that the effect of the treatment did

235



not vary between genotypes. Importantly, in contrast to the previous experiment
(discussed in section 4.3.4) but in agreement to the data from the ERK1/2
inhibition and laminin treatment experiments (discussed in section 4.3.3), there
was no significant main effect of the genotype on pPaxY'8 levels. Interestingly,
while there appears to be a reduced amount of pPaxY'"® in the Loa/Loa MEFs in
the DMSO condition, this difference is abrogated by the thymidine treatment. This
potentially indicates that as was previously discussed the reduction in pPax¥"18
observed in the blebbistatin treatment experiment (discussed in section 4.3.4) was
due to variability caused by a confounding factor, which this experiment indicates
may have been the cell cycle. However, it is important to note that thymidine

treatment did not have a significant main effect on pPaxY"'® levels.

With regards to total paxillin levels, analysis using a two-way ANOVA revealed a
significant interaction between the genotype and thymidine treatment. This
indicates that the thymidine treatment affected total paxillin levels differently
between wild type and Loa/Loa MEFs. To elucidate this further, simple main
effects of the genotype were analysed, which revealed that there was a significant
reduction in the levels of total paxillin in Loa/Loa MEFs in both the DMSO and
thymidine condition in comparison to wild type MEFs. This is in agreement with the
patterns observed in the blebbistatin experiment (discussed in section 4.3.4).
Additionally, analysis of the simple main effects of thymidine treatment showed
that while the treatment caused a significant reduction in total paxillin levels in wild
type samples when compared to the DMSO condition, this was not seen between
the DMSO Loa/Loa samples and thymidine treated Loa/l.oa samples. These data
suggest that synchronization of the cell cycle to G1/S causes a reduction in total
paxillin levels, as exhibited in the wild type MEFs. However, as total paxillin levels
were already severely depleted in Loa/Loa MEFs, no further reduction was seen in

these cells.

Finally, two-way ANOVA analysis was performed on the ratio of pPax¥'"® to total
paxillin. Results showed that there was no significant interaction between
genotype and thymidine treatment. Additionally, as expected, despite the
previously discussed effect of thymidine on total paxillin levels in the wild type
MEFs, the lack of an effect on total paxillin levels within Loa/Loa MEFs resulted in

a lack of a significant main effect of the thymidine on the pPaxY''®/total paxillin
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ratio. Importantly, there was a significant main effect of genotype on the
pPaxY""8/total paxillin ratio. Specifically, a significant increase in the pPax"""8/total
paxillin ratio in Loa/Loa MEFs was observed. These data support the previous
suggestion that in Loa/Loa MEFs, the decrease in total paxillin levels results in a
higher proportion of paxillin being phosphorylated at Tyr118 to maintain the overall
levels of pPax"1'8, Interestingly, while the pPax""1"8/total paxillin ratio appears
higher in the thymidine treated Loa/Loa MEFs even compared to the already
increased levels seen in the DMSO treated Loa/LL.oa MEFs, the wild type MEFs
exhibit no change in pPaxY''8/total paxillin ratio in response to thymidine. This is
suprising considering that as discussed previously there was a reduction in total
paxillin levels in these cells following thymidine treatment. Therefore, it may have
been expected that a similar increase in the proportion of total paxillin

phosphorylated at Tyr118 would be observed to maintain pPax"''® levels.

4.3.6 Dynein inhibition causes a decrease in both total paxillin and pPaxY'18
As the previous experiments indicated that dynein could affect the levels of total
paxillin, dynein ATPase activity was inhibited with Ciliobrevin D and the effect on

total paxillin and pPaxY''® was analysed using western blot analysis.

As with the previous experiments, two-way ANOVA analysis was performed which
revealed no significant interaction between the genotype and the Ciliobrevin D
treatment when measuring pPax"'"8 levels, indicating that the effect of Ciliobrevin
D is independent of genotype. Furthermore, analysis showed that genotype did not
have a significant main effect on the levels of pPax"''8. This data is in agreement
with data from the ERK1/2 inhibition experiment, laminin treatment experiment and
thymidine treatment experiment (discussed in sections 4.3.3 and 4.3.5). This
further supports the hypothesis that the difference in pPaxY''® observed in the
blebbistatin treatment experiment (discussed in section 4.3.4) was likely due to
variability and was not representative. Interestingly, analysis showed that there
was a significant main effect of Ciliobrevin D treatment, indicating significantly

reduced levels of pPaxY''® in comparison to the DMSO condition.

Similar analysis of total paxillin levels showed no significant interaction between
genotype and Ciliobrevin D treatment, indicating that Ciliobrevin D also affects

both genotypes equally with regards to total paxillin levels. Interestingly,
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densitometric quantification of total paxillin levels showed that there was a reduced
level in Loa/Loa MEFs in comparison to wild type MEFs in the DMSO condition
and Ciliobrevin D treated condition. This is similar to the pattern seen in the DMSO
controls of the previous experiments and their respective treatment conditions.
However, analysis for this experiment showed that there was no significant main
effect of the genotype on the levels of total paxillin. The lack of a significant effect
is likely due to a small sample number and the second wild type replicate
exhibiting a smaller response to Ciliobrevin D treatment which increased the
variation between the samples. Interestingly, statistical analysis revealed a
significant main effect of Ciliobrevin D treatment on the levels of total paxillin. The
marginal means suggested that there was a significant reduction in the levels of
total paxillin in the Ciliobrevin D treatment condition in comparison to the DMSO
condition. This reduction in total paxillin in response to Ciliobrevin D treatment
likely underlies the significant effect of the treatment on the levels of pPaxY''é, as
such a strong reduction in total paxillin levels reduces the available pool of paxillin
available to become phosphorylated at Tyr118. Importantly, this data provides
further evidence that as suggested by the previous experiments, in which total
paxillin levels appeared reduced in the Loa/Loa MEFs (reaching statistical
significance in the thymidine experiment), dynein activity may be able to affect the
levels of total paxillin. At this stage, the mechanisms that could underlie the

decrease in total paxillin levels following inhibition of dynein activity are unclear.

Additionally, analysis was carried out on the effect of genotype and Ciliobrevin D
treatment on the pPaxY''8/total paxillin ratio. This also showed no significant
interaction between the genotype and Ciliobrevin D treatment and no significant
main effect of the genotype on the pPaxY''8/total paxillin ratio. As seen in previous
experiments, the Loa/Loa MEFs showed an increase in the pPax"''8/total paxillin
ratio in the DMSO condition but to a lower extent. Again this may suggest that a
higher proportion of total paxillin is phosphorylated to maintain pPaxY''® levels.
This notion is supported by the fact that there is a significant main effect of
Ciliobrevin D treatment on the ratio of pPax""'® to total paxillin, with a significant
increase seen in the Ciliobrevin D treatment condition. Therefore, this shows that
following the inhibition of dynein activity there is a reduction in the levels of total

paxillin (as dicussed above) and consequently the proportion of total paxillin that is
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phosphorylated at Tyr118 is higher to attempt to maintain the levels of pPax'"8,
However, since Ciliobrevin D treatment significantly reduced pPaxY''® levels in
these cells, it suggests that the remaining available pool of total paxillin is below
what is necessary to maintain the levels of pPaxY''®. Note that the increase in the
proportion of total paxillin phosphorylated at Tyr118 is more prominent in the wild
type samples, this is likely a consequence of an already depleted pool of total
paxillin in Loa/Loa MEFs. However, it is important to note that Ciliobrevin D
treatment appears to cause a reduction in the levels of B-actin which was used as
the loading control for this experiment. This unexpected consequence of the
treatment may reflect an increase in apoptosis which can be tested in future
experiments by measuring apoptotic markers such as cleaved Poly(ADP-ribose)
polymerase 1 (PARP-1) or performing terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL).

4.3.7 Meta-analysis of paxillin controls show a significant reduction in total
paxillin levels in Loa/Loa MEFs

To determine if total paxillin levels are definitively altered in Loa/L oa fibroblasts
and to confirm that pPaxY"'8 levels are not, the control samples in the experiments
above were used in combined statistical analysis. The results showed that there is
a significant reduction in the levels of total paxillin in Loa/Loa MEFs but no
significant difference in the levels of pPaxY''® between genotypes. The latter of
which is in agreement with the lack of a difference in the turnover of paxillin at FAs
which is dependent on Tyr118 phosphorylation. Combined statistical analysis of
the pPaxY''8/total paxillin ration showed a significant increase in the Loa/Loa
MEFs, which shows that in these cells a higher proportion of total paxillin is
phosphorylated at Tyr118 which consequently maintains the levels of pPax"118,
Overall, these data indicate that the migration and reduced FA size phenotype
might be underpinned by a reduction in total paxillin levels rather than a decrease
in the levels of pPax"1"8. Further work is required to ascertain how dynein affects

the levels of total paxillin.
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Chapter 5: Molecular phenotypes of DYNC1H1*/D338N and BICD2*18%F patient

fibroblasts
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5.1 Introduction

SMA-LED is a congenital or early onset autosomal dominant form of SMA which
primarily targets the proximal muscles of the lower limbs (Harms et al., 2010). The
neuronal loss, muscle weakness and atrophy caused by SMA-LED shows little to
no progression, but it is often compounded with cognitive impairment (Harms et
al., 2012; Scoto et al., 2015). The precise aetiology of this disease remains
unknown but causative mutations have been identified in two genes, both of which

implicate the molecular motor dynein in its pathogenesis.

Most of the disease causing mutations have thus far been identified in the gene
encoding the HC of the dynein complex (DYNC1H1) (Harms et al., 2012; Scoto et
al., 2015). The HC harbours the complex’s motor domain and forms the core
around which other components assemble (Schiavo et al., 2013). Mutations have
also been found in the BICDZ2 gene which encodes the BICD2 cargo adaptor of
dynein (Neveling et al., 2013; Oates et al., 2013; Peeters et al., 2013). BICD2 is
also important for the formation of a stable dynein-dynactin complex and activation

of dynein processivity (Carter et al., 2016; Zhang et al., 2017b).

Dynein is a retrograde motor which is responsible for the transport of a wide
diversity of cargo towards the minus end of microtubules. This cargo includes
endosomes, lysosomes, organelles, cytoskeletal filaments and phagosomes,
amongst others (Roberts et al., 2013). However, dynein also serves vital functions
at the Golgi apparatus, including mediating vesicular transport from the ER to the
Golgi (Jaarsma and Hoogenraad, 2015). Importantly, dynein is also required for
the pericentrosomal positioning of the Golgi and the maintenance of its integrity.
This is exemplified by the resulting Golgi fragmentation that arises when dynein
function is disrupted (Burkhardt et al., 1997; Palmer et al., 2009). Coincidently,
BICD2 is considered a golgin protein due to its structure, localisation to the TGN of
the Golgi, and its interaction with RABGA (Martinez-Carrera and Wirth, 2015;
Matanis et al., 2002; Harada et al., 1998). Like dynein, the disruption of BICD2
also causes the fragmentation of the Golgi (Fumoto et al., 2006; Teuling et al.,
2008).

Therefore it is perhaps unsurprising that Golgi pathology has been established as
a feature of SMA-LED caused by both dynein and BICD2 mutations. Delayed
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Golgi reassembly following nocodazole washout has been observed in patient
fibroblasts harbouring SMA-LED DYNC1H1 mutations (Fiorillo et al., 2014).
Embryonic fibroblasts from the Loa mouse model of SMA-LED also exhibit a
similar phenotype (Hafezparast et al., 2003). Additionally, Golgi fragmentation is
also caused by several BICD2 mutations (Neveling et al., 2013; Peeters et al.,
2013; Unger et al., 2016).

More recently, work conducted in the Hafezparast lab by Dr Ryan Green has
shown that inherent fragmentation of the Golgi is present in patient fibroblasts
which harbour the p.R399G DYNC1H1 substitution. Additionally, this was
compounded with decreased microtubule acetylation and a reduction of dynein
present at the Golgi, the combination of which was suggested as the cause of the

Golgi fragmentation.

These data suggest that Golgi pathology may be a common feature of SMA-LED
and could be important in its pathogenesis. To test this hypothesis, patient
fibroblasts which harbour either the p.D338N DYNC1H1 substitution or the p.I1189F
BICD2 substitution were used to explore if they share this Golgi pathology.
Additionally, these fibroblasts will be examined for alterations in the post-
translational modification of microtubules to determine if this is a common feature
in SMA-LED.
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5.2 Results
5.2.1 Analysis of the integrity of the Golgi apparatus in patient fibroblasts

As discussed, Golgi fragmentation has been observed in patient cells harbouring
the DYNC1H1R3%C gypstitution in the Hafezparast lab. Additionally, Golgi
fragmentation is caused by several mutations in BICD2 (Neveling et al., 2013;
Peeters et al., 2013; Unger et al., 2016). To ascertain if either DYNC1H1*/P338N or
BICD2*118%F patient fibroblasts exhibit inherent Golgi fragmentation, cells were
fixed and stained for the Golgi marker giantin to allow full visualisation of the
organelle. As can be seen in the right panel of Figure 5.1a, the Golgi in wild type
fibroblasts were mostly seen to be an elaborate organelle with the ribbon structure
clearly visible. DYNC1H1+*/D338N fibroblasts did not appear to exhibit Golgi
fragmentation as previously described for the DYNC1H1R399¢ mutation. However,
the Golgi appeared to be visually more condensed and less elaborate. Similarly,
the Golgi in BICD2*"8% fibroblasts also had no visually perceptible fragmentation

phenotype.

To verify these observations, high-throughput quantification was performed by Dr.
Constantino Carlos Reyes-Aldasoro to automatically isolate the Golgi and count
the average number of Golgi fragments per cell (see Figure 5.1b). A Kruskal-
Wallis test was performed on Log'® transformed data, which confirmed that there
was no significant difference with regards to the average number of Golgi
fragments between genotypes, P = 0.2260 (Wild type N = 76, DYNC1H1*/P338N N =
60, BICD2*/"89F N= 98). The results from this quantification are shown in Figure
5.1c.

The same algorithm also produced further metrics for the analysis of the Golgi.
Firstly, the total area of the Golgi was analysed and a Welch’s ANOVA with
Games-Howell multiple comparison’s test performed. The Welch’s ANOVA
showed a significant difference between genotypes (P < 0.00017). As shown in
Figure 5.1d, Games-Howell multiple comparison test showed a significant
reduction in the average area of the Golgi between wild type and BICD2*/18%F
fibroblasts (P = 0.0278). Similarly, a striking significant reduction in the average
area of the Golgi was seen between the wild type and DYNC1H1*/P338N fiproblasts

(P < 0.0001). There was also a significant difference in Golgi area between
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DYNC1H1*/P338N gand BICD2*"8%F fibroblasts (P = 0.0176). The N number is as

described for the previous quantification.

Secondly, the algorithm used allowed for a measure of the spread of the Golgi in
each cell by measuring the gaps between the Golgi membranes (Figure 5.1e). A
Welch’'s ANOVA on Log'® transformed data showed a significant difference
between genotypes (P = 0.0010). To identify where these differences occurred,
Games-Howell multiple comparison test was performed which showed a
significantly lower average area between Golgi membranes in the DYNC1H1+/P338N
fibroblasts in comparison to both the wild type (P = 0.0015) and BICD2*/"8F (p =
0.0002) fibroblasts. Therefore, the Golgi in the DYNC1H1*/D338N fiproblasts is less

spread in comparison to the other two genotypes (Figure 5.1f).

As cell morphology may impact the morphology of the Golgi, the images taken
were qualitatively assessed for potential differences. As shown in the left panel of
Figure 5.1a in which the outline of the cells in a representative image have been
marked, there appears to be a greater confluency in the BICD2*"8% images which
may have impacted cell morphology. On the other hand, wild type and
DYNC1H1*/P338N images had similar number of cells and the morphology of the

cells did not appear to be qualitatively different.

Overall, the data suggests that there is no inherent fragmentation of the Golgi in
both DYNC1H1*/P338N gnd BICD2*8F fibroblasts in comparison to wild type cells.
Interestingly, there appears to be a condensation of the Golgi in DYNC1H1+/D338N
fibroblasts so that it occupies a smaller area and has less space between its
membranes. However, BICD2*8F fibroblasts only exhibited a smaller area of the
Golgi but did not show a reduced Golgi spread. Although, it is important to note
that the confluency of the BICD2*'"8%F fibroblasts was greater than wild type and
DYNC1H1*P338N fiproblasts. A factor that could have caused differences in cell

morphology which may have in turn impacted the area of the Golgi.

244



]
g
r
X T
+ -
& ]
Z
>=
(m]
3
8
- T
—
(&) “
| ’
>=
(m)
6 -
o 8
e
5
2
i



Figure 5.1 continued
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Figure 5.1 continued
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Figure 5.1 (a) Fixed cell imaging of the Golgi apparatus stained with giantin (a
Golgi marker) in wild type, DYNC1H1+/P338N gnd BICD2*"8F fibroblasts. Left
panel: Images taken to assess Golgi morphology with cell outline marked. Right
panel: shows a closer magnification of the Golgi corresponding to the Golgi
marked with * in the right panel. (b) Example illustrating the automated high-
throughput quantification of Golgi fragmentation. The first panel shows the
intensity heat map used to select the Golgi, the middle panel shows the
selection of the Golgi superimposed on the original image and the final panel
shows the counting of the Golgi fragments (yellow, blue and red fragments). (c)
Graph showing the average number of Golgi fragments per genotype, which
showed no significant difference as indicated by a Kruskal-Wallis test
performed on Log'® transformed data (P = 0.2260). (d) Graph showing the
average area of the Golgi in each genotype. A Welch’'s ANOVA showed a
significant difference between genotypes (P < 0.0001). Games-Howell multiple
comparison test showed a reduction in the average area of the Golgi in both
BICD2*1"8F fibroblasts (P = 0.0278) and DYNC1H1*/P338N fiproblasts (P <
0.0001) when compared to wild type fibroblasts. A significant difference was
also found between DYNC1H1*/P338N gnd BICD2*"8% fibroblasts (P = 0.0176).
(e) Example of the quantification of the area of the gaps between the Golgi
membranes to obtain a measure of Golgi spread. The first panel shows the
selection of the Golgi and the second panel shows the area in between the
Golgi membranes which was measured (shown in yellow) (f) Graph showing
the average area of the gaps between Golgi membranes. A Welch’s ANOVA
on Log'® transformed data showed a significant difference between genotypes
(P = 0.0010). Games-Howell multiple comparison test showed a significantly
lower average area of gaps between Golgi membranes in the DYNC1H1+/D338N
fibroblasts in comparison to both the wild type (P = 0.0015) and BICD2*18% (p
= 0.0002) fibroblasts. Wild type N = 76, DYNC1H1*/D338N N = 60, BICD2*/18%
N= 98 for all the above quantifications. Errors bars represent SEM. (* P < 0.05,
*P<0.01, ™ P<0.001, **** P < 0.0001)

248




5.2.2 Localisation of the IC of dynein at the Golgi apparatus in patient
fibroblasts

Dynein is known to be localised at the Golgi apparatus and is important for the
formation and integrity of the organelle (Burkhardt et al., 1997; Palmer et al., 2009;
Jaarsma and Hoogenraad, 2015). The condensation of the Golgi observed in the
previous experiment might be caused by a lack of dynein at the organelle.
Interestingly, data from the Hafezparast lab has shown that IC localisation at the
Golgi is reduced by the DYNC1H1R39C mutation. To determine if the
DYNC1H1*/P338N fibroblasts also exhibited a lack of dynein at the Golgi, cells were
fixed and stained for the IC and giantin (a Golgi marker). BICD2*8F fibroblasts
were also included in this analysis as BICD2 may be involved in the recruitment of
dynein to the Golgi. If this is the case, dynein may be reduced at the Golgi as the
mutation resides in the IC binding domain of BICD2 (Oates et al., 2013).

Images were taken at a high resolution (2048x2048 pixels) to facilitate the
assessment of the IC localisation at the Golgi. As shown in merged panel of Figure
5.2a, the IC signal appears to coat the membrane of the Golgi in the wild type and
DYNC1H1*/P338N fibroblasts but not in the BICD2*"'8% fibroblasts. This can be

more clearly seen in the inset panels in the same image.

Another in-house MATLAB algorithm developed by Dr Constantino Carlos Reyes-
Aldasoro was used to quantify the level of the IC at the Golgi. The algorithm
isolated the Golgi and identified the IC signal within the area of the organelle
(Figure 5.2b). The data was quantified using two different metrics. The first used
quantified the intensity of the signal at the Golgi over the area of the Golgi to
obtain a measure of the amount of IC signal at the Golgi. The second method
used the area of the IC at the Golgi over the total area of the Golgi to obtain a
measurement of the level of Golgi which contained IC. A one-way ANOVA was
performed on Log'® transformed data with Tukey’s multiple comparison test. The
one-way ANOVA for the total intensity over the area of the Golgi showed a
significant difference between genotypes (P = 0.0015). Tukey’s multiple
comparison test showed a significant reduction in IC signal at the Golgi in the
BICD2*M8% fibroblasts when compared to both the wild type (P= 0.0018) and
DYNC1H1*/P338N (P = 0.0088) fibroblasts, as shown in Figure 5.2c. No difference
was seen between DYNC1H1*/P338N gand wild type fibroblasts (P = 0.8743). A one-
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way ANOVA also showed a significant difference in the Golgi localised with IC
signal between genotypes (P = 0.0004). Tukey’s multiple comparison test showed
that there was a significant reduction in the area of the Golgi localised with IC
between BICD2*"8%F and both wild type (P =0.0006) and DYNC1H1*/P338N (p =
0.002) fibroblasts, as shown in Figure 5.2d. No significant difference was seen
between wild type and DYNC1H1*/P338N fiproblasts (P = 0.9402). For alll
quantifications above, the wild type N = 12, DYNC1H1*/P338N N = 10, and
BICD2*/M8%F N = 8.

Additionally, further images were taken with Z-stacking to allow the visualisation of
the IC signal at the Golgi at multiple levels (Figure 5.2e). The images were taken
by finding the Golgi focal plane and then taking two slices above and below this
plane with 0.32um between each slice. A qualitative assessment indicates that
these images are representative of the result obtained by the quantification of the

IC at the Golgi at the Golgi focal plane.

In summary, there appears to be a reduction in the localisation of the IC at the
Golgi in BICD2*1"8F fibroblasts which is not seen in the DYNC1H1+/D338N
fibroblasts. Therefore, it suggests the condensed Golgi morphology observed in
DYNC1H1*/P338N fibroblasts is not due to a lack of dynein at the Golgi. However,
this data could suggest that wild type BICDZ2 is required for recruiting dynein to the
Golgi.
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Figure 5.2
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Figure 5.2 continued
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Figure 5.2 continued
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Figure 5.2 (a) Localisation of dynein IC at the Golgi visualised in fixed cells
stained for IC and Giantin (a Golgi marker). There is a reduction in the levels of
IC at the Golgi in the BICD2*'"8F fibroblasts which is not seen in
DYNC1H1*/D338N fibroblasts when compared to wild type cells. (b) Example of
quantification of levels of IC at the Golgi. The left panel shows the isolation of
the Golgi, the middle panel shows the IC signal within the Golgi after
normalisation to background and the third panel shows the overlay of the IC at
the Golgi. (c¢) Graph showing the total intensity of the IC over the area of the
Golgi. A one-way ANOVA on Log'? transformed data showed a significant
difference between genotypes (P = 0.0015). Tukey’s multiple comparisons test
showed a significant reduction of the intensity of the total IC signal over the
area of the Golgi in BICD2*"8% fibroblasts compared to both wild type (P =
0.0018) and DYNC1H1*/P338N fibroblasts (P = 0.0088). No difference was seen
between DYNC1H1*/D338N and wild type fibroblasts (P = 0.8743). (d) Graph
showing the area of the IC signal over the area of the Golgi. A one-way ANOVA
on Log'® transformed data shows a significant difference between genotypes (P
= 0.0004) and Tukey’s multiple comparisons test shows a significant decrease
in this measurement in the BICD2*"8%F fibroblasts in comparison to both wild
type (P =0.0006) and DYNC1H1*/P338N fiproblasts (P = 0.002). No significant
difference was found between DYNC1H1*/P338N gnd wild type fibroblasts (P =
0.9402). (e) Z-stacks of the localisation of the IC at the Golgi. Slices were taken
0.32 um apart above and below the Golgi focal plane. For all of the data above
the wild type N = 12, DYNC1H1*/P338N N = 10 and BICD2*'"8%F N = 8. Errors
bars represent SEM. (** P < 0.01, *** P < 0.0017)
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5.2.3 Reduced microtubule acetylation in DYNC1H1*/P338N mutant fibroblasts
It has been suggested that Golgi-derived microtubules are important for the
formation of the Golgi ribbon (Miller et al., 2009). The condensation of the Golgi
may be due to a failure in this process caused by alterations in the properties of
microtubules. Interestingly, Golgi associated microtubules are found to be highly
acetylated (Thyberg and Moskalewski, 1993). Since the DYNC1H1R3%°C mutation
has previously been shown to reduce microtubule acetylation in the Hafezparast
lab, the levels of microtubule acetylation were checked in both DYNC1H1+/D338N
and BICD2*"8% fibroblasts.

Microtubule acetylation was assessed by western blot analysis and probing for a-
tubulin acetylated at Lys40. As shown in Figure 5.3a, there is a visible decrease in
the level of tubulin acetylation in DYNC1H1*/P338N fiproblasts in comparison to wild
type fibroblasts. However, in BICD2*"'8% fibroblasts this does not appear to be the
case. Densitometric quantification was performed to determine if the observed
difference was statistically significant (Figure 5.3b). A one sample t-test was
performed which showed a significant decrease in the level of acetylated tubulin in
DYNC1H1*/P338N fibroblasts (P = 0.0045). However, no significant difference was
seen between wild type and BICD2*"8F fibroblasts using the same statistical test
P = 0.8019). For the DYNC1H1*/P338N experiment, the sample number for both
genotypes was 5, whilst for the BICD2*18% experiment, the sample number for

both genotypes was 6.

To ensure the difference in acetylated tubulin was not simply a reflection of
changes in overall tubulin levels between genotypes, western blot analysis was
used to check levels of a-tubulin. As seen in Figure 5.3c, no difference in a-tubulin
was found between genotypes. This was confirmed by densitometric quantification
and one sample t-tests which showed no significant difference between wild type
fibroblasts and both DYNC1H1*/P338N fiproblasts (P = 0.6604) and BICD2*/18%F
fibroblasts (P = 0.2154).

The reduction of acetylated tubulin in the DYNC1H1*/P338N fiproblasts but not in the
BICD2*1"8F fibroblasts correlates with the condensation phenotype of the Golgi in

these cells.
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Figure 5.3
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Figure 5.3 (a) Western blot analysis of tubulin acetylation in DYNC1H1*/P338N
and BICD2*"8F fibroblasts in comparison to wild type fibroblasts. The image
represents 3 repeats for each genotype. There is an observable decrease in
the amount of acetylated tubulin in DYNC1H1*/P338N puyt not in BICD2*/"8%F
fibroblasts in comparison to wild type cells. (b) Graph showing the
densitometric quantification of acetylated tubulin levels in wild type,
DYNC1H1*/P338N gnd BICD2*1"8F fibroblasts. A one sample t-test showed a
significant reduction in the amount of acetylated tubulin in DYNC1H1*/P338N
fibroblasts (P = 0.0045) but not in BICD2*"8% fibroblasts (P = 0.8079) in
comparison to wild type cells. For the DYNC1H1*/P338N experiment the N for
both genotypes was 5, whilst for the BICD2*/"8F experiment N = 6. (¢) Western
blot analysis of a-tubulin in DYNC1H1*/P338N and BICD2*"8%F fibroblasts in
comparison to wild type fibroblasts. There is no visible difference in the levels of
a- tubulin. (d) Densitometric quantification of a-tubulin in DYNC1H1*/P338N gnd
BICD2*M8%F fibroblasts in comparison to wild type fibroblasts. One sample t-
tests showed no significant difference between wild type fibroblasts and both
DYNC1H1*/D338N fiproblasts (P = 0.6604) and BICD2*""8F fibroblasts (P =
0.2154). N = 3 for all genotypes. B-actin was used as the loading control for all
experiments and the normalised data is presented relative to the wild type
samples. Errors bars represent SEM. Note: some of repeats of the acetylated
tubulin experiment used in the quantification were performed by a Masters

student under my supervision (Zuzana Sedlakova). (** P < 0.01)
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5.2.4 Reduced tubulin acetylation is a feature of the Loa mouse model of
SMA-LED

DYNC1H1*/P338N fibroblasts exhibited a similar decrease in tubulin acetylation as
that previously observed in the Hafezparast lab in DYNC1H1R3%C¢ mutants. This
potentially indicates that reduced tubulin acetylation may be a common
consequence of defective dynein function caused by DYNC1H1 mutations. To
further investigate this, MEFs from the Loa mouse model were tested via western

blot analysis for the levels of acetylated tubulin.

Figure 5.4a represents 3 repeats (of a total of 6) which all show a decrease in the
levels of acetylated tubulin in Loa homozygous MEFs in comparison to wild type
MEFs. To quantify this difference, densitometric analysis and a one sample t-test
was performed, which confirmed a significant reduction in the levels of acetylated
tubulin in Loa homozygous MEFs in comparison to wild type MEFs (P = 0.0210),
as shown in Figure 5.4b. Furthermore, a-tubulin levels were analysed using
western blot analysis, see Figure 5.4c. As shown in Figure 5.4d, densitometric
quantification and a one sample t-test were performed, which showed no

significant difference between genotypes (P = 0.6337, N = 3).

In summary, the Loa mutation is the third DYNC1H1 mutation shown to cause

reduced tubulin acetylation which may point to a common phenotype.
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Figure 5.4
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Figure 5.4 (a) Western blot analysis of tubulin acetylation in wild type and Loa
homozygous MEFs. There is a consistent decrease in the amount of acetylated
tubulin visible in Loa homozygous MEFs in comparison to wild type MEFs (b)
Graph showing the densitometric quantification of acetylated tubulin levels in
wild type and Loa homozygous MEFs. A one sample t-test showed a significant
reduction in the amount of acetylated tubulin in Loa homozygous MEFs (P =
0.0210, N= 6). (c) Western blot analysis of a-tubulin in wild type and Loa
homozygous MEFs. (d) Densitometric quantification of a-tubulin showing no
significant difference between genotypes as indicated by a one sample t-test (P
=0.6337, N = 3). B-actin was used as the loading control for all experiments
and the normalised data is presented relative to the wild type samples. Note:
some of repeats of the acetylated tubulin experiment used in the quantification
were performed by a Masters student under my supervision (Zuzana
Sedlakova). Errors bars represent SEM. (* P < 0.05)
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5.2.5 Analysis of detyrosination of tubulin in DYNC1H1*/P338N and BICD2*/1189F
fibroblasts

The finding of reduced levels of tubulin acetylation in DYNC1H1*/P338N fiproblasts
indicated a potential reduction in microtubule stability. To verify this, the levels of
detyrosinated tubulin, which is also highly enriched at the Golgi was checked by
western blot analysis (Skoufias et al., 1990). This analysis was performed in wild
type, DYNC1H1*/P338N gnd BICD2*''8F fibroblasts. Additionally,
DYNC1H1R399GR399G fihroblasts were also tested as they are known to exhibit

decreased tubulin acetylation.

The results show that there was no detectable alteration in the levels of
detyrosinated tubulin in DYNC1H1*/P338N or BICD2*1'8F fibroblasts in comparison
to wild type cells, as shown in Figure 5.5a and b respectively. Similarly,
DYNC1H1R399G/R399C fiproblasts also did not show an observable difference in

detyrosinated tubulin, as shown in Figure 5.5c.

Densitometric analysis was performed to quantify the levels of detyrosinated
tubulin. A one sample t-test was performed which showed no significant difference
between both DYNC1H1*/P338N (p = (0.4228) and DYNC1H1R399C/R399G (p = (,2802)
fibroblasts when compared to wild type fibroblasts (Figure 5.5d). Similarly, a one
sample t-test showed no significant changes in detyrosinated tubulin in
BICD2*1"8F (P = 0.6939; Figure 5.5d).

In summary, unlike levels of acetylated tubulin, there was no significant change in
the levels of detyrosinated tubulin (another maker of microtubule stability) in any of
the DYNC1H1 mutants tested and in the BICD2*"8F fibroblasts.
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Figure 5.5
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Figure 5.5 (a-c) Western blot analysis comparing detyrosinated tubulin in wild
type fibroblasts to DYNC1H1*/D338N BICD2*1189F and DYNC1H1R399G/R399G
fibroblasts, respectively. There is no observable difference in the levels of
detyrosinated tubulin in any of the genotypes. (d) Graph of the quantification of
detyrosinated tubulin levels. A one sample t-test showed no significant
difference in detyrosinated tubulin in DYNC1H1*/P338N (p = 0.4228, N = 6) and
DYNC1H1R399G/R39C fiproblasts (P = 0.2802, N = 3). Additionally, a one sample
t-test confirmed no significant difference between wild type and BICD2*/18F
fibroblasts (P = 0.6939, N = 3). B-actin was used as the loading control for all
experiments and the normalised data is presented relative to the wild type
samples. Note: some of repeats of the detyrosinated tubulin experiments for
DYNC1H1*/P338N gnd BICD2*18%F fibroblasts used in the quantification were
performed by a Masters student under my supervision (Zuzana Sedlakova).

Errors bars represent SEM.
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5.2.6 Analysis of acetylated tubulin following HC knockdown

To further investigate the role of dynein in the regulation of microtubule
acetylation, a system which allows for the knockdown of the HC of dynein using
auxin-inducible degron (AID) technology was tested. The addition of the
phytohormone auxin to culture media in cells expressing the F-box transport
inhibitor response 1 (TIR1) protein derived from Oryza sativa (Os-TIR1) results in
the rapid knockdown of the AID tagged protein of interest (Natsume et al., 2016).
Os-TIR1 forms a SCF (Skp1-Cullin-F-box) ubiquitin ligase complex which targets
the AID tag in the presence of auxin and leads to polyubiquitination of the protein
of interest and rapid degradation by the proteasome. The system used here
consists of human colorectal cancer HCT116 cells which have tetracycline
inducible Os-TIR1 (tet-OsTIR1) and the AID cassette inserted after the last codon
of DYNC1H1 (Natsume et al., 2016). Therefore, in the presence of both
doxycycline (induce Os-TIR1 expression) and auxin, there is predicted to be rapid

depletion of the HC of dynein.

Cells plated in 6 well plates were treated with 500 uM of indole-3-acetic-acid (a
natural auxin) and 2 ug/mL of doxycycline for 4 hours, 8 hours and 24 hours.
Western blot analysis was then used to ascertain if there was a knockdown of the
HC (Figure 5.6a). There was an appreciable decrease in the HC which correlated
with increased incubation with the drugs in comparison to the untreated control.
Densitometric quantification also showed a trend of HC depletion with increasing
incubation time (Figure 5.6b). However, this trend was not statistically significant
as calculated using a one-way ANOVA (P = 0.2969, N =3). Despite this, as every
repeat at every time point showed a decrease in HC, the amount of acetylated
tubulin was checked at each time point via western blot analysis (Figure 5.6c¢).
Densitometric analysis and a one-way ANOVA was performed which indicated a
significant difference between samples (P = 0.003, N = 3). Tukey’s multiple
comparison test showed a statistically significant increase between the Auxin
control and the 4 hour (P = 0.0039) and 8 hour time points (P = 0.0049), as shown
in Figure 5.6d. However, it is surprising that no increase was seen in acetylated
tubulin at 24 hours as this represents the point with the least amount of dynein.
The significance at the 4 and 8 hour time points likely arose due to an apparent

decrease in acetylated tubulin in the auxin control.
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Finally, a western blot for a-tubulin was performed to ensure that any changes in
acetylated tubulin were not a reflection of changes in total tubulin (Figure 5.6e).
Densitometric quantification and subsequent statistical analysis using a one-way
ANOVA confirmed no significant difference between any of the samples (P =

0.617, N = 3).

Overall, the system used here has not produced conclusive data and requires

further optimisation.
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Figure 5.6
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Figure 5.6 (a) Western blot analysis of HC levels following the activation of the
degron system in HCT116 cells using 500 uM of indole-3-acetic-acid (Aux) and
2 ug/mL of doxycycline (Dox). (b) Densitometric quantification of HC
knockdown showing no statistically significant difference in the levels of HC
between samples (one-way ANOVA, P = 0.2969, N= 3). (c) Western blot
analysis of the levels of acetylated tubulin following HC knockdown. (d)
Densitometric quantification of acetylated tubulin which showed a significant
difference in the levels of acetylated tubulin between samples (one-way
ANOVA, P = 0.003, N=3). Tukey’s multiple comparison test showed a
significant increase in acetylated tubulin at the 4 hour (P = 0.0039) and 8 hour
(P = 0.0049) time points in comparison to the auxin control. (e) Western blot
analysis of a-tubulin levels following HC knockdown. (f) Densitometric
quantification of a-tubulin levels showing no significant difference between
samples (one-way ANOVA, P = 0.617, N= 3). B-actin was used as the loading
control for all experiments and the normalised data is presented relative to the

wild type samples. Errors bars represent SEM. (** P < 0.017)
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5.2.7 Analysis of paxillin in DYNC1H1*/P338N and BICD2*8°F fibroblasts

It has been reported that the focal adhesion (FA) protein paxillin exerts an
inhibitory effect on the major microtubule deacetylase enzyme, HDACG6 (Deakin
and Turner, 2014). Importantly, evidence suggested that this enables paxillin to
regulate the integrity of the Golgi. Interestingly, reduced paxillin phosphorylation
has been noted previously in both DYNC1H1R399¢ mutant fibroblasts (by Dr Muru;j
Barri in the Hafezparast lab) and in this thesis a decrease in total paxillin levels in
Loa MEFs is reported. Therefore, to investigate whether alterations in paxillin
could underlie the observed changes in microtubule acetylation in DYNC1H1*/D338N
fibroblasts, these cells were checked for the levels of paxillin phosphorylation at
Tyr188 (pPax"1'8) and total paxillin levels. BICD2*"18F fibroblasts were also

included in this analysis.

Western blot analysis showed that there was no appreciable difference in the
levels of pPaxY"'® between wild type fibroblasts and both DYNC1H1*/P338N gnd
BICD2*18F fibroblasts (Figure 5.7a). Subsequently, densitometric analysis and
one sample t-tests were performed which showed no significant difference
between wild type fibroblasts and both DYNC1H1*/P338N (p = (.9468, N = 6) and
BICD2*M8% (P = 0.8823, N = 3) fibroblasts. Surprisingly, analysis of the levels of
total paxillin indicated an increase in both DYNC1H1*/D338N gnd BICD2*/18%F
fibroblasts in comparison to wild type fibroblasts (Figure 5.7c). Densitometric
analysis and one sample t-tests failed to show a significant increase in total paxillin
in DYNC1H1+*/D338N (p = 0.0854). However, the analysis did show a significant
increase in BICD2*1"8%F (P = 0.0166) fibroblasts in comparison to wild type
fibroblasts. Unfortunately, unlike previous paxillin data the total paxillin western
blot analysis was not performed using the same homogenates as those used for
analysis of pPax""'8, which precludes the possibility of looking at the ratio of

pPaxY1'8 to total paxillin accurately.

In summary, no difference in pPax"''® was found and thus it cannot underlie the
reduced tubulin acetylation noted in the DYNC1H1*/P338N fibroblasts. However,

there was a significant increase in total paxillin in the BICD2*118F fibroblasts.
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Figure 5.7
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Figure 5.7 (a) Western blot analysis of pPax¥''® in DYNC1H1*/P338N gnd
BICD2*M8% fibroblasts in comparison to wild type cells. There is no observable
difference in the levels of pPaxY''® between genotypes. (b) Graph of the
quantification of pPaxY'8 levels. One sample t-tests confirmed that there was
no significant difference between wild type fibroblasts and both
DYNC1H1*/P338N (P = 0.9468, N = 6) and BICD2*"8% (P = 0.8823, N = 3)
fibroblasts. (¢) Western blot of total paxillin in DYNC1H1*/D338N  B|CD2*/"89F gnd
wild type fibroblasts. An increase in total paxillin is apparent in the mutant
fibroblasts. (d) Densitometric quantification of total paxillin in DYNC1H1+/P338N,
BICD2*M8% and wild type fibroblasts. One sample t-tests showed no significant
difference between wild type and DYNC1H1*/D338N (P = 0.0854, N = 3)
fibroblasts but there was a significant increase in BICD2*"8% fibroblasts
(0.0166, N = 3). B-actin was used as the loading control for all experiments and
the normalised data is presented relative to the wild type samples. Note: some
of repeats of the pPax’''® experiment used in the quantification were performed
by a Masters student under my supervision (Zuzana Sedlakova). Errors bars
represent SEM. (* P < 0.05)
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5.2.8 Chapter 5 summary

In this chapter, it was shown that unlike previous DYNC7H1 mutations
investigated in the Hafezparast lab, there is no inherent Golgi fragmentation
evident in the DYNC1H1*/P338N patient fibroblasts. Similarly, there was also no
Golgi fragmentation in BICD2*""8F fibroblasts. However, further examination did
reveal the presence of other Golgi phenotypes. Both DYNC1H1+/P338N gnd
BICD2*M8% fibroblasts showed a significant reduction in the area of the Golgi, a
phenotype which was more pronounced in the former in comparison to the latter.
In line with this, only DYNC1H1*/P338N fibroblasts had a significantly condensed
Golgi as measured by the area of the space between Golgi membranes.
Therefore, these data further support the hypothesis that DYNC1H1 mutations
affect dynein’s function in the formation and maintenance of an organised Golgi

organelle.

To explain the cause of these Golgi phenotypes, the localisation of dynein at the
Golgi and the levels of microtubule acetylation was explored. Uniquely between
these two mutants, only the BICD2*'"8%F fibroblasts had a reduction in the level of
dynein IC localised at the Golgi. Conversely, only DYNC1H1*/P338N mytants
exhibited a decrease in the levels of microtubule acetylation. This illustrates
different pathogenic mechanisms between these two mutants which converge at
the Golgi with equally differing presentations. Interestingly, Loa homozygous
fibroblasts also showed a decrease in the level of microtubule acetylation, thus
making it the third DYNC1H1 mutation to cause this phenotype. This potentially
indicates a unifying phenotype in SMA-LED caused by DYNC1H1 mutations.
Furthermore, no difference was found in detyrosinated tubulin between
DYNC1H1*/P338N DYNC1H1*/P338N gnd BICD2*'8%F fibroblasts in comparison to
wild type fibroblasts. Unfortunately, HC knockdown by using an auxin inducible
degron in HCT116 cells did not provide conclusive data. Furthermore, no
difference was observed in the levels of pPaxY''® indicating that it does not
underlie the previously observed microtubule acetylation phenotype. However, an
increase in total paxillin levels was observed in both DYNC1H1*/D338N gngd
BICD2*M8%F fibroblasts but only reached statistical significance in the latter. A

summary of the results obtained from these experiments is shown in Table 5.1.
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Table 5.1
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No No No
DYNC1H1*/D338N No | Reduced**** | Reduced** Reduced** Increase
change change change
No No No No
BICD2*/M8SF No Reduced* Reduced* Increase*
change change change change
No
DYNC1H{R399C/R39C | yag Reduced | Reduced e Decrease

Table 5.1 Summary of the data acquired in this thesis on Golgi pathology, microtubule modifications and paxillin in both
DYNC1H1*/P338N gnd BICD2*1"8F fibroblasts in comparison to wild type fibroblasts. Additionally, this is contrasted to previous
data which data obtained in the Hafezparast lab for the DYNC1H1R3%9G/R399C fihroblast line. ¥ Localisation of the IC to the Golgi
was assessed using two different metrics with both being significantly reduced in BICD2*'"8F fibroblasts. * denotes a significant

change (* P <0.05, *™* P <0.01, ™* P < 0.0001).
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5.3 Discussion
5.3.1 Golgi morphology and integrity in DYNC1H1*/P338N gand BICD2*/189F

fibroblasts

Dynein is pivotal for the formation, positioning, and maintenance of the Golgi
ribbon (Lowe, 2011). Therefore, it is not surprising that Golgi pathology is
observed in association with SMA-LED caused by DYNC1H1 mutations and in the
Loa mouse model of the disease (Fiorillo et al., 2014; Hafezparast et al., 2003).
Most strikingly, inherent Golgi fragmentation was recently observed in
DYNC1H1R39%CG SMA-LED patient fibroblasts in the Hafezparast lab. Similarly,
inherent Golgi fragmentation has also been reported in BICD2 mutant patient

primary fibroblasts and myocytes (Neveling et al., 2013; Unger et al., 2016).

To further investigate Golgi pathology in SMA-LED, Golgi morphology and integrity
in DYNC1H1*/P338N gnd BICD2*"8% patient fibroblasts was assessed using fixed
cell imaging and high-throughput analysis. This analysis revealed that Golgi
fragmentation was not present in either patient line. The lack of fragmentation in
BICD2*M8% fibroblasts is particularly interesting as the phenotype had been
previously observed in fibroblasts with a heterozygous asparagine to threonine
substitution one residue away at position 188 (p.N188T) (Neveling et al., 2013).
Similarly, both the p.D338N and p.R399G DYNC1H1 substitutions are in relatively
close proximity within the tail domain of the DYNC1H1 protein (Scoto et al., 2015).

However, further analysis revealed that the Golgi area was reduced in both
DYNC1H1*/P338N gnd BICD2*"8F fibroblasts in comparison to wild type cells.
Additionally, the Golgi in DYNC1H1*/P338N fiproblasts appeared to be particularly
condensed into a smaller area without the same level of elaboration of the Golgi
ribbon seen in wild type and BICD2*'"8F fibroblasts. Analysis of the area of the
gaps between the Golgi membranes confirmed a condensation of the Golgi in the
DYNC1H1*/P338N fibroblasts. Importantly, these changes could have been
explained by differences in cellular morphology between genotypes. However, a
qualitative analysis of the images taken to assess Golgi morphology identified no
major differences in morphology between wild type and DYNC1H1+/D338N
fibroblasts. This suggests that these mutations are indeed having a detrimental
effect on Golgi morphology despite the lack of Golgi fragmentation. Further

supporting this is the fact that despite the images taken for analysis of BICD2*/18%F
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Golgi morphology indicating that the cells were more confluent and consequently
more compact. The Golgi condensation phenotype was not present in these cells.
However, this observation could explain the reduced Golgi area in the BICD2*/18%F

patient fibroblasts.

Similar condensation of the Golgi has previously been observed in cells where a
dominant negative mutant of AKAP450 is expressed or in AKAP450 knockout cells
(Hurtado et al., 2011; Wu et al., 2016). AKAP450 is recruited to the Golgi by
GM130 and is itself pivotal for the recruitment of y-TurRC to the Golgi for the
nucleation of Golgi-derived microtubules (Rivero et al., 2009; Hurtado et al., 2011).
In fact, the expression of the dominant negative mutant of AKAP450 inhibits
microtubule nucleation at the Golgi (Hurtado et al., 2011). It is important to note
that in some of the experiments where the Golgi-derived microtubule network is
inhibited, the condensation of the Golgi at the centrosome is accompanied by
fragmentation (Miller et al., 2009; Hurtado et al., 2011; Wu et al., 2016). However,
this fragmentation was not seen in DYNC1H1*/P338N fibroblasts. This difference
may be due to the severity of completely removing the Golgi microtubule network
in these experiments in comparison to the milder consequence of the p.D338N

mutation on this network.

Importantly, the p150%'“ed subunit of the essential dynein adaptor dynactin, is
known to interact with AKAP450 (Kim et al., 2007). Additionally, dynactin has been
shown to be required for microtubule nucleation at the Golgi (Rivero et al., 2009).
Therefore, this implicates dynein in the nucleation of microtubules at the Golgi, a
function which could be impaired by p.D338N substitution in DYNC1H1 and could

therefore result in a similarly condensed Golgi.

Further supporting the hypothesis that the compact Golgi morphology observed in
DYNC1H1*/P338N fibroblasts could be attributed to defects in the Golgi associated
microtubule network, is the finding that the knockout of end-binding proteins (EB1,
EB2 and EB3) results in detachment of microtubules from the Golgi and
consequently a more compact organelle (Yang et al., 2017). Specifically, it was
found the EB proteins are able to tether microtubules to the Golgi directly, via their
interaction with myomegalin (MMG) on Golgi membranes. Note that MMG is

recruited to the Golgi by AKAP450 with which it forms a complex (Roubin et al.,
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2013). Secondly, it was also able to affect the length of microtubule minus ends
decorated with calmodulin-regulated spectrin-associated protein 2 (CAMSAP2), a
protein known to be important for the tethering of microtubules to the Golgi through
its interaction with MMG (Yang et al., 2017). Therefore, it is possible that the
compaction of the Golgi seen in DYNC1H1*/P33N fibroblasts is due to an aberrant
Golgi associated microtubule network. Other examples of in which molecular
motors impact the size of the Golgi have been noted, such as the reduction in
Golgi mass seen in immortalized fibroblasts from Snell’'s waltzer mice in which

myosin VI is absent (Warner et al., 2003).

Finally, the reason for the discrepancy in phenotypes between the p.D338N and
p.R399G DYNC1H1 mutants is unclear. Interestingly, condensation of the Golgi
was also observed in DYNC1H1R399G/R399G fihroblasts whilst undergoing a re-
orientation assay (performed in the Hafezparast lab by Dr Ryan Green). Therefore,
the p.R399G cells do display a similar phenotype but this appears to be
compounded by a further factor in normal resting conditions causing the Golgi to

appear dispersed and fragmented.

5.3.2 IC at the Golgi is reduced in BICD2*"8% put not in DYNC1H1*/D338N
fibroblasts

In the Hafezparast lab, DYCN1H1R3%C fibroblasts were also observed to have a
significantly reduced level of dynein present at the Golgi. To investigate whether a
similar phenotype is present in DYNC1H1*/P338N fibroblasts and could therefore be
a factor in the condensation of the Golgi seen in these cells, fixed cell analysis and
high-throughput quantification was performed. Additionally, BICD2*"8%F fibroblasts
were also analysed as the p.I189F substitution resides within the dynein IC chain
binding domain of BICD2 and could impair any potential recruitment of dynein to
the Golgi by BICD2 (Oates et al., 2013).

Analysis showed that in BICD2*18F cells, there was a significant reduction in the
levels of the IC at the Golgi. This indicates that there is reduced recruitment of
dynein to the Golgi caused by alterations in the interaction between the p.1189F
mutant BICD2 and the dynein IC. Furthermore, Z-stacks were taken which
qualitatively appeared to confirm the quantifications made on the single images

taken at the Golgi focal plane. However, since it is not possible to definitively

274



assess whether dynein is absent or present on the Golgi via immunofluorescent
imaging alone, further verification is required. Firstly, Golgi pull-down assays using
magnetic beads and an anti-giantin antibody can be carried out to assess the level
of IC that is co-precipitated with the organelle membranes, a method previously
described by Yadav et al., 2012. Furthermore, immunoprecipitation studies to

investigate the nature of the IC interaction with BICD2'"8F should be carried out.

Interestingly, if verification confirms a reduction in the levels of IC at the Golgi in
BICD2*"8F fibroblasts, it is of note that previous studies have shown that the
pathogenic p.S107L and p.R501P substitutions alter the interaction between IC
and BICD2 (Peeters et al., 2013; Oates et al., 2013). Moreover, in the Hafezparast
lab, an increased interaction between IC and golgin160, which is the only known
adaptor shown to recruit dynein to the Golgi, is seen in DYNC1H1R399G/R399G
fibroblasts (Yadav et al., 2012). This increase in IC-golgin160 interaction is despite
a loss of dynein at the Golgi, thereby suggesting the existence of other adaptors
responsible for the recruitment of dynein, which data presented here indicates
could include BICD2.

Interestingly, the DYNC1H1*/P338N fibroblasts did not appear to have any decrease
in IC at the Golgi. This difference between the DYNC1H1*/P338N gng
DYNC1H1R399G/R399G fihroblasts may underlie the differing Golgi phenotypes.
Previously, inhibition of dynein by the overexpression of p50/dynamin or the CC1
domain of p150¢'ed halted both the clustering of the Golgi stacks mediated by
Golgi-derived microtubules and the movement of the Golgi stacks towards the
centrosome, which is dependent on centrosomal microtubules (Miller et al., 2009).
It is possible that the p.D338N mutation allows for the centripetal movement of the
membranes to the centrosome, whilst detrimentally affecting the Golgi-derived
microtubule network. This would not only affect the clustering of the Golgi stacks
at the periphery but also the ribbon formation and morphology once at the
centrosome, both of which are dependent on Golgi-derived microtubules (Miller et
al., 2009; Yang et al., 2017). Consequently, this could result in a correctly
positioned but condensed Golgi as observed in these cells. On the other hand, the
p.R399G mutation experiences a more severe impact of dynein function at the
Golgi, where not only may the clustering and ribbon formation be affected but the

centripetal movement may also be lost. Therefore, the result would be a dispersed
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Golgi away from its typical localisation at the centrosome. This could be studied
using similar methods as Miller et al 2009, where nocodazole washout in
combination with microscopy could be used to assess the centripetal movement of
Golgi membranes in DYNC1H1*/P338N gnd DYNC1H1R399CGR399G fihroblasts, and the

nucleation of microtubules at the Golgi membranes.

5.3.3 Reduced microtubule acetylation in DYNC1H1*/P338N fibroblasts is not
accompanied by reduced microtubule detyrosination

Golgi-derived microtubules are particularly enriched in post-translational
modifications such as acetylation at Lys40 and detyrosination (Thyberg and
Moskalewski, 1993; Skoufias et al., 1990). Interestingly, Dr Ryan Green in the
Hafezparast lab previously showed a decrease in microtubule acetylation in
DYNC1H1R399G/R399G fihroblasts. This could indicate that the Golgi-derived
microtubule network is less stable as acetylation is commonly seen as a marker of
stability (Sadoul and Khochbin, 2016).

Therefore, the levels of acetylated tubulin were assessed in both DYNC1H1+/P338N
and BICD2*M8% fibroblasts as they could indicate alterations in the properties of
Golgi-derived microtubules which are crucial for the formation of the Golgi ribbon
(Miller et al., 2009). Western blot analysis showed a significant reduction in the
levels of acetylated tubulin in DYNC1H1*/P338N byt not in BICD2*'18F fibroblasts.
Importantly, the levels of total tubulin remained unaffected in DYNC1H1+/D338N
fibroblasts, confirming that the reduction in acetylation was not merely a reflection
of a decrease in total tubulin content. These initial results indicate that there is a
change in the properties of microtubules at the Golgi which could underlie the
condensation phenotype observed in DYNC1H1*/P338N fiproblasts. To further

explore this, a second marker of microtubule stability was checked.

Detyrosinated tubulin is also highly enriched at the Golgi and is known to be
enriched in stable, long lived microtubules (Skoufias et al., 1990; Song and Brady,
2015). Therefore, the levels of detyrosinated tubulin were assessed in
DYNC1H1*/P338N BICD2*118%F gnd DYNC1H1R399C/R399C fibroblasts. Detyrosinated
tubulin showed no significant deficit in any of these three cell lines, indicating that
the reduction in acetylation is not likely a consequence of reduced stability but

perhaps a specific effect of dynein impairment. However, to confirm this,
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microtubule stability would have to be directly assessed by observing microtubule
dynamics. This could be achieved using EB1 tagged with mcherry and u-track, a
software package to measure microtubule dynamics (Applegate et al., 2011). This

method has previously been employed in the Hafezparast lab (Barri, 2015).

Interestingly, the opposite pattern is seen when Ciliobrevin D is used to inhibit
dynein ATPase activity in chicken DRG neurons (Sainath and Gallo, 2014). This
causes a reduction in tyrosinated tubulin indicating increased stability,
concomitantly with reduced levels of tubulin acetylation which would seemingly
indicate reduced stability. Therefore, alterations in dynein activity can have specific

and contrasting effects on these post-translational modifications.

There is strong evidence that the acetylation state of microtubules is crucial to
maintaining normal Golgi morphology. The expression of non-acetylatable tubulin
results in fragmentation of the Golgi apparatus (Deakin and Turner, 2014).
Similarly, the reduction of tubulin acetylation caused by paxillin depletion also
results in a fragmented Golgi. However, while Golgi fragmentation is seen in
DYNC1H1R39C fiproblasts, this is not a feature of DYNC1H1*/P338N cells despite
sharing a reduction in tubulin acetylation. This indicates that a reduction in
acetylated tubulin is not sufficient to induce complete Golgi fragmentation in these
patient fibroblasts in contrast to what was seen in the aforementioned studies.
Interestingly, the expression of a dynamin 2 mutant associated with CMT causes
an increase in microtubule acetylation and concomitantly induces Golgi
fragmentation (Tanabe and Takei, 2009). It may be that in the DYNC1H1R3%6
fibroblasts, the reduction in acetylation is compounded with the reduced dynein at
the Golgi to cause fragmentation. On the other hand, in DYNC1H1+/D338N
fibroblasts the reduced acetylation impairs the Golgi-derived network, which
impairs normal Golgi ribbon formation causing a condensed Golgi phenotype. In
support of this, the reduced dynein at the Golgi seen in BICD2*1"8F fibroblasts
does not cause fragmentation as might be expected, it may be that since
acetylation levels are normal within these cells, there is no second factor to induce

Golgi fragmentation.

Alternatively, as previously mentioned the compaction of the Golgi in

DYNC1H1*/P338N fibroblasts may indicate a similar impairment of Golgi associated
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microtubules as that seen in cells in which either have EB proteins or proteins
associated with microtubule nucleation at the Golgi are knocked out (Hurtado et
al., 2011; Wu et al., 2016; Yang et al., 2017). Therefore, a reduction in microtubule

association may be a consequence of such an impairment rather the cause.

Previously, it has been shown that HDACG, the primary deacetylase for Lys40
(Sadoul and Khochbin, 2016), interacts with the p150©!“®d subunit of dynactin in
the context of aggresome formation (Kawaguchi et al., 2003). It is unclear if this
interaction may allow dynein to affect the deacetylation of microtubules. However,
preliminary data from the Hafezparast lab gathered by Dr Ryan Green suggested
that there may be increased deacetylation in DYNC1H1R399CG/R399G fibroplasts using
a HDACSG inhibitor washout experiment. These experiments should be repeated in
the DYNC1H1*P338N fibroblasts to ascertain if there is a similar effect.

Interestingly, acetylated tubulin was also shown here to be decreased in Loa/Loa
MEFs in comparison to wild type MEFs, thereby becoming the third DYNC1H1
mutation known to cause reduced acetylated tubulin. Again, this change was not
caused by changes in the levels of total tubulin as these levels were comparable
to wild type levels. This implies that reduced tubulin acetylation is a common
phenotype shared by DYNC1H1 mutations. As all the mutations tested thus far are
within tail domain of the HC it would be interesting to test the effect of mutations
outside of this region to determine the involvement of other HC regions in

regulating acetylation.

5.3.4 Microtubule acetylation following HC knockdown using the Auxin-
inducible degron system

To further investigate the role of dynein in the regulation of microtubule acetylation
a system where the HC of dynein could be easily knocked down was used. As
discussed previously, this system employed the use of auxin-inducible degron
(AID) technology (Natsume et al., 2016).

Here, HTC116 cells were treated with 500 uM of indole-3-acetic-acid (a natural
auxin) and 2 pyg/mL of doxycycline for 4 hours, 8 hours and 24 hours. After these
periods cells were lysed and analysed by western blotting for levels of HC,
acetylated tubulin and total tubulin. Firstly, despite not reaching statistical

significance there is a clear correlation of incubation time and levels HC. The
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longer the incubation with the drugs, the greater the HC knockdown observed in
each of the three repeats performed. The levels of total tubulin remained
unchanged at all time points. Surprisingly, the levels of acetylated tubulin at 4 and
8 hours showed a significant increase in comparison to the Auxin control (indole-3-
acetic-acid on its own). This is likely due to the slight decrease in the levels of
tubulin acetylation seen in this control. When compared to either the doxycycline
or the untreated controls, there was no significant change in the levels of
acetylated tubulin at 4 or 8 hours. In line with this, the blots also have no
distinguishable differences between samples. It is unclear why the levels of

acetylated tubulin decreased in the auxin control.

In summary, despite the promise of this system in its ability to test the role of
dynein in the regulation of microtubule acetylation it failed to produce conclusive

results.

5.3.5 Increased total paxillin in DYNC1H1*/P338N and BICD2*"89F fibroblasts
Finally, it has previously been shown that the FA protein paxillin is able to interact
and inhibit HDACG6, and therefore regulate the acetylation of microtubules and
consequently affect the integrity of the Golgi apparatus (Deakin and Turner, 2014).
Interestingly, Dr Muruj Barri in the Hafezparast lab has previously observed
decreased paxillin phosphorylation at Tyr118 in DYNC1H1R399G/R399C fiproblasts. A
similar phenotype was also observed in Loa/Loa fibroblasts but was not replicated
in work presented in Chapter 4, instead a decrease in total paxillin levels was
observed. Therefore, to determine if paxillin may be altered and thus potentially
causing the reduction in acetylation seen in DYNC1H1*/D338N fiproblasts, the levels
of total and pPax""'"® were analysed by western blot analysis. BICD2*/18%

fibroblasts were also included in this analysis.

In contrast to DYNC1H1R3%99€ fibroblasts, there was no difference in pPaxY'8 in
DYNC1H1*/P338N fibroblasts. Similarly, no difference was observed in BICD2*/18%
in comparison to wild type fibroblasts. Furthermore, despite analysis of total
paxillin levels showing an increase in DYNC1H1*/P338N fiproblasts in comparison to
wild type fibroblasts, this did not reach statistical significance. However, a

significant increase was observed in BICD2*8%F fiproblasts.
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This would seemingly contradict data showing that the knockdown of paxillin
increases HDACG activity and therefore reduces tubulin acetylation (Deakin and
Turner, 2014). This is because if paxillin levels were indeed regulating the activity
of HDACS, in both DYNC1H1*/P338N gnd BICD2*8%F fibroblasts we would expect
increased acetylation as HDACG inhibition would increase. However, Deakin &
Turner 2014 also observed the presence of large stress fibres when the interaction
between HDACG6 and paxillin appeared most strongly. Interestingly, they postulate
that this may indicate that the association of HDAC6 and paxillin is regulated by
RhoA, which is responsible for inducing stress fibre formation (Deakin and Turner,
2014). RhoA induces stress fibre formation by stimulating actomyosin contractility
which in turn induces the phosphorylation of FA proteins including paxillin through
FAK (Pasapera et al., 2010; Bhadriraju et al., 2007; Kaneko-Kawano et al., 2012).
Therefore, it is possible that RhoA induces paxillin association to HDACG6 through
paxillin phosphorylation, which would allow for these changes to coincide with FA
formation (Lépez-colomé et al., 2017). Indeed, the phosphorylation of paxillin is an
important step which allows for its association with a variety of effectors at FAs

(Lopez-colomé et al., 2017).

If this is the pathway responsible for paxillin regulation of microtubule acetylation,
the lack of difference in pPaxY'"®levels in DYNC1H1*/P338N cells would indicate
that it is not responsible for the differences in acetylation in these cells. This would
also align with the fact that there is no alteration in microtubule acetylation levels in
BICD2*M8%F fibroblasts as they also lack a difference in pPax"''8. Additionally, the
preliminary data which showed a decrease in pPaxY''® in DYNC1H1R399G
fibroblasts requires further analysis in light of the data presented in chapter 4.
Alternatively, if total paxillin is responsible for the regulation of acetylation, the
results presented here would contradict the expected consequence of an increase
in total paxillin levels. An increase in acetylation would be expected, but this is not
seen in BICD2*'"®F fiproblasts, and the opposite is found in DYNC1H1+/D338N

fibroblasts.

Overall, data presented here showed that the Golgi in DYNC1H1*/P338N fibroblasts
exhibits a condensed phenotype which may be linked to an impaired Golgi
associated microtubule network as seen by a decrease in microtubule acetylation.

Conversely, while BICD2*'"8F fiproblasts did not exhibit a condensation
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phenotype or a decrease in acetylation, they did present a reduced Golgi area
(which may be attributable to a difference in cell morphology) and a striking
reduction in IC at the Golgi. This potentially indicates that BICD2 is necessary for
the recruitment of dynein to the Golgi. Finally, both DYNC1H1+/P338N gnd
BICD2*1"8F fibroblasts showed an increase total paxillin but this was only

statistically significant in the latter cells.
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Chapter 6: General discussion and conclusions
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6.1 General discussion and conclusions

Motor neuron diseases (MNDs) represent a broad and diverse collection of
diseases which are clinically and pathologically linked by motor neuron
degeneration. ALS is the most common adult onset MND and affects both upper
and lower motor neurons (Taylor et al., 2016; Bruijn et al., 2004). In contrast,
SMA-LED is a rare autosomal dominant form of SMA, with congenital or early
onset which primarily affects the proximal muscles of the lower limbs (Harms et al.,
2010). The pathogenesis of both diseases is not entirely understood, and patients

desperately lack effective treatment.

The dysfunction of RNA metabolism in ALS pathogenesis is increasingly a central
focus of research (Mackenzie et al., 2010; Polymenidou et al., 2012; Ling et al.,
2013). This avenue of research began with the emerging importance of the RNA
binding protein TDP-43 in ALS. It was not only discovered to be the main
component of the ubiquitinated proteinaceous inclusions which characterise the
disease but mutations in the TDP-43 gene (TARDBP) are now known to account
for 4 % of fALS cases and up to 1 % of SALS cases (Neumann et al., 2006; Arai et
al., 2006; Cirulli et al., 2015; Buratti, 2015). The importance of RNA metabolism in
ALS was later solidified by the identification of causative mutations in FUS,
another RNA binding protein (Vance et al., 2009; Kwiatkowski et al., 2009).

More recently, this line of research was further indorsed by the discovery of the
C9orf72 (G4C2)n hexanucleotide repeat expansion mutation, which is tightly
associated with RNA pathology and accounts for 40 % of fALS cases and 7 % of
SALS cases (Gitler and Tsuiji, 2016; Cirulli et al., 2015).

TDP-43 is involved in several steps of RNA metabolism and recently data from the
Hafezparast lab showed that it may be involved in the alternative translation of
peripherin (Barri, 2015; Lagier-Tourenne et al., 2010). Peripherin is also a
component of the proteinaceous inclusions found in ALS and mutations in its gene
(PRPH) are also associated with the disease (Corbo and Hays, 1992; He and
Hays, 2004; Migheli et al., 1993; Wong et al., 2000; Mizuno et al., 2011; Corrado
et al., 2011).

In this thesis, data acquired from a mouse line in which endogenous TDP-43 had

been ENU mutagenized to induce a F210I substitution provides further evidence of
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TDP-43’s ability to affect peripherin expression. Specifically, data presented here
showed that peripherin levels were increased in the lumbar spinal cord of TDP-
43*F210' mice, mirroring previous findings in patient ALS lumbar spinal cord tissue
(Robertson et al., 2003; McLean et al., 2010). This is also similar to previous
results in transgenic mice overexpressing mutant TDP-43 (Swarup et al., 2011).
However, unlike these models, TDP-43*F210 mice allowed the effect of TDP-43
mutations on peripherin expression to be investigated while TDP-43 was
expressed at isogenic levels. Therefore, this thesis presents the first evidence that
TDP-43 can alter peripherin expression without overexpressing the protein.
Overexpression of peripherin is known to cause neuron cell death and so this
mutant TDP-43 dependent increase in peripherin may contribute to neuronal loss
(Beaulieu et al., 1999).

It is important to note that it is a possibility that peripherin expression is increased
due to potential neuronal injury caused by the TDP-43 mutation as peripherin
expression has been noted to do so in response to neuronal injury (Beaulieu et al.,
2002). However, previous histopathological analysis of TDP-43*F21% mice of a
similar age to those tested here found no signs of abnormalities in both the brain
and spinal cord (De Oliveira, 2014). Therefore, TDP-43 pathology in ALS may be

responsible for misregulating peripherin expression.

Additionally, it may be the case that TDP-43 is further complicating peripherin
pathology in ALS by affecting the expression of the Per-45 isoform. Evidence
shows that while Per-45 is not able to assemble into homopolymers, it is
necessary for normal assembly of the peripherin network (McLean et al., 2008).
Data presented here showed an alteration in the ratio of Per-45 to Per-58 in the
insoluble fraction. This change indicated a shift from the use of the Per-45 start
codon to the codon leading to the translation of Per-58. However, this change was
not statistically significant. Furthermore, since these changes were accompanied
by an increase in overall peripherin expression, it is unclear if the shift in
alternative translation is due to a regulatory role of TDP-43 that is affected by the
F210l mutation, or if this is a consequence of the upregulation of peripherin. An in
vitro system aiming to provide a more conclusive answer in which HEK293 cells
were made to express peripherin using a stably transfected cDNA clone

suggested that TDP-43 does not affect alternative translation. However, this
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system is limited due to the lack of regulatory elements which may be necessary
for TDP-43 to affect alternative translation. Therefore, a more advanced system is
required whereby peripherin is expressed from a clone containing the relevant
regulatory elements, perhaps achieved by using a BAC clone. However, the
expression yielded from such a method may be too low for analysis as was

encountered in neuro2a cells.

SMA-LED is caused by mutations in DYNC1H1 which encodes the HC of the
molecular motor dynein, and in BICD2 which encodes a dynein adaptor protein of
the same name (Harms et al., 2012; Neveling et al., 2013; Oates et al., 2013;
Peeters et al., 2013). Several of these DYNC1H1 mutations also cause
malformations of cortical development leading to intellectual disability. Additionally,
mutations in the dynein adaptor Lis7 causes lissencephaly, a neuronal migration
disorder. This indicates that dynein is important for normal cortical development
which is highly dependent on neuronal migration (Pang et al., 2008). Interestingly,
both dynein and Lis1 are not only important for neuronal migration but also for
axonal outgrowth (Grabham et al., 2007). Therefore, SMA-LED might represent a
neurodevelopmental disorder caused by abnormal neuronal migration and axonal
innervation of muscles. In support of this, neuronal migration phenotypes have
also been found in the Loa model of the disease (Ori-McKenney and Vallee, 2011;
Hafezparast et al., 2003). Recent data from the Hafezparast lab provides further
evidence that cellular migration is affected in DYNC1H1 mutants (Barri, 2015).
Abnormal focal adhesion (FA) morphology, slowed migration during a wound
healing assay, and a decrease in the phosphorylation of paxillin (a key FA protein)

at Tyr118 were observed in Loa/Loa MEFs.

Data presented in this thesis clarifies the initial findings from the Hafezparast lab.
Here, it was shown that previous observations of altered pPaxY''é levels were
likely a result of variations caused by cells being at different stages of the cell
cycle. However, a significant reduction in the levels of total paxillin was observed
in Loa/Loa MEFs. Importantly, the inhibition of dynein ATPase activity appeared to
recapitulate this phenotype. This loss of paxillin in Loa/Loa MEFs may underlie the
aberrant FA morphology and slowed migration previously observed in these cells.
Future experiments should aim to confirm this hypothesis by transfecting Loa/Loa

MEFs with paxillin to rescue total paxillin levels and see if the above phenotypes
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are in turn ameliorated. Interestingly, observations made during the assessment of
paxillin turnover at FAs (which was unchanged in Loa/Loa MEFs) indicated that
there were no distinguishable abnormalities in FA morphology in GFP-paxillin
transfected Loa/Loa MEFs. However, this anecdotal preliminary observation
requires further investigation and quantification. Additionally, a wound healing
assay should be carried out following paxillin transfection in both wild type and
Loa/lL.oa MEFs to determine if this is sufficient to rescue the migration deficit seen
in the latter. If the loss of paxillin does indeed prove to be the cause of the
migration deficit in these cells, it might indicate that it could also contribute to the
neuronal migration defects seen in Loa mice. Therefore, experiments should be
conducted to analyse the levels of total paxillin in cortical and motor neurons of
these mice. The results of these experiments could potentially have ramifications

on the understanding of the pathogenesis of SMA-LED.

Finally, Golgi pathology has been observed in response to mutations in both
DYNC1H1 and BICD2 SMA-LED patients. Delayed re-assembly of the Golgi
following nocodazole washout is seen in SMA-LED DYNC1H1 mutations and in
the Loa mouse model of the disease which also harbours a Dync1h1 mutation
(Hafezparast et al., 2003; Fiorillo et al., 2014). More recently, inherent Golgi
fragmentation was seen in patient fibroblasts with a p.R399G DYNC1H1
substitution in the Hafezparast lab. Similarly, Golgi fragmentation has also been
found in association with multiple B/ICDZ2 mutations (Fumoto et al., 2006; Teuling
et al., 2008).

Data presented here shows that in DYNC1H1*/D338N patient fibroblasts, the Golgi
appears condensed and exhibits a smaller area. While the BICD2*'"8%F fibroblasts
exhibited a smaller area of the Golgi with no measurable condensation which may
have been due to differences in cell morphology. There also appeared to be a loss
of dynein at the Golgi in BICD2*"8F fiproblasts, indicating that BICD2 may be
necessary for the recruitment of dynein to the Golgi. Furthermore, in line with
previously discussed data relating to neuronal development and migration, the
Golgi apparatus is crucial for this process (Yadav and Linstedt, 2011). During
neuronal migration the Golgi is reoriented towards the leading edge and towards
the site of axonal outgrowth in developing neurons (Yadav and Linstedt, 2011).

This allows for the directed secretion of cargo towards these areas. It is possible
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that the observed Golgi pathology affects these processes. In fact, the Golgi
fragmentation previously observed in the Hafezparast lab in DYNC1H1R39°9G
fibroblasts was shown to impair the projection of the Golgi towards the leading
edge of migrating cells. Interestingly, when Golgi re-orientation was stimulated
using a wound healing assay the Golgi re-orientated but appeared condensed in a
similar fashion to what was inherently seen in DYNC1H1*/P33N fibroblasts. It would
be interesting to perform the same experiment on DYNC1H1*/P338N fiproblasts to
see if this would exacerbate the phenotype. Additionally, to ascertain if this may
affect cellular migration, the rate of wound healing should be assessed. These
experiments should also be carried out on BICD2*""8F fibroblasts as dynein at the

Golgi is important for its re-orientation (Yadav et al., 2012).

Furthermore, the Golgi phenotype in DYNC1H1*/P33N fibroblasts was
accompanied by a decrease in microtubule acetylation in a similar fashion to what
was previously seen in the Hafezparast lab in DYNC1H1R3%C fiproblasts.
Interestingly, in the Hafezparast lab it was observed that the rescue of microtubule
acetylation rescued the Golgi fragmentation in the DYNC1H1R399€ fibroblasts. It
would be interesting to assess the effect of rescuing microtubule acetylation on the
Golgi morphology in DYNC1H1*/P338N fibroblasts. If the condensation of the Golgi
was ameliorated, it would be prudent to see the effect of this on both the re-
orientation of the Golgi and cellular migration in DYNC1H1*/P338N assuming the
previously suggested experiments showed an impairment in these processes.
Additionally, neurons should be generated from patient fibroblasts to asses if these
phenotypes translate to a neuronal context. This is especially important since in
neurons Golgi outposts are found within dendrites and act as sites of
acentrosomal microtubule nucleation (Wei and Seemann, 2017; Jeyifous et al.,
2009; Sanders and Kaverina, 2015).

Importantly, data in this thesis also showed that microtubule acetylation in Loa/Loa
MEFs is reduced. Therefore, this phenotype is found in association with three
different DYNC1H1 mutations. This may indicate a common pathogenic
mechanism in DYNC1H1 related SMA-LED which could be targeted by
therapeutics. Finally, total paxillin levels in both DYNC1H1+/P338N gnd BICD2+*/18%F
fibroblasts appeared to be increased, but only the latter showed a statistically

significant change. Therefore, while further repeats are required to confirm this
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observation, it suggests a different pathology to the Loa/Loa MEFs which had
decreased total paxillin. However, the presence of increased paxillin may also

further impair migration in these cells.

Interestingly, it has been suggested that paxillin exerts an inhibitory effect on
HDACG6 which is responsible for the deacetylation of microtubules at Lys40
(Deakin and Turner, 2014). It was shown that if this inhibitory effect is affected, it
causes the fragmentation of the Golgi. However, since the phenotype observed in
both DYNC1H1+/D338N gnd BICD2*"8F fibroblasts appeared to be increased
paxillin levels, it suggests that this does not underlie the changes in microtubule
acetylation seen in DYNC1H1*/P338N fibroblasts. It may be the case that the
increase in total paxillin may be an attempt to reduce HDACG activity to rescue the
acetylation of microtubules in these cells. Conversely, in Loa/Loa MEFs there is
indeed both a decrease in total paxillin levels and a reduction in microtubule
acetylation. Therefore, in these cells it may be the case that the former is affecting

the latter and thus this pathway requires further investigation within these cells.

In summary, data presented in this thesis advances our understanding of the
potential role of TDP-43 in the regulation of peripherin expression, which may
contribute to the pathology seen in ALS. Additionally, investigations into the role of
dynein in migration through its effect on the FA protein paxillin clarified a
potentially pathogenic change in paxillin expression. Finally, the molecular
consequences of SMA-LED causing DYNC1H1 and BICD2 mutations were
investigated in the context of previous observations of Golgi pathology which
further exposed a pathogenic effect of mutations in both of these genes on the
Golgi apparatus and associated microtubule network. A summary of the results
obtained in this thesis concerning the Golgi pathology, microtubule modifications
and paxillin, alongside data obtained previously in the Hafezparast lab can be

seen in table 6.1.
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Table 6.1
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Table 5.1 Summary of the data acquired in this thesis on Golgi pathology, microtubule modifications and paxillin in
DYNC1H1+/D338N_BICD2*1"8F fibroblasts and Loa/Loa MEFs. Additionally, this is contrasted to previous data which data
obtained in the Hafezparast lab for the DYNC1H1R399G/R399C fiproblast line and Loa/Loa MEFs. ¥ Localisation of the IC to the
Golgi was assessed using two different metrics with both being significantly reduced in BICD2*'18F fibroblasts. # Hafezparast et

al., 2003 (* P < 0.05, *™* P <0.01, *™* P <0.0001).
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