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Abstract

Canine degenerative myelopathy (DM) is a progressive and lethal adult-onset
neurodegenerative disease with nonspecific clinical signs that can end in
tetraplegia and respiratory dysfunction. It is frequently identified in German
shepherd dogs (GSD) but has been described in other breeds. A definitive
diagnosis is reached after histopathological examination of the spinal cord where
axon degeneration and demyelination are characterised. Mutations in the gene
encoding superoxide dismutase 1 (SOD1) are thought to have a pathological role
in the disease and genotyping of the Sod1 gene can be used with clinical signs
and histology to diagnose DM. The genetics, clinical signs and histology of DM
suggests it may be a good naturally occurring large animal model for some forms
of the human motor neurone disease, amyotrophic lateral sclerosis (ALS). This
study aimed to 1) establish if defective cellular clearance pathways play a role
in the aggregation of SOD1 and 2) if these defects contribute to the secretion of
SOD1 positive extracellular vesicles (EVs) that 3) can spread mutant protein in a
prion-like manner. Finally, 4) was to validate these findings with spinal cord

tissue from DM cases using proteomics and biochemistry.

In vitro studies using a neuroblastoma derived cell line (SK-N-SH) were
conducted to assess the effect of disrupting various cell clearance and toxicity
pathways on wildtype (WT) and mutant SOD1 aggregation and EV production.
The reducing agent dithiothreitol increased the propensity of WT- and DM-SOD1
to aggregate (p < 0.01) but did not have a statistically significant impact on the
production of SOD1 positive EVs from cells. The autophagy inhibitor chloroquine
increased the percentage of cells with DM-SOD1 aggregates (p < 0.01), but not
WT-SOD1 aggregates. EV secretion was not statistically significantly affected by
chloroquine treatment in cells with DM-SOD1, but there was a significant
increase in the EV marker flotillin-1 from cells containing WT-SOD1 (p < 0.01).
The proteasome inhibitor MG312 significantly increased the number of cells with
WT- and DM-SOD1 aggregates (p < 0.0001), but they were higher in DM-SOD1
transfected cells (p < 0.05). Flotillin-1 showed a downward trend from treated
cells however this was only statistically supported with EVs from WT-SOD1
containing cells (p < 0.01). WT- and DM-SOD1 showed an upwards trend in the EV



fraction, but only reached significance in EVs from the cells containing DM-SOD1
(p £ 0.01). Overall, disruption to the main protein processing pathways caused
the induction of nontypical clearance pathways and some of these appear to be
less effective in the presence of the DM associated Sod1 mutation. Further,
mutant SOD1 may have an impact on the stabilisation of the cell membrane as
indicated by changes to associated proteins and this could have subsequent
effects on protein clearance, particularly at the level of the endosome pathway
and EVs. Further studies indicated there is a potential for EVs to spread WT- and
DM-SOD1 to other cells in culture which suggests EVs could be recruited in DM
for the spread of mutant SOD1 to other cells and may contribute to the
progression of DM throughout the thoracic spinal cord and to the cervical and

lumbar regions.

Biochemical and proteomics analysis of spinal cords from control and DM dogs
suggested axon and myelin integrity was disrupted and astrocytes were activated
at early stages of DM. Evidence suggested these changes were the consequence
of altered cellular metabolism, intracellular structure and protein processing.
The Sod1 mutation caused an apparent reduction in SOD1 enzyme activity
further suggesting the mutation is a contributor to the pathogenesis and
progression of DM. Changes to plasma membrane organisation were also
highlighted in the ex vivo study and may indicate perturbations to protein and

lipid turnover.

Ultimately the findings presented in this thesis contribute to the understanding
of DM pathogenesis and will aid the search for DM biomarkers to enable earlier

diagnosis, monitor disease progression and identify treatment targets.
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1 Introduction

1.1 Canine degenerative myelopathy

1.1.1 Etymology of canine degenerative myelopathy

Canine degenerative myelopathy (DM) was first reported in the early 1970s
(Averill, 1973), however there have been several names introduced over the
decades. Chronic ossifying pachymeningitis, chronic degenerative
radiculomyelopathy (Griffiths and Duncan, 1975), German shepherd dog
myelopathy (Braund and Vandevelde, 1978) and progressive myelopathy
(Waxman et al., 1980) have all been used to varying extents. Initial descriptions
of the clinical signs centred around the progressive weakness, ataxia and
proprioceptive deficits in the pelvic limbs of adult dogs, primarily belonging to
large breeds (Griffiths and Duncan, 1975). Chronic ossifying pachymeningitis was
disregarded early on as it implied bone plaques found in the spinal dura
influenced the development of DM, a finding not supported by Averill (1973) or
Griffiths and Duncan (1975). It is now widely accepted that these bone plaques
(technically known as dural ossification or ossifying pachymeningitis) are normal,
incidental findings common in older dogs that rarely associate with a particular
disease (Miller, 2013). Chronic degenerative radiculomyelopathy, until fairly
recently, was believed to be a particular subgroup of degenerative myelopathy
where the lack of reflexes in the pelvic limbs was observed due to the
involvement of nerve roots (Coates et al., 2007). It is now generally considered
that hyporeflexia of the pelvic limbs may or may not be present in DM dogs and
there is no differentiation into subgroups. In the historical reports, DM was
predominantly studied in the German shepherd dog (GSD), but it was suspected
to affect other large breeds (Braund and Vandevelde, 1978) and has since been
found in many breeds, large and small (Coates and Wininger, 2010). Now,
(canine) degenerative myelopathy is the most frequently used term for the

disease.
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1.1.2 Signalment of DM
1.1.2.1 Breed distribution

DM has been histopathologically confirmed in over 24 breeds including the
Bernese Mountain dog (BMD), Boxer (BXR), GSD, Golden Retriever, Miniature
Poodle, Pembroke Welsh Corgi (PWC), Rough Collie and Siberian Huskey. Mixed
breeds, large and small, have also had a confirmed DM diagnosis. DM has been
presumptively diagnosed in nine other breeds including the Great Dane and
Labrador Retriever (Coates and Wininger, 2010; Ivansson et al., 2016; Kohyama
et al., 2017). The susceptibility of developing DM appears to vary between
breeds (Zeng et al., 2014) with the GSD, PWC, BXR, Rhodesian ridgeback and
Chesapeake Bay retriever being diagnosed most frequently (Awano et al., 2009).
The GSD is known to be particularly susceptible to DM and it is the main cause of
premature death in the breed (Holder et al., 2014). In a study of dogs presented
to American veterinary teaching hospitals in the 1990s, the overall prevalence of
DM was 0.19%. DM was most prevalent in GSDs at 2.01% then the Cardigan Welsh
Corgi at 1.51%. In the same study, DM was thought to have a prevalence of 0.58%
in the PWC (Coates et al., 2007), a possibly out of date finding given the number
of publications studying DM in the breed.

1.1.2.2 Age and sex of affected dogs

Dogs are usually at least eight years old when diagnosed with DM (Coates and

Wininger, 2010). In larger breeds, the mean age of onset is nine years old and in
smaller breeds, for example the PWC, the mean age is eleven years old (Story et
al., 2020). There have been no reports of a predisposition to DM based on sex or

neuter status so far (Coates and Wininger, 2010).

1.1.3 Clinical signs of DM

The clinical signs observed in DM can be separated into four main stages that
represent early and late phases of the disease (Coates and Wininger, 2010). The
characteristic symptoms that define each stage are summarised in Table 1-1

along with the type of motor neurones (MNs) affected.
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Table 1-1: Main clinical signs defining the different stages of DM.
DM stage DM phase Months post- Limb group(s) Prominent clinical
onset affected observations

1 Early 6to12 Pelvic Asymmetric UMN spastic
paraparesis and general
proprioceptive ataxia of
pelvic limb(s)

2 Early 9to18 Pelvic LMN paraparesis progressing
to paraplegia in pelvic
limbs

3 Late 14 to 24 Pelvic and LMN flaccid paraplegia and

thoracic muscle atrophy in pelvic

limbs with the development
of weakness in thoracic

limbs
4 Late >36 Pelvic and LMN flaccid tetraplegia,
thoracic severe widespread muscle

atrophy and difficulties
swallowing or moving
tongue indicating brain
stem involvement

Listed in the table are the 4 main stages of DM, the defining clinical signs for each stage and
when, post-onset, they are frequently observed. Stages 1 and 2 make up the early phase of DM
while stages 3 and 4 are assigned to the late phase. Stage 4 is also known as the endpoint of the
disease. Based on information from Coates and Wininger (2010). UMN= upper motor neurone;
LMN= lower motor neurone.

1.1.3.1 Early DM

The earliest clinical signs of DM are general proprioceptive ataxia and mild
spastic paresis of the pelvic limbs. Upon examination, paws have worn nails and
abrasive lesions due to proprioceptive defects in the pelvic limbs which is often
asymmetrical. Eventually, this stage ends when non-ambulatory paraparesis
occurs and is often the stage when euthanasia is elected because dogs cannot
weight bear in their pelvic limbs (Coates and Wininger, 2010). Various reflexes
may be affected, for example, spinal reflexes are often abnormal and are
consistent with signs of UMN lesions in the T3 to L3 region of the spinal cord.
The patellar stretch (myotatic) reflex may be normal or abnormal. An abnormal
patellar reflex in this case is exaggerated or clonic, where there is repeated
involuntary contractions and relaxations from a muscle group, or there is

hyporeflexia. The latter could be due to inhibition of afferent sensory signals
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along the femoral nerve, or it could be an artefact of normal age-related
changes in older dogs. Lastly, the flexor (withdrawal) reflex is usually normal or
there is evidence of cross extension, where extension of the limb opposite the
flexing limb occurs. This can suggest chronic UMN dysfunction as there is no

inhibition of extension in the opposite limb (Coates and Wininger, 2010).

1.1.3.2 Late DM

If the disease is allowed to progress to the later stage, paraplegia due to LMN
involvement ensues and signs spread to the thoracic limbs. Hyporeflexia of the
patellar and flexor (withdrawal) reflexes occurs which is indicative of LMN
involvement. Eventually in advanced disease, flaccid tetraplegia occurs with a
more symmetrical distribution. Muscles atrophy first in the pelvic limbs when
they are no longer able to weight bear, then in all limbs, primarily due to disuse.
In late DM there is severe loss of muscle from limbs and it has been suggested
that this occurs because of denervation of the muscles (Coates and Wininger,
2010). Urinary and faecal continence is usually maintained until paraplegia and
the former appears to be more commonly affected in some studies. Kobatake et
al. (2021) found urinary and faecal incontinence in 77.5% and 42.5% of DM cases
respectively and suggest the lower percentage for the latter is due to increased
autonomic nervous system control in the process. Urination and defecation are
controlled by neurones in the peripheral autonomic system, spinal cord and the
brainstem. In the same study, there was further evidence of brainstem
involvement when a small percentage of dogs developed symptoms including
dysphagia (swallowing problems), dysphonia (vocal problems), tongue spasms

and paralysis of cranial nerves (Kobatake et al., 2021).

Failure in the respiratory system is the natural endpoint for the disease and it
has been suggested that due to problems with the intercostal muscles, efficient
thoracic expansion is compromised, leading to hypoventilation and hypoxemia.
In these later stages, there may be an increase in abdominal respiration as the
diaphragm compensates for reduced thoracic expansion (Oyake et al., 2016).
The onset of respiratory dysfunction can be correlated with disease duration. It
is also possible that respiratory dysfunction contributes to dysphonia observed in

some cases (Kobatake et al., 2021).



28

1.1.4 Histopathology

DM has been described as a primary central axonopathy restricted to the spinal
cord but it has been suggested that this description be expanded to a
multisystem, diffuse, central and peripheral axonopathy (Coates and Wininger,
2010). Pathological changes have been noted at varying frequencies in the brain,

spinal cord, peripheral nerves and muscles.
1.1.4.1 General lesions observed in DM

Characteristic lesions include the degeneration of axons and myelin in the spinal
cord and may be visualised as myelin sheath dilation (March et al., 2009), axon
cylinder vacuolisation, dropout and swelling (spheroid bodies) and digestion
chambers (Wininger et al., 2011). Lost axons and myelin may be replaced by
astrogliosis and these areas can be large, and macrophages may be present to
fragment and phagocytose myelin and axon debris. This is thought to be a
secondary response to the neurodegenerative processes occurring, so DM is
generally not considered an inflammatory disease. Chromatolysis has been
recorded in the grey matter of the spinal cord (Coates and Wininger, 2010;
Ogawa et al., 2014). There are varying reports regarding the sparing or loss of
neurones in DM (Coates and Wininger, 2010) and this may reflect the disease

progression to the terminal phase of disease (Morgan et al., 2014).
1.1.4.2 Distribution of lesions in the spinal cord

The most severely affected area of the spinal cord is the mid to caudal region of
the thoracic segment, particularly T12 (March et al., 2009), but the general
longitudinal distribution of lesions along the spinal cord changes as the disease
progresses. Pathology spreads cranially to the cervical segments and caudally to
the lumbar segments. There are a range of hypotheses explaining why the
thoracic cord is most affected, one suggesting there is reduced perfusion of this
segment, potentially leaving the thoracic cord more susceptible to ischemic
processes such as oxidative stress and excitotoxicity (Coates and Wininger,
2010).
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From early descriptions, DM has been identified as a degenerative disease
affecting both motor and sensory tracts and dorsal nerve roots (Griffiths and
Duncan, 1975). Lesions can be observed in all funiculi encompassing general
proprioceptive sensory, somatosensory and motor tracts. Lesions may be more
severe in the dorsal portion of the lateral funiculus which houses several
ascending and descending tracts including the descending lateral corticospinal
tract, descending medullary reticulospinal tract, descending rubrospinal tract
and ascending dorsal spinocerebellar tract. Of note, the latter tract ultimately
takes information from muscle spindles of the pelvic limbs to the cerebellum via
the spinal ganglia. Lesions may also be observed in the dorsal funiculus,
particularly in the fasciculus gracilis. Here the fibres ascend to the medulla of
the brain and synapse in the nucleus gracilis. This tract therefore communicates
signals regarding touch, pressure and joint proprioception from the pelvic region
to the brain. Combined, increased lesion severity in these areas would explain
the clinical signs of dysfunctional general proprioception and paraparesis. In
addition, spread of lesions along the ascending general proprioceptive and
descending UMN pathways in the cervical regions of the spinal cord would
explain the tetraparesis and ataxia. Urinary and faecal incontinence is observed
in some dogs and may be due to lesions in the dorsal funiculus in the thoracic,
lumbar or sacral regions of the spinal cord, regions that contain the sensory
pathways informing the brain of colorectal or bladder distension, but urinary

incontinence may also indicate LMN involvement (Coates and Wininger, 2010).

Evidence of sensory involvement was provided by Morgan et al. (2014) who found
an approximate 20% reduction in dorsal root axons of a thoracic segment in late
stage DM PWCs and dorsal root ganglion neurones had pyknotic nuclei and
condensed cytoplasm (Morgan et al., 2014). In the ventral aspect of the spinal
cord, where efferent signals are sent to the muscles through LMNs, ventral horn
neurones generally appear normal or may have some axon loss. In some studies,
a reduction in the number of neurones in the ventral horns of cervical, thoracic
and lumber segments has been found in addition to the presence of
chromatolysis and lipofuscin in neurones, although the lipofuscin may be an age-
related change. In one study, there was an approximate 50% reduction in
neuronal synapses, particularly in the ventral horns and astrocytes and microglia

could be found throughout the white and grey matter (Ogawa et al., 2014).
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Loss of MNs from the thoracic cord and lesions in the ventral roots have been
observed in studies where samples are acquired from terminal cases of DM
(Ogawa et al., 2014). The terminal stage is where respiratory function is
compromised, causing mortality, and is only really seen in some cultures where

euthanasia is not a commonly elected practice (Morgan et al., 2014).

There is some variation in the lesion severity and funicular distribution between
breeds (March et al., 2009). In GSDs, there are discontinuous, multifocal areas of
axon degeneration and myelin loss. In PWCs, lesions are more continuous and are
present in more defined funicular areas. The difference between breeds may be
down to the fact that smaller breeds are generally able to be kept alive for

longer, allowing lesions to become more severe (Coates and Wininger, 2010).

1.1.4.3 Lesions observed in the brain and brainstem

This area of DM research has not been extensively investigated and findings vary
between studies. Some report no changes in the brain while others have noted
changes in the brainstem and cerebellum. Specifically, the nucleus gracilis
(Griffiths and Duncan, 1975), red and lateral vestibular nuclei of the brainstem
and the dentate and fastigial nuclei of the cerebellum (Coates and Wininger,
2010; Johnston et al., 2000) have shown evidence of neurone degeneration and

loss accompanied by gliosis (Johnston et al., 2000).

1.1.4.4 Distribution of lesions in peripheral nerves and muscles

As previously noted, LMN signs occur later in disease suggesting a progression of
DM pathology to the peripheral nervous system (PNS). Studies of peripheral
pelvic nerves and muscles have demonstrated a progressive deterioration of the
PNS and muscle atrophy in BXRs and PWC. Due to axonal degeneration in both
breeds, demyelination in PWCs, and alterations to the muscle fibres, it is
thought atrophy occurs by denervation due to defective LMNs (Shelton et al.,
2012). A later study investigating intercostal muscles in the same breeds found
there is evidence of muscle atrophy, fibrosis and changes in muscle fibre
morphology in the late stages of DM, although this may differ between breeds,

but there was no apparent loss of UMNs from the thoracic cord or detachment of
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LMN terminals from the muscle fibres. This implies the muscle pathology is not
caused by physical denervation but functional deficits in MNs (Morgan et al.,
2013) which can include problems with axon transport and mitochondrial
function (Morgan et al., 2014). As the pelvic limbs are affected much earlier in
the disease than the respiratory muscles, it is possible that these findings merely
represent an earlier stage of the muscle atrophy process (Morgan et al., 2013).
As the study by Morgan et al. (2014) was conducted on cases before they
reached the terminal stage, it could be concluded that muscle atrophy comes
before MN loss in intercostal muscles, but it is difficult to make this assumption
for other muscles, especially the pelvic limbs as they are usually in the advanced
stage of disease when dogs are euthanised. It is also possible for mitochondria in
muscles themselves to become compromised and contribute to secondary MN
dysfunction (Corti et al., 2009).

1.1.4.5 Discussion surrounding MN degeneration

Pathologically, axon and myelin degeneration and astrogliosis were noted early
in the dorsal and dorsolateral columns, fasciculus gracilis and nucleus gracilis of
the brainstem. It was described as a “dying-back” disease because the distal
portion of the longest and largest diameter afferent nerves showed degeneration
in the direction towards the neurone cell body. This is also why it was
considered to primarily affect larger breeds (Griffiths and Duncan, 1975). In
studies investigating DM in GSDs, this dying-back theory and the presence of
Wallerian degeneration is generally supported (Johnston et al., 2000), however

in studies looking at DM in PWCs, opinions vary (Coates and Wininger, 2010).

Pathology in the brain reported in GSD DM supports the dying-back theory with
Wallerian degeneration. Johnston et al. (2000) suggested there is an unknown
deficit in the neurone cell body which may affect axonal transport of
components to the distal portion of the axon, resulting in degeneration. As the
disease progresses, neuronal cell bodies may also deteriorate. As significant
brain pathology has not been identified in PWC DM, the dying-back theory of
degeneration does not account for all pathology observed in the breed as the
brainstem and cerebellum are the areas where many proprioceptive tracts

terminate. Compared to the multifocal and discontinuous nature of GSD DM,
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PWC DM may have a more continuous distribution of lesions throughout the
spinal cord tracts meaning segmental degeneration may play a larger role than
Wallerian degeneration. This may imply that supporting cells like
oligodendrocytes or astrocytes are defective in DM or that both anterograde and
retrograde axonal transport is disrupted (Coates and Wininger, 2010; March et
al., 2009). Coates and Wininger (2010) state that spheroid bodies are not
frequently observed in DM, however this may be the case for PWC as opposed to
GSD DM, where they could be considered a hallmark (Johnston et al., 2000).

1.1.5 Diagnosis and prognosis of DM

1.1.5.1 Diagnosis

DM may account for 1-5% of referrals to neurologists (Miller et al., 2009) and is
presumptively diagnosed by a process of elimination of other diseases causing
the same clinical signs. These diseases include, but are not limited to, spinal
cord neoplasia, intervertebral disc disease (IVDD), degenerative joint diseases,
neuromuscular diseases and meningitis. As DM is associated with older dogs and
aging is associated with neurological and orthopaedic diseases, these factors
could impede the proper interpretation of clinical signs. One way to distinguish
orthopaedic disease from neurological disease is to test the proprioceptive
positioning of a dog’s paw. In orthopaedic disease, this reflex will be normal as
there is no weight bearing involved with the test (Coates and Wininger, 2010).
Definitive diagnosis can only be provided after post-mortem examination of

spinal cord histopathology (Story et al., 2020).

Magnetic resonance imaging (MRI) and myelography can rule out compressive
myelopathies including IVDD but these can be concurrent with DM. MRI can also
identify neoplasia. Electromyography abnormalities are not often detected in
early stages of DM but do occur in later stages and indicate LMN involvement in
disease. Changes include multifocal spontaneous activity in distal limb muscles
and in the tibial and ulnar nerves there is reduced M wave amplitude and
reduced conduction velocity in MNs when compared to normal reference ranges.

The M wave amplitude reduction indicates there is denervation and motor
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axonopathy and reduced MN conduction velocity indicates there is peripheral

demyelination (Awano et al., 2009; Coates and Wininger, 2010).

Cerebrospinal fluid (CSF) and blood can be tested to rule out meningitis and
ensure there are no other biochemical changes that could be causing the clinical
signs (Coates and Wininger, 2010). A study in 2009 identified a mutation in the
Sod1 gene, located on chromosome 31 (CFA31) which can be strongly associated
with DM (Awano et al., 2009) and a later study suggested another mutation in
the same gene may influence development of DM in BMDs (Wininger et al.,
2011). This provided the opportunity for genetic testing for mutations in the
Sod1 gene to identify the risk of developing DM, but unfortunately it cannot
diagnose the disease by itself (Story et al., 2020). Specific biomarkers for DM
have not been fully characterised, however potential candidates have been
identified (Shafie et al., 2014).

1.1.5.2 DM progression and management

The progression of DM in smaller breeds may be slower than in larger breeds and
the pathology noted varies within and between breeds, suggesting there may be
different phenotypes of DM (Coates and Wininger, 2010; Story et al., 2020). The
mean period of disease duration is six months for larger breeds which generally
coincides with the election of euthanasia. This is because, within six to nine
months of initial clinical symptoms, even though dogs can still move their pelvic
limbs, they can no longer support their weight in the pelvic limbs (non-
ambulatory paraparesis), therefore requiring walking assistance. In smaller
breeds, it is easier to support dogs at this stage and so disease duration tends to
be longer. Generally, in the PWC, the average disease duration is 19 months
(Coates and Wininger, 2010), but in some studies, particularly in countries where
cultural norms view euthanasia less favourably (Sugita and Irimajiri, 2016), it
can be as long as 36 months on average (Kobatake et al., 2021). If euthanasia is
chosen in these breeds, thoracic limbs will often also display clinical signs
(Coates and Wininger, 2010). If euthanasia is not selected, respiratory failure is
more likely to develop (Oyake et al., 2016). DM can last for over three years if

symptoms are managed (Awano et al., 2009).
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Currently, DM treatment strategies aim to improve quality of life. Various drugs,
immunotherapies and nutritional supplements have been tested but they have
little to no effect on DM disease progression. Preliminary investigations studying
intensive physiotherapy have found that it can slow the progression of DM as
patients live significantly longer than those with moderate or no physiotherapy.
As DM can present in many different ways, it is likely that a multidisciplinary

approach to treatment will be most effective (Coates and Wininger, 2010).
1.2 Human amyotrophic lateral sclerosis

Links were made between the pathologies observed in DM and the human motor
neurone disease (MND) amyotrophic lateral sclerosis (ALS; also Lou Gehrig
disease) as far back as 1975 by Griffiths and Duncan. The involvement of Sod1
mutations in DM, coupled with other clinical and histological similarities, led to
the speculation that DM may be similar to some forms of human ALS (Awano et
al., 2009; Coates and Wininger, 2010).

MND is an umbrella term that includes several diseases that affect somatic MNs
(Gois et al., 2020). MND is often thought of as a spectrum and ALS is the most
common form (Leighton et al., 2019). There are two main branches of ALS:
sporadic (sALS) and familial (fALS). The former accounts for 90% to 95% of cases
(Chen et al., 2019). There are no obvious differences in clinical symptoms
between sALS and fALS, suggesting there may be similarities in the pathological
mechanisms (Hanspal et al., 2017). The age at onset with sALS is frequently
between 58 and 63 years old, and fALS between 47 and 52 years old (Kiernan et
al., 2011). The estimated median prevalence is 5.4 cases per 100,000 people
(Hosaka et al., 2019). In Scotland between 2015 and 2017, the incidence was 3.8
per 100,000 person-years. The prevalence of ALS has increased in the last 25
years and is thought to be due to better diagnostic criteria and identification of
the disease due to more genes being associated and could also be a reflection of
increased survival rates for other age-related diseases including heart disease
(Leighton et al., 2019). Different geographical regions may have different rates
of disease and this may be contributed to by the reduced presence of ALS

associated genes in different populations (Longinetti and Fang, 2019).
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1.2.1 Clinical signs of ALS and phenotypic variations

Characteristic signs early in disease are muscle weakness, twitching and
cramping (Story et al., 2020). Symptoms at onset are representative of a local
pathology but as the disease progresses throughout the CNS, signs become more
widespread (Hanspal et al., 2017; Urushitani et al., 2006). In all cases, as
disease progresses, dysphagia (swallowing difficulties) and dyspnoea (laboured
breathing) become more apparent if they were not initially present (Story et al.,
2020) and complete paralysis and respiratory failure are observed (Berdynski et
al., 2022). It is thought respiratory failure is the result of MN denervation of the
diaphragm and muscles of the chest (Kobatake et al., 2021). In ALS, some
patients experience sensory clinical signs including numbness in the legs (Morgan
et al., 2014). Cognitive impairments can be observed; around 30% of ALS
patients also develop frontotemporal dementia (FTD) and around 15% of patients
with FTD also develop ALS, indicating there is an overlap between the two
diseases and suggesting they are comorbidities. Disease duration can differ by
over a year when patients have the comorbidity or ALS alone (Ravits et al.,
2013). ALS is a multisystem disease (Chen et al., 2019) and non-MN specific signs
can be observed including weight loss, hypermetabolism and hyperlipidaemia.
These signs suggest there are problems with energy metabolism in ALS patients,
possibly due to the involvement of non-motor brain regions, for example the
hypothalamus, and/or because ALS is not just a nervous system disease (Ravits
etal., 2013).

ALS can be further grouped into phenotypic variants based on the location of
symptoms at onset and the dominating group of MNs affected. ALS is often
thought of as a spectrum; each case will have different levels of UMN and LMN
involvement and it will affect some regions of the body more than others,
potentially influencing progression. Typical ALS is defined by the involvement of
both UMN and LMN dysfunction causing weakness. It can be further divided into
bulbar-onset and limb-onset ALS, depending on the location where clinical signs
first appeared. Some cases of ALS have predominantly UMN or LMN involvement
and are differentiated with specific names: primary lateral sclerosis (PLS) and
progressive muscular atrophy respectively. It is not yet clear if typical ALS is a

spectrum, or if it consists of separate, distinct diseases; currently, they all fall
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under the ALS umbrella. While the location of pathology may vary between the
phenotypes, the actual pathology or mechanisms involved appear to be similar
(Ravits et al., 2013). Phenotypic variations can occur within families with the
same causal genetic mutation suggesting there are additional modifying genes or
mechanisms involved in ALS development and progression (Van Damme,
Robberecht and Van Den Bosch, 2017).

1.2.2 Typical histopathology of ALS

The name of the disease itself indicates some of the common clinical and
histopathological features; “amyotrophic” refers to the muscle atrophy observed
due to denervation as a result of neuronal degeneration and “lateral sclerosis”
refers to the “hardening” of the lateral and posterior spinal cord tracts due to
gliosis (Story et al., 2020). Selective MN death occurs in the spinal cord,
brainstem and cortex of patients (Lee et al., 2016) leading to MN loss (Otake,
Kamiguchi and Hirozane, 2019). Wallerian and axonal degeneration can occur in
UMNs and LMNs and occur in pathways that are projected out from the MNs. UMN
pathways in the corticospinal tract of the lateral spinal cord thin and harden
while anterior root and peripheral nerve axons degenerate, causing muscle
denervation (Ravits et al., 2013). In PLS, it is mainly the corticospinal and
corticopontine MNs that are affected and in bulbar- and pseudobulbar-onset ALS,
changes can be associated with specific cranial nerves or the UMNs associated
with these nerves (Story et al., 2020). Muscle weakness and wasting are often
not identified until at least 30% of the anterior horn neurones have degenerated
(Hosaka et al., 2019). There is a neuroinflammatory process that is activated
when MNs die; astrocytes, microglia and oligodendrocytes proliferate (Story et
al., 2020). One of the pathological hallmarks of fALS in particular is the
accumulation and aggregation of mutant protein in the cytoplasm of MNs and
other CNS cells (Lee et al., 2016; Story et al., 2020). As cognitive and
behavioural changes are present in some ALS patients, it suggests that MNs are
not the only cell type affected and not the only factor contributing to disease
(Ravits et al., 2013).
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1.2.3 ALS diagnosis and prognosis

The current diagnostic criteria are not too dissimilar from DM; diagnosis is by
elimination of diseases that produce similar clinical signs. Clinical findings,
genetic testing and electrophysiological examination are major players as there
is a lack of specific biomarkers. Unfortunately, there is often a delay in diagnosis
which may not be given until six to eighteen months after initial presentation
(Hosaka et al., 2019; Story et al., 2020). ALS is diagnosed when there are UMN
and LMN signs that progressively worsen over time. UMN signs used for ALS
diagnosis include hyperreflexia, increased muscle tone and slowing down of
movement, while LMN signs include involuntary muscle contractions
(fasciculations) and muscle wasting (Van Damme, Robberecht and Van Den
Bosch, 2017).

ALS usually causes death within three to five years of initial onset (Chen et al.,
2019), but in around 50% of cases, patients can die within three years of initial
onset (Kiernan et al., 2011). Around 10% of ALS cases are slow to progress and
can extend disease duration to over a decade (Longinetti and Fang, 2019). There
is no prevention or cure for ALS and treatment requires a multidisciplinary
approach which includes medicinal, nutritional and respiratory support in
addition to the management of associated symptoms (Van Damme, Robberecht
and Van Den Bosch, 2017). The number of licensed drugs available for ALS
globally are limited and only increase survival by a matter of months (Miller,
Mitchell and Moore, 2012). Approximately fifty randomised controlled trials for
ALS disease modifying treatments have failed in the same number or years. The
lack of a biomarker for the pathological mechanisms involved could be an
integral part of this statistic due to the inability to efficiently track disease

progression (Otake, Kamiguchi and Hirozane, 2019).
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1.2.4 Methods for investigating ALS

There are many ways to study ALS in vitro and this can include the manipulation
of genes in yeast, the study of different pathways in rodent MN primary cell
culture and the culture of induced pluripotent stem cells from ALS patients
(Bonifacino et al., 2021; Van Damme, Robberecht and Van Den Bosch, 2017). In
vitro cell cultures are relatively easy to maintain in the laboratory and reduce
the use of animals in research. They allow investigation of specific cell or tissue
mechanisms and single body systems in a controlled environment. Also, the
genes of cells in culture can be easily manipulated (Gois et al., 2020). One
disadvantage of cell culture models is the difficulty to recreate the complex
interactions that occur during disease in the human body (Van Damme,
Robberecht and Van Den Bosch, 2017). Also, genes often need to be
overexpressed, meaning the protein levels are above physiological norms (Crisp
etal., 2013).

Many small animal and rodent models are used in ALS research and they are
beneficial for unbiased genetic screenings of ALS causal genes and proof-of-
concept studies. Small animal models, including Drosophila melanogaster,
Caenorhabditis elegans and Danio rerio are often used to generate hypotheses
which can be validated with larger models including rodents, pigs and nonhuman
primates, which have a more complex body system more akin to the human (Van
Damme, Robberecht and Van Den Bosch, 2017). All animal models have their
advantages and disadvantages including ethical considerations. Another
limitation with these models is translating results into the clinical setting for
human ALS patients (Van Damme, Robberecht and Van Den Bosch, 2017). For
example, overexpressing genes, mutant or WT, leads to non-physiological levels
of proteins (Crisp et al., 2013), potentially resulting in cell toxicity (Van Damme,
Robberecht and Van Den Bosch, 2017).

Canines are often predisposed to the same morbidities affecting humans
(Ivansson et al., 2016). Dogs share the same environment as their owners and
are thus exposed to the same environmental risks. They have access to clinics
that are often as robust as human clinics, making the canine an alluring model

for some human diseases. Dogs have a brain and spinal cord that shadows the
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size, volume and complexity of the human brain and spinal cord relatively well.
Cognition in dogs is also more akin to that of a human. The genome is relatively
similar between the two species and dogs, compared to laboratory mice, are
well outbred. Dogs also have a longer lifespan compared to mice, allowing a
greater temporal analysis of disease (Coates and Wininger, 2010; Story et al.,
2020). Additionally, in ALS, tissue samples are usually collected post-mortem
when patients have reached the endpoint of the disease, but in DM, dogs may be
euthanised at various stages, allowing for better analysis of disease progression
(Morgan et al., 2013). In terms of drug development, the body size, body weight,
metabolism and pharmacodynamics of a dog’s system opens the possibility for
more reliable surgical directions and therapeutic testing. The use of dogs as an
animal model has already led to the development of several therapies in humans
and other animals for various diseases, including those of oncogenic (Crisp et al.,

2013), neurodegenerative and musculoskeletal nature (Story et al., 2020).

It is hoped that DM dogs can help to better understand ALS pathogenesis and
identify modifier loci and environmental factors that may influence the
development of the disease (Awano et al., 2009). Additionally, the veterinary
field can benefit from the intense research conducted on ALS. There are some
differences however between ALS and DM; ALS primarily affects the motor tracts
and have evidence of neurone cell body degeneration and loss at the anterior
horn, whereas DM predominantly affects proprioceptive pathways and UMN
tracts (Wininger et al., 2011). When clinical and histopathological findings are
considered together, DM is most similar to PLS fALS (Story et al., 2020).

1.3 Potential risk factors for DM and ALS

DM is thought to be a multifactorial disease as vascular, immunologic,

metabolic, nutritional, genetic, excitotoxic and oxidative stress factors have
been implicated (Coates and Wininger, 2010; March et al., 2009; Story et al.,
2020). Some of the contributing factors have also been found in ALS meaning

there could be value in exploring many of the areas in DM.



40

1.3.1 Non-genetic risk factors

Age is considered one of the biggest risk factors for ALS (Hosaka et al., 2019)
and DM (Draper et al., 2020) development. There are many environmental risk
factors that have been attributed to ALS development including exposure to
heavy metals, pesticides, fertilizers, radiation and other pollutants found in the
atmosphere. Lifestyle choices, such as cigarette smoking, can increase risk of
ALS as well as previous military service, trauma and general physical activity
(Gois et al., 2020; Story et al., 2020). As dogs share the same environment as
humans, it would be interesting to see if the same nongenetic risk factors affect

predisposition to DM.

1.3.2 Genetic risk factors

1.3.2.1 Sod1 mutations in DM

As previously introduced, two mutations in the Sod1 gene have been found to be
strongly associated with development of DM (Awano et al., 2009; Wininger et
al., 2011). There have been reports of familial DM in some breeds including the
PWC and Siberian Huskey, further suggesting a role of genetics. The late onset of
DM makes it difficult to fully explore the heritability of the disease as parents

and siblings may not be available to test (Coates and Wininger, 2010).

The main Sod1 mutation strongly associated with DM consists of a single
nucleotide transition from guanine to adenine at nucleotide 118
(Sod1:¢c.118G>A). This corresponds to a missense mutation in the amino acid
sequence E40K, where the glutamate (E) at position 40 becomes lysine (K)
(Awano et al., 2009). This mutation has been found in at least 124 breeds but
has only been associated with DM in a few breeds including the BXR, GSD and
PWC (Coates and Wininger, 2010; Ivansson et al., 2016; Zeng et al., 2014).
Homozygosity for this mutation does not always result in DM but it puts dogs at
greater risk of developing it. Sod1:c.118G>A DM is often described as autosomal
recessive with age related incomplete penetrance because of the abundance of
homozygotes affected (Awano et al., 2009; Draper et al., 2020; Qi et al., 2019).

Dogs heterozygous for the mutation or homozygous for the WT gene are less
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likely to develop DM (Coates and Wininger, 2010). Some asymptomatic
heterozygotes have histological changes associated with DM suggesting that in
these animals, DM progresses too slowly to present itself with symptoms (Awano
et al., 2009). As both homozygotes and heterozygotes can develop DM, genetic
tests for Sod1 mutations can only estimate the risk of DM development (Coates
and Wininger, 2010). Heterozygotes are carriers of the mutation meaning the
mutation may be passed on to offspring while WT homozygotes are able to pass

on a protective WT allele to their offspring (Coates and Wininger, 2010).

Other genes may be responsible for causing DM in Labrador Retrievers and
Golden Retrievers as the Sod1:c.118A mutation has not yet been identified in
these breeds (Broeckx et al., 2013). A breed specific Sod1 mutation has been
associated with DM in BMDs and it may be associated with slower progressing
disease. It consists of an adenine to thymine transversion at nucleotide 52
(Sod1:¢.52A>T) which predicts an amino acid substitution, T18S, of a threonine
(T) at position 18 to a serine (S) (Wininger et al., 2011). Some BMDs are
compound heterozygotes where they are heterozygous for both the Sod7:c.118A
and Sod1:¢.52T allele but only a minority of these dogs develop DM.
Homozygosity for both mutations is rare suggesting there is compound
heterozygosity rather than a haplotype between the two nucleotides (Zeng et
al., 2014). This mutation will not be discussed further due to limited presence in

the canine population.

1.3.2.2 Distribution of the Sod17:c.118A allele in the canine population

The overall prevalence of DM in GSDs is suspected to be around 0.37 (Shaffer et
al., 2017). In the UK, the Sod1:c.118A allele is considered to have a relatively
high prevalence of 0.38 in GSDs (Holder et al., 2014), while in Japan, the mutant
allele frequency in GSDs has been found to be significantly lower than the UK
and the USA at 0.22. A study in Brazil was unable to identify the mutant allele in
GSDs (Maki et al., 2022). The Sod1:c.118A allele frequency is higher in PWCs
compared to GSDs in the USA (Holder et al., 2014) and Japan (Maki et al., 2022).
BXRs also have a higher frequency of the allele compared to GSDs in the USA
(Holder et al., 2014). In Japan’s case, there is a large nhumber of DM affected

PWCs, partially due to the high prevalence of the mutation in the breed, the
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large population of PWCs in the country and the fact they are easier to care for
than larger breeds with DM (Kobatake et al., 2021). While there is a large
number of DM PWCs, most mutant homozygotes or heterozygotes do not develop
the disease, indicating there may be other contributors (Ogawa et al., 2015)
including the involvement of other genes and mutations, or it could be due to
the adult onset (Chang et al., 2013). Studies have also found differences in the
histopathology between breeds, suggesting the mutation may result in different
disease characteristics between breeds, but this could also be influenced by the

size of an animal and their nerves (Shelton et al., 2012).

There is variance in the age of onset of DM in mutant homozygotes within and
between breeds. For example, some studies have shown that most BXRs with
histopathological changes and homozygosity for the Sod1 mutation show signs of
DM before the age of 11 years old, while PWCs can reach 15 years old before
displaying signs. Further, there is often variation within the PWC as some can
display early onset between seven and nine years old. These differences in DM
onset suggest there are additional genetic factors such as modifier loci (Ivansson
et al., 2016).

1.3.2.3 Other genetic associations in DM

The pathogenesis of a disease where a protein is involved may be caused directly
by the expression of the protein, or it may be due to the association of the
protein with other genetic or environmental influencers. DM may show
incomplete penetrance because there are other influential factors including the
presence of modified loci, environmental factors and age or they may die of
other causes before clinical signs develop (Awano et al., 2009; Draper et al.,
2020). The involvement of a modifier locus in the SP110 nuclear body protein
(SP110) gene, found on chromosome 25 (CFA25) was first proposed by Ivansson
et al., (2016). The authors conducted a genome study of PWC dogs homozygous
for the Sod1:c.118G>A mutation and found a haplotype of single nucleotide
polymorphisms (SNPs) within the SP110 gene that appeared to increase the
probability of DM development and at a younger age. Usually only one copy of
the SP110 haplotype was required showing it had a dominant effect. In other

breeds, this haplotype was not a risk factor, but it could contribute to the
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predisposition to DM nevertheless. Further studies are required to understand
how the SP110 haplotype influences the DM phenotypes and to identify other

modifier loci that may contribute to DM (lvansson et al., 2016).

1.3.2.4 A summary of genetic risk factors in ALS

The exact aetiology of ALS is not known but at least 25 genes have been
identified as having a role in sALS, fALS or both (Story et al., 2020). Genetic
mutations are found in approximately 80% of fALS cases and 5 to 10% of sALS
cases (Van Damme, Robberecht and Van Den Bosch, 2017). Protein products from
these genes have been linked to RNA metabolism, vesicle trafficking and the
proteasome (Bozzo, Mirra and Carri, 2017). The genes associated most with ALS
are C9orf72 (chromosome 9 open reading frame 72; 5 to 10% all cases), SOD1 (2%
all cases), TARDBP (TAR DNA-binding protein; 0.9% all cases) and FUS (fused in
sarcoma; 0.7% all cases) (Van Damme, Robberecht and Van Den Bosch, 2017).
Mutations in C9orf72 and SOD1 account for 50% to 60% of fALS cases (Story et
al., 2020) and around 20% of the fALS cases are attributed to mutations in the
SOD1 gene (Hanspal et al., 2017). In sALS, SOD1 mutations are identified in 2% to
7% of cases (Hosaka et al., 2019). In Scotland, one SOD1 variant is associated
with 4% of fALS and sALS cases while mutations in C9orf72 are present in 11% of
cases (Leighton et al., 2019). Mutations are usually autosomal dominant in ALS
but autosomal recessive have also been noted as a result of compound
heterogenicity (Hosaka et al., 2019; Story et al., 2020) meaning that in some
fALS cases, it is possible to have mutations in more than one of the associated
genes (van Blitterswijk et al., 2012). Mutations do not associate with specific
phenotypes of ALS; the clinical signs observed in fALS can vary as much as they
do in sALS, and one mutation can cause a range of phenotypes (Ravits et al.,
2013).

The SOD1 gene is found on chromosome 21 and over 200 mutations in the gene
have been associated with ALS (ALSoD, 2023) and can occur anywhere in the
protein (Berdynski et al., 2022). According to the ALSoD database (2023), SOD1
mutations are mostly associated with spinal ALS versus bulbar ALS. Variants can
influence the duration and progression of ALS (Berdynski et al., 2022). SOD1

mutations are predominantly dominantly inherited but recessive inheritance is
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also possible (Van Damme, Robberecht and Van Den Bosch, 2017). The D90A
(aspartate to alanine) amino acid substitution is autosomal recessive in some
families and autosomal dominant in others. Those with the recessive form have
deficits in their lower limbs at onset and ALS progresses slowly, similar to DM.
Those with the dominant form, particularly homozygotes, have an earlier disease
onset (Awano et al., 2009). It is not entirely clear how SOD1 mutations
contribute to ALS, however it is likely mutations result in a gain of toxic protein
function, but loss of SOD1 function has been reported in various studies. This is
proposed to be a result of structural changes and abnormal interactions and can
induce oxidative stress in a significant number of patients (Berdynski et al.,
2022).

1.4 Many pathological mechanisms may contribute to DM

Multiple pathological mechanisms have been implicated in DM and ALS
(summarised in Figure 1-1), so it is likely that a combination of pathways are
involved and may interact (Hosaka et al., 2019). To maintain healthy cells,
protein generation, folding and degradation need to be intricately controlled
and adapted to environmental conditions. This protein homeostasis, specifically
proteostasis, can be disrupted by multiple intrinsic and extrinsic factors
including, but not limited to, genetic mutations, oxidative stress, proteasome

dysfunction and aging (Laskowska, Kuczynska-Wisnik and Lipinska, 2019).

Proteins are synthesised from mRNA at ribosomes which are organelles found
free in the cytoplasm or bound to the endoplasmic reticulum (ER). When
ribosomes bind to the ER, these regions become termed the rough ER while
regions without ribosomes are termed the smooth ER. Initial formation of
polypeptide chains starts at free ribosomes in the cytoplasm but the presence of
specific sequences results in translocation of the developing polypeptide chain
and the corresponding ribosome(s) to the ER. Transmembrane and water-soluble
proteins are synthesised and folded at the ER and are translocated to the
relevant location, for example the plasma membrane or extracellular
environment respectively, upon completion (Alberts et al., 2002). Proteins
exiting the ER are folded by chaperones, for example calnexin, and foldase

enzymes including protein disulfide isomerase (PDI) (Chang et al., 2019; Prell,
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Lautenschlager and Grosskreutz, 2013). The ER is important for the synthesis of
proteins and lipids which are involved with most cellular organelles including,
but not limited to, the plasma membrane, endosomes, lysosomes and secretory
vesicles. The ER also synthesises the majority of lipids required by mitochondria.
If proteins are not required to be synthesised at the ER, they are synthesised and
folded in the cytoplasm (Alberts et al., 2002).

Cells have several quality control pathways that work in concert to refold
misfolded proteins, alter the synthesis of proteins, and ensure they fold
correctly. Chaperones, including heat shock proteins (HSPs), promote the
rectification of misfolded proteins, prevent spontaneous interactions between
aberrant proteins to prevent formation of cytotoxic aggregates and shuttle these
proteins to degradation pathways. In the case of obsolete or irreparably
damaged or misfolded proteins, degradation systems including the ubiquitin
proteasome system (UPS) are recruited. Proteins and other dysfunctional
organelles can be moved through the autophagy pathway which ends in the
lysosomal degradation of the aforementioned components. As the UPS and
autophagy are the two main protein degradation systems, cross talk occurs
between the pathways which ensures the upregulation of one when the other is
dysfunctional. This cooperation can reduce the cytotoxic effects of protein
misfolding and aggregation and ensures amino acids from degradation are
recycled (Laskowska, Kuczynska-Wisnik and Lipinska, 2019). The accumulation of
misfolded proteins can result in the initiation of ER stress which triggers a
cascade of mechanisms, called the unfolded protein response (UPR), which
upregulate different molecules to moderate pathways involved in protein
synthesis, refolding and degradation. If this response does not rectify ER stress,
cell death can occur by apoptosis or programmed cell death Il (Ogawa et al.,
2015; Yokota et al., 2018).
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Figure 1-1: Many pathological mechanisms are involved in DM and ALS. Oxidative stress and
excitotoxicity are considered the primary causes of MN loss in ALS. Ogawa et al., (2014)
proposed excitotoxicity and subsequent neurone deterioration in DM may be due to a reduction
in astrocytic excitatory amino acid transporters, which causes a defect in the reuptake of
glutamate. They believe this down regulation occurs as the disease progresses and is an
exacerbating factor for neurodegeneration. Crisp et al., (2013) suggest the SOD1 mutation
induces a toxic gain of function but many believe that SOD1’s ability to protect cells against
oxidative damage is hindered in DM. In ALS research, there is evidence supporting an element of
oxidative stress in pathogenesis. Although there are many sources of reactive oxygen species
(ROS), the majority come from mitochondria. Oxidative stress may lead to the aggregation of
unfolded proteins in ALS if they are not removed due to defective protein degradation and
autophagy pathways (Bozzo, Mirra and Carri, 2017; Corti et al., 2009). It has been suggested that
selective autophagy for dysfunctional mitochondria may be defective which could explain
mitochondrial deficits (Nardone et al., 2016). Also, mitochondria may have a role in regulating
necroptosis (Choi et al., 2019). Dysfunction of the proteasome pathway and autophagy can lead
to ER stress and subsequent activation of the UPR. Most genes associated with ER stress show
increased expression in DM spinal cord (Yokota et al., 2018) and mutations in genes associated
with the UPR have been implicated in DM and ALS, including PDI. Stress may also result in the
production of extracellular vesicles (EVs). If normal cell homeostasis is not met, this can lead to
cell death and the production of EVs, inflammatory and death signals and free and aggregated
WT and mutant SOD1 (Chang et al., 2019; Lovett et al., 2014; Silverman et al., 2019; Yokota et
al., 2018). The disruption of multiple pathways results in axon, MN and myelin degeneration
culminating in paresis first in the pelvic limbs, then in the thoracic limbs.




47

1.4.1 The SOD1 protein

SOD1 (also CuZnSOD) is a metalloenzyme found in eukaryotic cells and is present
at high concentrations in the CNS (Coates and Wininger, 2010; Green et al.,
2002). The protein is primarily located in the cytoplasm of cells but has also
been reported in other organelles including the nucleus (Hanspal et al., 2017)
and mitochondria (Tiwari and Hayward, 2005). The main role of SOD1 (Figure
1-2A) is to scavenge and catalyse the neutralisation of superoxide free radicals
(O27) to hydrogen peroxide (H202) and oxygen (O2) (Awano et al., 2009; Crisp et
al., 2013). One free radical molecule is oxidised at the copper binding site
within SOD1 and another is subsequently reduced to provide O; and H;0; (Rakhit
and Chakrabartty, 2006). Other SODs include SOD2 (also manganese SOD; MnSOD)
and SOD3 (also extracellular SOD; ECSOD) which are important antioxidants
(Green et al., 2002; Zelko, Mariani and Folz, 2002) found primarily in
mitochondria and the extracellular space respectively. SOD3 also has copper and
zinc ions in the enzyme active site while SOD2 has manganese ions. All three
SODs have roles in CNS diseases when ablated or mutated (Zelko, Mariani and
Folz, 2002).

Canine and human SOD1 are likely to be similar in structure as the 153 amino
acid sequences are around 80% similar between the two species (Wakayama et
al., 2022). SOD1 is a homodimer that is approximately 32 kDa in total (Green et
al., 2002) and the subunits interact with disulphide bonds at cysteine residues 57
and 146 (Wakayama et al., 2022). Each subunit consists of a B-barrel composed
of eight B-sheets. The eight B-sheets localise into two groups that are connected
and stabilised by a Greek key connecting loop (Awano et al., 2009). Also within
each subunit is a copper ion for catalytic activity and a zinc ion which is
important for SOD1 structure. The region at one end of the SOD1 B-barrel is
known as the B-barrel plug and is thought to be important for maintaining the
stability of the protein as it protects the edges and hydrophobic regions of the
protein which are more susceptible to interacting with other cellular
components (Wakayama et al., 2022). The DM associated mutation, E40K, is
found within the B-barrel plug region and prevents the formation of the native
salt bridge between E40 and K91 of the same subunit (Kimura et al., 2020;

Wakayama et al., 2022). In humans, 40 amino acids within this region contribute
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to a cluster of ALS associated missense mutations (Awano et al., 2009).
Mutations in this region are thought to cause steric hinderance whereby aberrant
interactions or repulsions between amino acid side chains may result in
disruption of the B-barrel plug. A consequence of this is the exposure of the now
unprotected hydrophobic core of the B-barrel (Draper et al., 2020) and potential

destabilisation of the zinc binding domain (Kimura et al., 2020).

E40K mutant SOD1 has a lower net negative charge (-2.0) compared to WT SOD1
(-4.5) (Kimura et al., 2020) in physiological conditions and this can reduce the
repulsive forces of the protein and/or increase electrostatic interactions
between anionic surfaces and other unfolded proteins (Awano et al., 2009;
Kimura et al., 2020). Equine SOD1, which shares 75% amino acid similarity to
canine SOD1, is stable despite the amino acid at the 40" codon being lysine (K).
This is thought to be because the residue at the 915t codon is glutamate,
therefore maintaining the salt bridge. In in vitro studies with canine SOD1 E40K
and K91E double mutants, the salt bridge was returned, the overall structural
stability and solubility improved and aggregation reduced compared to the E40K
mutant (Draper et al., 2020; Hashimoto et al., 2023; Wakayama et al., 2022).
The E40K mutation has not been identified as an ALS associated mutation, but it
has been investigated in vitro to better understand how the mutation affects
SOD1 structure. The E40K mutation does not increase the propensity of human
SOD1 to aggregate, so it is believed there must be other residues surrounding the
40t and 915t codons that interact in equine and human SOD1 to compensate for
the loss of the salt bridge and/or there may be other mutations that contribute
to aggregation in canine SOD1 (Draper et al., 2020). Hashimoto et al., (2023)
suggested that the methionine (M) residue at 117 in canine SOD1 may contribute
to the inherent instability of SOD1 in the species. In human SOD1, the 117t
codon is leucine (L) and introducing the M117L mutation into canine E40K
mutants improved the stability of the protein. The 117t codon is present within
the hydrophobic core of the B-barrel and appears to contribute to the packing of
amino acids within the core. Leucine is more hydrophobic than methionine, so it
is believed this amino acid improves the packing of the B-barrel core resulting in
more electrostatic interactions between amino acids in the area. In canine WT
SOD1, this compactness may be missing which could make the protein less stable

and ablation of the B-barrel plug because of the E40K mutation allows increased



49

solvent access to the hydrophobic region, increasing the chance of aberrant

interactions (Hashimoto et al., 2023).
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Figure 1-2: Summary of SOD1 activity and aggregation. The schematic in A) demonstrates the
oxidation and reduction of superoxide, O,", to O, and H,0, which is catalysed by the copper
active binding site on SOD1. Schematic based on the image from Rakhit and Chakrabartty (2006).
B) summarises the current hypothesis for the formation of SOD1 aggregates as described by
several researchers in the DM and ALS fields (Hanspal et al., 2017; Hashimoto et al., 2023;
Kimura et al., 2020; Tiwari and Hayward, 2005; Wakayama et al., 2022).

In physiological conditions, SOD1 is found in immature and mature states
(Kimura et al., 2020). The apoenzyme state is the immature form of SOD1 where
the copper and zinc metal ions have not yet bound to the structure. The binding
of these metal ions produces the mature and active species of the protein, holo-
SOD1 (Hanspal et al., 2017; Kimura et al., 2020). In physiological conditions, WT
and E40K holo-SOD1 is active and does not aggregate. In the same conditions,
WT and E40K apo-SOD1 is less stable and less active than holo-SOD1 but only
E40K apo-SOD1 develops aggregates. Protein aggregation typically develops after
the formation of an unstable intermediate, so these findings suggested that apo-
SOD1 may not just be an immature SOD1 species, but also potentially a

pathological, unstable intermediate (Kimura et al., 2020).

The canine E40K mutation and multiple human ALS associated mutants are

considered to be “wildtype-like” mutations whereby mutations do not directly
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affect the copper or zinc binding regions and result in only a minor change to the
backbone folding, thus mainly maintaining the native WT conformation
(Hashimoto et al., 2023; Tiwari and Hayward, 2005). In physiological conditions,
the intermolecular disulphide bond is more susceptible to perturbations in the
WT-like mutants compared to true WT SOD1. When stressors are added (Figure
1-2B), this can affect metal binding as a consequence of the mutation resulting
in the formation of apo-SOD1. Further, as the disulphide bond between the two
protein subunits is less stable in the mutant, this is also likely to be disrupted
(Hashimoto et al., 2023) and can further contribute to the loss of metal ions as
well as introducing protein misfolding and monomerisation. Partially folded or
fully unfolded SOD1 will be produced in this process and these species are more
likely to form aberrant interactions with other SOD1 species or cellular
components (Tiwari and Hayward, 2005). Various protein species exist in
equilibrium in the cellular environment, including the less stable apo-SOD1. This
suggests even in physiological conditions, there will be low levels of SOD1
misfolding. When the E40K mutation is considered, this is likely to increase the
concentration of misfolded proteins as it is less stable than WT apo-SOD1. This
increase in misfolded proteins is likely to lead to the formation of soluble
oligomers which eventually become insoluble oligomers/fibrils (Wakayama et
al., 2022).

At a gross level, SOD1 aggregates can be found in the neurones and glia of DM
and ALS patients when techniques such as immunohistochemistry (IHC) are used.
SOD1 aggregates are often reported in homozygous mutants and can be observed
in heterozygotes. In WT homozygotes, labelling is usually indicative of an
absence of SOD1 aggregates as it is faint or cannot be differentiated from
background labelling. On some occasions, SOD1 aggregates can be observed in
mutant homozygote and heterozygous spinal cords by IHC, but the dogs do not
present with clinical signs. These dogs may not have reached an age where
clinical signs developed (Awano et al., 2009). Further assessment of the E40K
mutation with a canine specific SOD1 antibody (antibodies raised against human
SOD1 most frequently used), only homozygous mutants display aggregates in
neurones but both mutant homozygotes and heterozygotes have aggregates in
astrocytes showing DM is non-cell autonomous (Nakamae et al., 2015). SOD1

aggregation can also be investigated with biochemical techniques by comparing
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the levels of detergent soluble and insoluble SOD1 to give an indication of
disease severity (Figure 1-2B). In DM, detergent insoluble SOD1 increases as the
disease progresses while soluble SOD1 is comparable between unaffected and
affected dogs. Age related changes can cause the aggregation of WT-SOD1 but
levels do not reach the level of insoluble aggregates observed in early DM (Grade
1; Table 1-1) (Crisp et al., 2013).

It is not yet clear exactly how the Sod1 mutation contributes to DM, however it
is thought there is a toxic gain of function where mutants have an increased
propensity to aggregate (Crisp et al., 2013; Nakamae et al., 2015) and insoluble
aggregates alter intracellular functions (Coates and Wininger, 2010). Insoluble
SOD1 aggregates appear in the later stages of disease so it is proposed that there
are soluble oligomers that are pathogenic earlier in disease (Draper et al., 2020;
Tiwari and Hayward, 2005). SOD1 has been shown to play various roles in
pathological changes in MNDs including changes to oxidative conditions,
disruption to chaperone functions and clearance mechanisms, mitochondrial
dysfunction, changes to axon transport and many more. Small amounts of
misfolded SOD1 have been attributed to changes and it is not clear if toxicity
exerted by SOD1 is due to direct interactions between SOD1 and other cellular
constituents, the requirement for constant turnover or changes to SOD1 activity
(Tiwari and Hayward, 2005).

Activity in the canine E40K SOD1 mutant has been shown to be retained in in
vitro studies (Crisp et al., 2013; Kimura et al., 2020; Qi et al., 2019) however
the impact on endogenous SOD1 has not been assessed. Function is suspected to
be retained as the mutation does not directly affect the metal binding region
(Crisp et al., 2013). A study by Draper et al., (2020) reported significantly more
superoxide ions in samples containing the canine mutant SOD1 compared to WT
SOD1 and studies from human SOD1 ALS have identified changes, even when
mutations are not present at the active site (Saccon et al., 2013). It has been
suggested that changes to SOD1 structure and interactions may contribute to
defective activity in some ALS cases (Berdynski et al., 2022). In vivo studies of

DM SOD1 function are required.



52

Generally, in DM and ALS, patients with SOD1 mutations do not normally develop
clinical signs until later in life when normal cellular changes associated with
aging occur. Cells normally employ adaptive mechanisms that enable the
refolding, degradation or sequestration of misfolded proteins, but these
mechanisms (to be discussed in this section) may become less efficient with age.
Further, oxidative stress is thought to be one of the potential triggers for the
SOD1 aggregation cascade. The brain and spinal cord appear to have a
predilection for the accumulation of mutant SOD1 and aggregates compared to
other organs (Tiwari and Hayward, 2005). There is a hypothesis in the ALS field
suggesting that select neuronal populations may be more susceptible to insults
than other populations in the CNS which may result in the accumulation of
stressors and eventual misfolding and aggregation of SOD1. Furthermore, stress
signals or pathogenic proteins may enable other less vulnerable areas of the CNS

to produce pathologic levels of misfolded SOD1 (Hanspal et al., 2017).

1.4.2 Heat shock protein response

HSPs, including HSP70 and HSP90 families, are chaperones involved in the
maintenance of proteostasis by promoting the adenosine triphosphate (ATP)
dependent refolding of misfolded proteins when bound. During stress conditions,
HSPs, including HSP70-1 and HSP70-2, become upregulated in the cytoplasm and
nucleus. Another member of the HSP70 family, HSP70-5, alternatively known as
binding-immunoglobulin protein (BiP), interacts with proteins at the ER
membrane or those that are secreted from the organelle. Generally, HSP70s can
prevent the interaction between misfolded proteins to prevent aggregation,
enable the refolding of proteins and can solubilise protein aggregates for
subsequent refolding. HSP90 is an important chaperone involved in protein
folding, degradation and apoptosis in addition to roles in control of the cell
cycle, signalling and cell differentiation. This chaperone works downstream of
HSP70 and can interact with HSP70 to maintain/regain proteostasis (Laskowska,
Kuczynska-Wisnik and Lipinska, 2019).
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1.4.3 ER associated degradation and the ubiquitin proteasome

system

The UPS is one of the primary intracellular protein degradation pathways (Ogawa
et al., 2015) which selectively removes unfolded, damaged or obsolete proteins
from cells to maintain homeostatic protein turnover (Cheroni et al., 2009).
Proteins due to be degraded by the proteasome are first labelled by the
ubiquitin protein after a cascade of enzymatic activity by E1 (ubiquitin-
activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin ligase).
More ubiquitin protein can be added to the protein to form a polyubiquitin tail,
and the number and structural orientation of the tail determines the outcome
for the protein. Some polyubiquitinated proteins are degraded by the 265
proteasome which, in mammals, consists of two particles, the 19S particle and
the 20S particle. The polyubiquitinated protein is recognised by the regulatory
19S particle which then removes ubiquitin and unfolds the protein. The 20S
particle contains multiple protease subunits, including proteasome subunit a
type-1 (PSMA1), that degrade proteins in the presence of ATP and produce
peptides which can be recycled (Laskowska, Kuczynska-Wisnik and Lipinska,
2019).

Studies of DM have found alterations in the proteasome pathway (Nakamae et
al., 2015). Ubiquitin granules have been observed in the neuropile and glia of DM
spinal cords, however some have not found granules in healthy neurones, only
degenerated neurones and associated neuropil. Several studies have not been
able to colocalise SOD1 and ubiquitin suggesting other misfolded proteins, or a
defect in the UPS or autophagy, may be involved in disease aetiology (Nakata et
al., 2021; Ogawa et al., 2011; Ogawa et al., 2014). A study of regulatory
microRNA (miRNA) in DM found that miRNA dysregulation may prevent the
ubiquitination of mutant SOD1 in neurones, causing evasion of the UPS and

aggregation of mutant SOD1 (Nakata et al., 2021).
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1.4.4 Autophagy

Macroautophagy (referred to as autophagy hereon) is another key intracellular
protein degradation pathway and it can be further categorised into basal
autophagy and inducible autophagy. Basal autophagy is responsible for the
homeostatic turnover of cytosolic constituents including denatured proteins
(Ogawa et al., 2015), protein aggregates, damaged organelles (Xu, Camfield and
Gorski, 2018) and lipofuscin. Inducible autophagy is upregulated in response to
stimuli including nutrient starvation, hypoxia, oxidative stress and excitotoxicity
(Ogawa et al., 2015). Degradation products including amino acids, lipids and
sugars are recycled to maintain homeostasis and sustain cell survival during
periods of stress (Xu, Camfield and Gorski, 2018). When autophagy is irreparably
dysfunctional, it results in type Il programmed cell death. Basal autophagy has
been associated with neurodegenerative disease, including ALS and DM, when

dysfunctional (Ogawa et al., 2015; Onesto et al., 2011).

Autophagy involves the formation of autophagosomes which are vesicles with a
double membrane that are randomly formed after expansion of the phagophore
in the cytoplasm (Renna et al., 2010). When autophagy is induced, a complex
forms which generates the early phagophore (Xu, Camfield and Gorski, 2018) and
the phagophore is expanded by another complex formation. Microtubule-
associated protein 1 light chain 3 (LC3) is modified to LC3I after post-
translational modification in the cytoplasm and when autophagy is induced, LC3I
is converted to LC3Il, the autophagosome associated form of the protein, by
conjugation with phosphatidylethanolamine (Ogawa et al., 2015; Xu, Camfield
and Gorski, 2018). As the autophagosome forms, it engulfs cytoplasmic
components associated with adaptor proteins including p62 (Ogawa et al., 2015).
Using microtubules in the dynein transport system, autophagosomes are moved
to the microtubule-organising centre (Renna et al., 2010) and fuse with
lysosomes to form an autolysosome. One protein involved in the fusion process is
Annexin A1 (ANXA1) which is believed to promote the degradation of
autolysosomal contents (Kang et al., 2011; Xi, Ju and Wang, 2020). The lysosome
contains many acid hydrolases, including the proteolytic cathepsin D (CTSD),
which degrade the contents of the original autophagosome (Ogawa et al., 2015;
Renna et al., 2010; Wootz et al., 2006; Xu, Camfield and Gorski, 2018). LC3 is
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the only mammalian protein currently known to be specifically associated with
the autophagosome membrane (Renna et al., 2010) and can be used as a marker

of the autophagosome and autolysosome (Ogawa et al., 2015).

Polyubiquitinated misfolded proteins can be degraded in the autophagy pathway
and tend to be those resistant to the UPS. Chaperones, including HSP70 and
HSP90 can be associated with lysosomal degradation in a process called
chaperone mediated autophagy which is distinct from the autophagy just

discussed (Laskowska, Kuczynska-Wisnik and Lipinska, 2019).

Dysfunctional autophagy is hypothesised to be a cause and consequence of DM.
Several autophagy markers have been investigated in PWCs with DM and an
increase in LC3 puncta in DM spinal cord neurites in grey matter compared to
control groups has been observed. LC3 did not colocalise with a lysosome
marker, suggesting there is a disruption to the fusion of the autophagosome and
lysosome. This would lead to stress due to an increase in autophagosomes.
Another autophagy component, p62, was found to colocalise with ubiquitin in DM
spinal cords of the same study. This showed that selective autophagy is a
compensatory pathway utilised by cells when the UPS is overwhelmed by
ubiquitinated proteins and therefore accumulations of both proteins in the cord
may suggest both pathways are defective. These two observations suggested
there is a disturbance in the balance between formation and degradation of
autophagosomes, known as autophagy flux, which may contribute to DM

pathology and lead to programmed cell death of MNs (Ogawa et al., 2015).

1.4.5 ER stress and the unfolded protein response

In DM, CSF has been shown to have increased levels of clusterin, a protein with
many functional roles including the protection of cells against ER stress
mediated apoptosis (Yokota et al., 2018), the protection against oxidative stress
and it is a chaperone involved in protein aggregation (Shafie et al., 2014).
Increases in this protein could suggest ER stress is present in DM CNS (Yokota et
al., 2018) and it is in fact thought to be one of the main pathophysiological
contributors in DM and ALS. It is proposed that mutant SOD1 accumulates in the
ER and cytoplasm in DM, inducing ER stress and the UPR (Yokota et al., 2018).
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In the absence of stress, BiP is bound to the UPR sensors inositol-requiring
enzyme 1 (IRE1), activating transcription factor 6 (ATF6) and protein kinase R-
like ER kinase (PERK). Upon accumulation of misfolded proteins in the ER, BiP
detaches from the sensors (Prell, Lautenschlager and Grosskreutz, 2013) which
in turn promote death signals such as CCAAT/enhancer binding protein
homologous protein (CHOP) and X-box binding protein 1 (XBP1) to induce
apoptosis. ER chaperones including PDI (Chang et al., 2019) and calnexin (Prell,
Lautenschlager and Grosskreutz, 2013) also become upregulated. The response is
initially a protective mechanism to prevent further ER stress caused by the
build-up of abnormal proteins, but when it is chronically activated, it induces
widespread cell death signals and subsequent apoptosis, ultimately contributing
to MN degeneration (Chang et al., 2019).

A few studies have indicated that ER stress may be induced in the spinal cord of
DM dogs. This was evidenced by an increase in PDI and CHOP in the DM spinal
cord compared to controls and colocalization of PDI with SOD1 in MNs of DM
samples only. Furthermore, a similar trend in PDI upregulation has been
reported in ALS studies (Chang et al., 2019). Another study reported increased
expression of BiP in astrocytes and microglia. Further transcript analysis
identified upregulation of apoptosis signal-regulating kinase 1 (ASK7) and spliced
XBP1, both indicators of the UPR. The authors suggest the UPR may be related to

the deterioration of white matter (Yokota et al., 2018).

Activating transcription factor 3 (ATF3) is a transcription factor that can be
activated by ER stress. In healthy cells, ATF3 is found at low levels but
expression is increased by numerous exogenous and endogenous stressors.
Depending on the cellular conditions and which promotor interacts with the
ATF3 protein, ATF3 may be inhibitory or stimulatory and is thought to have a

role in metabolic and immunologic regulation (Ku and Cheng, 2020).
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1.4.6 Cell death mechanisms

Generally, the cooperation between the UPS and autophagy can restore
homeostasis in a cell, however other factors, including ageing or disease, can
make the pathways less effective resulting in protein aggregates which are
resistant to refolding and degradation (Laskowska, Kuczynska-Wisnik and
Lipinska, 2019). Eventually, programmed cell death type | (apoptosis), type Il
(autophagic) or type lll (necroptosis) can be induced depending on the cascades
initiated. Programmed cell death is important for homeostasis and is used to
dispose of obsolete or surplus cells, or those that have the potential to exert
negative effects on other cells. Programmed cell death type Il is induced by the

autophagy pathway and was discussed earlier (Deiss et al., 1996).

As there are several causes of ER stress, there are different ways in which
apoptosis can be initiated. CTSD is a glycoprotein that can play a role in
initiation of apoptosis and at several other stages of the cascade when found in
the cytoplasm. CTSD has been found to play a role in neurodegeneration and can
contribute to cytoskeleton degradation in some disease states (Deiss et al.,
1996). As previously mentioned, BiP can also be involved in the initiation of
apoptosis. In addition to being bound to ER stress sensors, BiP is also bound to a
calcium (Ca?*) channel. When bound, the channel is inactivated so upon BiP
release in ER stress, the channel becomes activated and transports CaZ* from the
ER to the cytoplasm which can subsequently cause apoptosis by initiation of the
caspase-3 pathway (Prell, Lautenschlager and Grosskreutz, 2013). Another
initiator of the same caspase dependent apoptotic pathway is ANXA1, which
increases the Ca?* in the cytoplasm by dephosphorylating Bcl2-associated death
promotor (Bad) at mitochondrial membranes, particularly in phagocytic cells

including monocytes (Sheikh and Solito, 2018).

Necroptosis is similar to, but distinct from apoptosis. Caspase independent
cascades instigate necroptosis and a main feature is the deterioration of cellular
membranes which allow cellular proteins to escape the cell, subsequently
inducing an inflammatory response. Research in relation to DM and ALS is
limited, but some groups have identified necroptosis in neurones and glia in

some fALS and sALS models (Morrice, Gregory-Evans and Shaw, 2017).
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1.4.7 Cell metabolism

1.4.7.1 Mitochondria and oxidative stress

In the CNS, ANXA1 has been found in neurones, astrocytes, microglia and
endothelial cells and is thought to be important for maintaining the integrity of
the blood-brain barrier (BBB) to ensure delivery of essential components for CNS
metabolism. The protein decreases with age which is thought to disrupt the BBB
by increasing its permeability which can help with the progression of
neurodegenerative diseases, including Alzheimer's disease (Sheikh and Solito,
2018).

Reactive oxygen species (ROS, also termed free radicals) are generated by
normal metabolic cellular processes, including oxidative phosphorylation in
mitochondria, but can have deleterious effects on cells if they are not tightly
regulated (Bozzo, Mirra and Carri, 2017). Oxidative stress is the term used to
describe any pathological changes to cells due to the presence of ROS,
excitatory amino acids and more (Coates et al., 2007) and it is thought to
contribute to many neurodegenerative diseases, including ALS (Ogawa et al.,
2011). Evidence of oxidative damage has been found in ALS patient tissues
affecting proteins, lipids and DNA and oxidative stress is thought to contribute to
protein aggregation (Bozzo, Mirra and Carri, 2017). In ALS, oxidative stress may
be caused by an increase in nitric oxide (NO) production. Limited studies have
been conducted to assess the contribution of oxidative stress in DM, but
preliminary findings suggest inducible nitric oxide synthase (iNOS), indicative of
NO production, is increasingly expressed in glia of DM cords (Ogawa et al., 2011)

in a similar way to ALS cases (Sasaki et al., 2000).

Other ROS include superoxide ions (O2°) which are highly reactive and damaging
to lipid membranes and DNA (Draper et al., 2020). An increase in cellular Oz has
been recorded in SOD1 related ALS. In a study by Draper et al., (2020) where
cells in a DM in vitro model expressed WT and mutant SOD1 protein, more Oy’
were found in cells expressing mutant SOD1 despite there being no statistically
significant differences between mitochondrial physiology recorded. Mitochondria

were mostly morphologically similar, however the cells expressing mutant SOD1
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also had increased branching within the mitochondria. The authors suggested
several explanations for increased O, including changes to SOD1 enzymatic
activity (Draper et al., 2020) which has also been suggested by others in the ALS
field (Corti et al., 2009). Changes to mitochondrial morphology and functions
can negatively impact energy availability, calcium pathways and cellular
viability and can make cells more susceptible to apoptosis due to the
mitochondrial relationship with apoptotic pathways (Bozzo, Mirra and Carri,
2017). Mutant SOD1 has been found to be associated with mitochondria in ALS to
varying extents in the CNS and muscle. On occasion, SOD1 can become misfolded
and form aggregates within mitochondria which may cause functional changes to

the organelle including deficient ATP generation (Corti et al., 2009).

1.4.7.2 Excitotoxicity

An important function of astrocytes is to remove the excitatory neurotransmitter
glutamate from the extracellular environment to prevent excitotoxicity in
neurones due to high concentrations or prolonged exposure to glutamate (Duan
et al., 1999). Using excitatory amino acid transporter 1 (EAAT1; also
glutamate/aspartate transporter, GLAST) and EAAT2 (also astrocytic glutamate
transporter 1, GLT-1) at the cell membrane, glutamate is escorted into the
astrocyte and converted into glutamine. It has been found that EAAT2 is
downregulated in the DM spinal cord and this could be one of the contributing
factors to neuronal degeneration as it will encourage excitotoxicity (Ogawa et
al., 2014).

1.4.8 Inflammation

Microglia are the resident immune cells of the CNS and can be identified by the
ionised calcium binding adaptor molecule 1 (Iba-1) protein. This cell type has
been implicated in ALS progression in murine and human studies and it has been
suggested that early in the disease, they have neuroprotective functions, but
later, they become neurotoxic. In DM, it has been found that microglia
expressing neuroprotective phenotypes decreased as DM progressed while
microglia expressing neurotoxic markers were not statistically different from age
matched controls (Toedebusch et al., 2018).
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It is possible that ER stress is induced at some stage in DM astrocytes and
microglia which may increase inflammation in the spinal cord. It has been
postulated that ER stress occurs first in astrocytes which causes the production
of inflammatory cytokines and chemokines. Production of these molecules may
lead to microglial migration and accumulation which might then impact the
health of MNs (Yokota et al., 2018).

1.5 Extracellular vesicles may be involved in DM

progression

1.5.1 Extracellular vesicles are a heterogenous population

Extracellular vesicles (EVs) are imperative for tissue homeostasis and can be
produced from all CNS cells. EVs can interact with other cells and share their
contents (Hosaka et al., 2019; Silverman et al., 2019), and an example includes
the shuttling of neurotransmitters at synapses (Hosaka et al., 2019). EVs are
found in most biological fluids and cell culture media (Haraszti et al., 2016).
There are several subgroups of EVs including exosomes, microvesicles (MVs),
apoptotic bodies and RNA binding proteins, that can be separated by size and
other properties (Hosaka et al., 2019). Knowing the type of EV isolated from
fluids or media can give an indication of their biochemical properties and
biological function in the system. EVs can be separated into subgroups using
various laboratory methods including, but not limited to, immunoaffinity,
flotation velocity, sucrose density gradient, ultrafiltration and differential
centrifugation. Unfortunately, there is currently no method that is able to fully
separate each EV group as some physical properties, for example size, overlap
EV groups. Additionally, non-EV contaminants including extracellular proteins

and lipoprotein particles can be found in the isolate (Haraszti et al., 2016).
1.5.1.1 Large EVs

MVs are found with diameters ranging from 100 nm to 1 pm and are formed by
budding of the plasma membrane. They are involved in cellular communication
and can transport transmembrane proteins between microglia and astrocytes for

example (Hosaka et al., 2019). They can be separated from other EVs by
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centrifugation at 15,000 xg (Silverman et al., 2019). Apoptotic bodies are
between 500 nm and 2 ym in diameter and are released from apoptotic cells by
blebbing of the plasma membrane. They can contain organelles and nucleotides
from apoptotic cells. RNA binding proteins can bind RNA found in the

extracellular environment (Hosaka et al., 2019).

1.5.1.2 Small EVs

Exosomes are between 30 nm and 200 nm in diameter (Chen et al., 2019; Hosaka
et al., 2019; Otake, Kamiguchi and Hirozane, 2019) and originate from the
endocytic pathway (Xu, Camfield and Gorski, 2018) and endosome system
(Hosaka et al., 2019). The formation of exosomes is summarised in Figure 1-3.
Firstly, the plasma membrane invaginates and may endocytose fluids,
macromolecules, receptors and membranes. The resulting intracellular vesicle
formed when the invaginated membrane pinches off from the plasma membrane
merges with early endosomes where the contents is organised. The early
endosome matures into the late endosome, also termed the multivesicular body
(MVB), then undergoes one of many processes including direct fusion with
lysosomes, fusion with new autophagosomes before fusing with lysosomes, or
further invagination of the MVB membrane to produce smaller vesicles called
intraluminal vesicles (ILVs). When ILVs are formed, the MVB fuses with the
plasma membrane then releases the ILVs from the cell which become exosomes
in the extracellular environment (Xu, Camfield and Gorski, 2018; Hosaka et al.,
2019). Endosome sorting complexes required for transport are involved in the
formation of ILVs and exosomes along with associated accessory proteins. If any
of the components of this system are silenced, it results in the production of
exosomes with altered size, protein composition and overall quantity. Ceramide,
a lipid molecule, is also involved in the generation of exosomes in some cell
types (Xu, Camfield and Gorski, 2018).
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Figure 1-3: Overview of exosome formation and release. 1) Formation of the endosome from
the plasma membrane. 2) Invagination of the endosomal membrane to form ILVs. 3) Formation
of the late endosome, or MVB containing ILVs and proteins, lipids and RNA. 4) MVB fuses with
plasma membrane. 5) Release of MVB contents including exosomes. Various cellular components
incorporated into exosomes include RNA, lipids and proteins such as WT and mutant SOD1.

Exosomes can be secreted from almost all cell types and consist of a lipid bilayer
that encloses proteins, lipids and RNA (Chen et al., 2019). It was thought that
the main function of exosomes was for the excretion of waste products from
cells however it was later discovered that they are mediators of cellular
communication (Hosaka et al., 2019; Otake, Kamiguchi and Hirozane, 2019) and
can be selectively loaded depending on the cell type and stimuli present
(including ubiquitination). Exosomes are enriched in multiple proteins, and these
can be specific for the cell they were produced from (Chen et al., 2019; Hayashi
et al., 2019; Otake, Kamiguchi and Hirozane, 2019; Thompson et al., 2020).
These proteins have an array of functions including structural support and
protection from circulating phagocytic cells (Xu, Camfield and Gorski, 2018).
Components found in exosomes tend to be of cytoplasmic or plasma membrane
origin and normally lack most proteins from the nucleus, mitochondria and ER
(Gomes et al., 2007).

Exosomes can be taken into cells by autocrine (exosome taken in by the cell that
secreted it), paracrine (exosome taken in by cells near the secreting cell) or
endocrine (exosome travels to other areas of the body using vessels) systems
(Xu, Camfield and Gorski, 2018). The ability of exosomes to move in the

extracellular space, which includes body fluids, allows them to transport their
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contents from cell to cell (Chen et al., 2019). The uptake process may include
membrane receptor-mediated endocytosis, phagocytosis or macropinocytosis but
this list is not exhaustive (Xu, Camfield and Gorski, 2018). Exosomes can cross
the BBB and can be isolated from most biological fluids (Chen et al., 2019; Lee
et al., 2016) and they can be enriched by sequential centrifugation (Silverman et
al., 2019).

1.5.2 Extracellular vesicles in disease

EVs have been implicated in various neurodegenerative diseases and are
believed to behave similarly to prion proteins as pathogenic proteins can be
seeded and spread in association with EVs. This has been suggested in
Alzheimer’s disease and Lewy-body dementia where tau and a-synuclein proteins
respectively play major roles in disease pathology. This area is gaining more
ground in ALS research where more studies are finding this mechanism could aid
spread of ALS pathology (Silverman et al., 2019). Also, it is believed that EVs can
give an indication of the status of protein disposal and intercellular transport
mechanisms (Thompson et al., 2020). Exosomes found in the CSF are considered
to provide an insight into the condition of the CNS cells due to their intimate
association (Otake, Kamiguchi and Hirozane, 2019) and are being investigated as
potential biomarkers for neurodegenerative diseases including ALS (Otake,
Kamiguchi and Hirozane, 2019) and DM (Pfeiffer et al., 2023).

1.6 Hypothesis, aims and objectives

The overarching aim of this project was to use a multistrand approach to
understand the aetiology and progression of DM. The working hypothesis for this

PhD project is as follows and is summarised in Figure 1-4.

¢ Misfolded SOD1 caused by the DM associated Sod1 mutation may disrupt
cell clearance and toxicity pathways within cells of the spinal cord.

e The consequences of this are increased SOD1 aggregation and defective
protein and lipid processing which may have detrimental effects on
cellular metabolism and structure, culminating in the associated axonal

degeneration and demyelination observed in histopathology.
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Disruption to alternative pathways involving the release of extracellular
vesicles is also suspected and could be associated with the spread of
misfolded SOD1 to other cells in the spinal cord.

It is likely that these pathological changes act in concert to cause the

clinical signs that progress from the pelvic limbs to the thoracic limbs.

i Functional
Sod1 mutation Aggregation of defects in MNs
S0D1 and glia
Disruption of de (—:-A;lxeorr;tion Pro i
Misfolded SOD1 f—»| intracellular o{ des o| [rogressive
pathways? an.d . clinical signs
demyelination

Spread of
misfolded
SOD1

Production of
EVs?

Figure 1-4: Hypothesis tested in this PhD project. Schematic representation of the hypothesis
tested in this project that shows how each part may fit together.

We tested this hypothesis using the following objectives:

1.

2.

An in vitro approach was used to establish if defective cellular clearance

and toxicity pathways play a role in SOD1 aggregation.

The contribution of these defects in the secretion of SOD1 positive EVs and
the potential for EVs to spread mutant protein in a prion-like manner was

assessed using cell culture experiments and biochemistry.

. Proteomic and biochemical techniques were used to validate potential

toxic pathways and identify novel pathological mechanisms in DM using

tissues collected from positive cases.

Completion of these objectives will help to establish how the genetic anomaly,

protein processing pathways and the general CNS proteome interact to cause the

pathology and subsequent clinical presentation of DM.



65

2 General materials and methods

2.1 Overview

2.1.1 In vitro study

The human neuroblastoma SK-N-SH cell line was used to investigate cell
clearance and toxicity pathways and EVs in vitro. Cells were transfected with
WT or mutant (DM) SOD1 tagged with enhanced green fluorescent protein
(EGFP), then treated with chemicals that disrupt several cellular clearance and
toxicity pathways. Chemicals used were the reducing agent dithiothreitol (DTT)
which induces ER stress, chloroquine (CQ), which inhibits autophagy and MG132
which inhibits the proteasome. The expression of various markers of these
pathways and SOD1 were analysed using reverse transcription polymerase chain
reaction (RT-PCR) and Western blotting (WB) techniques. SOD1 aggregation was
also monitored using fluorescence microscopy. In parallel, the production of EVs
after chemical treatment was analysed using WB. EV isolation was optimised and
EVs were characterised using WB. To verify if EVs may contribute to the spread
of mutant SOD1, conditioned medium experiments were performed by

transferring donor EVs to recipient cells.
2.1.2 Ex vivo study

Running in tandem with in vitro studies, DM and control cases were recruited to
the study with clinicians at the University of Glasgow Small Animal Hospital
(UoGSAH) and the Scottish Society for Prevention of Cruelty to Animals (SSPCA).
To diagnose DM, diagnostic services included neurological examination, MRI and
blood biochemistry to rule out other diseases that may cause the same clinical
signs. Genotyping at the level of the Sod1 gene was outsourced (Laboklin, UK)
and confirmed by an inhouse assay. Dogs that showed neurological signs and
were homozygous for the Sod1:¢c.118G>A mutation were included in the study.
Owner consent was imperative for any involvement in the study and ethical
approval from The School of Veterinary Medicine Ethics and Welfare Committee

was granted (application number EA10/20). After euthanasia or death, various
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tissues were collected to generate material for ex vivo work, and to generate a
canine tissue repository at the University of Glasgow. Tissues, including brain
and spinal cord, were collected as per a Standard Operating Procedure (SOP)
developed for the study. Samples were snap-frozen for biochemical and
proteomic studies or fixed in formalin for histology. Biochemistry included WB
and RT-PCR for cell toxicity markers identified in in vitro studies and
investigation of EVs and SOD1. Histology was assessed by members of the

pathology team to definitively diagnose DM.

2.2 Cell culture

2.2.1 Cell line and culture maintenance

The immortalised human SK-N-SH cell line (gifted by Dr Paul Montague,
University of Glasgow) were broken out of storage, passaged and frozen using
the methods described in Appendix 8.2.1. Cells were maintained in Dulbecco's
Modified Eagle Medium (DMEM) high glucose medium (Invitrogen, UK) with 10%
heat-inactivated foetal bovine serum (FBS; Gibco, UK), 1% penicillin-
streptomycin (Gibco, UK) and 0.5% amphotericin B (Gibco, UK). This will be
referred to as normal growth medium (NGM). For EV experiments, DMEM was
supplemented with 10% exosome-depleted FBS (Gibco, UK) instead of normal
FBS. Exosome-depleted FBS was used to provide important nutrients for cell
growth, but with >90% depletion of circulating bovine exosomes. The cells were
incubated in humidified conditions at 37°C (to mimic human body temperature)
with 5% CO; for a maximum of 20 passages. Limiting the passage number is
important as the genotype and phenotype of a culture can change due to

exposure to culture conditions and genetic instability (ECACC (2020)).

The SK-N-SH cell line was originally isolated from a bone marrow neuroblastoma
metastasis in the 1970s and maintained for research (Biedler, Helson and
Spengler, 1973). Components in the growth media provide growth factors,
energy sources and more to facilitate cell growth, adhesion, maintain the pH at
physiological levels in combination with incubator CO; levels and prevent

microbial contamination (Price, 2017).
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For experiments, cells were seeded onto cell culture flasks, 4-well plates with
poly-L-lysine treated coverslips (Appendix 8.2.1.1), and 6-well plates at the
appropriate density (defined in specific chapters) using the trypan blue exclusion
counting method (Appendix 8.2.1.2). The seeding density of cells is dependent
on the surface area of the vessel they are being transferred to, the cell lineage

and purpose of experiment (Appendix 8.2.1.2 for calculation).

2.2.2 Expression of proteins of interest in cell culture

2.2.2.1 Generation of plasmids

Plasmids used in this study are summarised in Table 2-1 and were purchased,

gifted or constructed previously.

Table 2-1: List of plasmids used in this study.
Plasmid Source Working
concentration (ng/pl)

pGFP Gifted by Dr Paul Montague (PM) 154
pEGFP Gifted by PM 244
pmaxGFP Lonza, Switzerland 615
pWT-Sod1-EGFP Described in Qi et al., (2016) and Qi et al. 200-300

(2019), generated by PM

pDM-Sod1-EGFP Described in Qi et al., (2016) and Qi et al. 200-300
(2019), generated by PM

pLC3-GFP Gifted by Dr Yoshimori, Osaka University 300

The pLC3-GFP recombinant was gifted and engineered as outlined in Kabeya et
al., (2000). Generation of the Sod1 plasmids used a range of standard molecular
cloning techniques including ligation and transformation of Escherichia coli
competent cells, Topoisomerase T/A cloning, recombinant screening, plasmid
growth and purification (Qiagen, Germany), as detailed in Qi et al., (2016) and
Qi et al. (2019). In summary, RNA was extracted (Amsbio, UK) from the T12
region of the spinal cord from DM and control dogs harbouring Sod1 118G>A and
WT 118G respectively and converted to complementary DNA (cDNA; Thermo
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Fisher, UK). Primers corresponding to the first 24 and last 24 mRNA nucleotides
incorporating the initiation and stop codons respectively (Appendix 8.2.1.3)
were used to generate WT and mutant Sod1 amplicons encoding a 157 amino
acid open reading frame (ORF). The forward and reverse primers were anchored
with the restriction sites, Xhol or Hindlll respectively. To minimize copying
errors during the PCR amplification process, the WT and mutant Sod1 amplicons
were synthesized using the high fidelity proofreading EasyA Polymerase
(Stratagene, USA) and cloned into the topoisomerase 1 based T/A cloning vector
pSC-A (Stratagene, USA). The Sod1 pSC-A plasmids were digested with Xhol and
Hindlll to release the restriction fragments. The column purified (Qiagen,
Germany) Sod1 fragments were covalently linked in-frame at the corresponding
Xhol and Hindlll sites in the multiple cloning sites of the fluorescent tagged
expression vectors pEGFP-C3 (Clontech, USA) allowing the detection of the 48
kDa fluorescent SOD1-EGFP fusion protein in transiently transfected neuronal
cell types. The purified recombinant plasmids were quantified and diluted to a

standardised working concentration of 200-300 ng/ul for transfection studies.

2.2.2.2 Transfection procedure

Cells were transfected with plasmids using Opti-MEM Reduced-Serum Minimal
Essential Medium (Opti-MEM; Gibco, UK) and Lipofectamine™ 3000 Transfection
reagent (Invitrogen, UK) using the manufacturers recommendations as a guide.
Based on the recommended reagent ratios (Appendix 8.2.1.4), a typical reaction
would contain 200-300 ng/pl of DNA for 4-well plates and double this for 6-well
plates. Transfection mixtures were incubated at room temperature (RT) for 5
minutes, the mixtures containing pWT-Sod1-EGFP or pDM-Sod1-EGFP were added
equally to the NGM already in each well based on the experimental design. The
plates were incubated in humidified conditions at 37°C with CO,. In the
presence of the plasmid and Lipofectamine™ 3000 reagents, condensed nucleic
acid-cationic lipid complexes form spontaneously. Cells exposed to this complex
appear to endocytose the complex before the DNA contents is released into the

cell cytoplasm and eventually translocated to the nucleus and expressed.



69

2.3 Visualising cells, aggregates and EVs

2.3.1 Assessing cell viability by morphology

The morphology of cells can indicate how viable cells are. If cells shrink, become
more rounded and their nuclei become more condensed (pyknotic), this
indicates they are in the early phase of apoptosis. When the plasma membrane
starts to “bleb” and apoptotic bodies form in addition to fragmentation of the
nucleus (karyorrhexis), this indicates cells are undergoing apoptotic cell death
(Elmore, 2007).

2.3.2 Lysosome stain

To assess the distribution of lysosomes in treated cells (Chapter 3), NGM media
in 4-well plates was replenished after treatment, then LysoTracker™ Red DND-99
(Invitrogen, UK) was applied to each well at a 50 nM concentration and plates
incubated for 30 minutes at 37°C. Media was replaced with PBS for visualisation
under the microscope to minimise background interference from the pink media.
Lysosomes were stained without cell fixation or permeabilisation as fluorescence

was lost after the procedure.
2.3.3 Cell fixation and nuclei staining

When cells were ready to be assessed, growth medium was removed and cells
were washed with PBS, three times. To fix cells, formaldehyde (4%; PFA) was
applied and cells were incubated at RT for 10 minutes. Cells were washed three
times in PBS then chilled absolute methanol was applied to permeabilise cell
which were incubated at -20°C for 5 minutes. Methanol was aspirated off, one
well at a time, then PBS was immediately added to the same well. A further 2
PBS washes were performed before 4',6-diamidino-2-phenylindole (DAPI) stain
(10 ng/pl in PBS; Sigma-Aldrich, UK) was applied and cells incubated for 1
minute at RT. DAPI is a synthetic fluorescent dye that binds to the adenosine and
thymine base pairs in DNA, allowing visualisation of nuclei (Abramowitz and
Davidson, 2020). After another three washes with PBS, coverslips were removed

and placed cell-face down onto a drop of Citifluor mountant solution on a glass
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microscope slide. Coverslips were sealed with nail varnish to prevent the cells

from drying out, then stored at 4°C until visualised.
2.3.4 Visualisation of fluorescent proteins and stains

Cells were visualised under a fluorescent microscope (Olympus IX70) using the
violet filter (350 nm) for blue DAPI stained nuclei, the green filter (550 nm) for
red stained lysosomes and the blue filter (450 nm) for (E)GFP tagged proteins.
EGFP tagged proteins have an excitation wavelength range of 489-511 nm, DAPI
a range of 350-470 nm and LysoTracker™ a range of 577-590 nm.

To assess SOD1-EGFP aggregation, images captured from three random fields,
using Image Pro Plus (v.6, Media Cybernetics), were selected from each sample
using the DAPI stained nuclei so that personal bias to select aggregated SOD1
was minimised. Nuclei, transfected cells and SOD1 aggregates were counted
using ImageJ (Rasband, 1997) and the Cell Counter plugin (De Vos, 2001).
Different workflows were used for each count type and are found in Appendix
8.2.4.

2.4 Analysis of proteins

2.4.1 Protein sample generation from in vitro cell culture

2.4.1.1 Isolation of small EVs and purification of exosomes

Different methods have been described in the literature for EV isolation (Section
1.5.1). In this study, a classical centrifugation approach was employed based on
the protocol described in Momen-Heravi (2017) and theory in Théry et al.,
(2018). Early in the study, a basic two step centrifugation method was used
(Figure 2-1A), but this was later optimised to three steps (as explained in
Chapter 4; Figure 2-1B). Generally, for both methods, EDM was collected from
wells and pooled with media from the same genotype and conditions within each
experiment resulting in a total volume of approximately 4.5 ml. Media was
centrifuged at 110 xg (later increased to 800 xg) for 5 minutes at RT to pellet

dead cells. Of the supernatant (SN), 4 ml was transferred to a centrifuge tube



71

and the remaining SN was collected and stored at -20°C. After balancing the
tubes with EDM as appropriate, the SN was centrifuged in a Type 50.4 Ti Fixed-
Angle Titanium rotor (Beckman Coulter) at 110,858 xg for 2 hours or 10,000 xg
for 30 minutes at 4°C. The SN from the 10,000 xg spin was transferred to
another centrifuge tube, balanced, and centrifuged at 110,858 xg for 2 hours at
4°C. The SNs from the 110,858 xg spins were discarded and pellets from each
step were resuspended in 50 pl of lysis buffer (Appendices 8.2.3.1) then
processed for protein quantification (Section 2.4.3). Lysis buffer contains
buffers, detergents and various enzyme inhibitors to allow the recovery of
intracellular/intra-EV and membrane proteins without degradation of these

proteins. Samples were stored at -20°C until required.

110 xg
Collect 800 xg 110,858 xg
. medla 5 minutes 2 hours
O
110 xg
or
Collect 800 xg 10,000 xg 110,858 xg
media 5 minutes 30 minutes 2 hours

Figure 2-1: Summary of centrifugation steps used throughout the study. The main
centrifugation steps used to isolate EVs from media are shown in A) and B). Once collected,
media was centrifuged at 110 xg or 800 xg (speed used stated in each section). In A), the SN was
further centrifuged at 110,000 xg for 2 hours then the SN was removed, and the pellet
resuspended in the appropriate buffer. In B), the SN was centrifuged at 10,000 xg for 30 minutes
before a final centrifugation at 110,858 xg for 2 hours. The SN was removed, and the pellet
resuspended in the appropriate buffer.

2.4.1.2 TCA precipitation for generation of total media fraction

Proteins from EDM left over after the 110 xg (800 xg after optimisation)
centrifugation step were precipitated with 50% TCA then incubated on ice for 30
minutes. Samples were centrifuged at 2516 xg (5000 rpm on Biofuge Fresco,
Heraeus Instruments) for 10 minutes at 4°C. The SN was discarded, and the
pellet was resuspended in 5 pl of 1 M Tris-base and 75 pl of lysis buffer, then

vortexed before total protein was measured.
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2.4.1.3 Harvesting cells

When cells were ready to be assessed, media was removed and cells were
washed two times with phosphate buffered saline (PBS) then 100 pl lysis buffer
was applied. Cells were dislodged from the bottom of each well using a cell
scraper and collected. Samples were rotated for 30 minutes at 4°C then
centrifuged at 2516 xg (5000 rpm on Biofuge Fresco) for 10 minutes at 4°C. The
SN (containing cell lysates (CLs)), and pellet (containing membranous
components) were separated then either stored at -20°C or immediately

processed for protein quantification.
2.4.2 Protein sample generation from ex vivo tissues

Spinal cord tissues were collected from control and DM cases and proteins were
extracted as described in Section 6.3.3. Briefly, samples were snap frozen in
liquid nitrogen (LN) and stored at -70°C until required. Tissue sections were
powdered in LN using a mortar and pestle then 50 mg aliquots were made.
Aliquots were homogenised using a ball mill (Retsch Mixer Mill MM 400, Germany)
in a buffer containing 2% SDS and 100 mM Tris-HCL (pH 7.4) and were subjected
to low-speed centrifugation to remove large debris. Samples were incubated on

ice then centrifuged at a high speed to remove insoluble components.
2.4.3 Total protein measurement

The copper-based Pierce™ BCA (bicinchoninic acid) Protein Assay Kit (Thermo
Scientific, UK) was used following the manufacturer’s protocol to determine the
concentration of protein in samples. In alkaline conditions, cupric ions (Cu?*)
present in Reagent B (4% cupric acid) are reduced to cuprous ions (Cu*) when
they form a chelate complex with peptides consisting of at least 3 amino acids.
At this stage, known as the biuret reaction, there is a light blue colour. When
BCA in Reagent A is added, it chelates with Cu* and forms a purple complex. The
absorbance of the complex at 562 nm increases as protein concentrations
increase. Protein assays were carried out in 96-well plates using MQ as blanks
and bovine serum albumin (BSA) diluted to a standard range between 0.05 and

0.80 mg/ml for a protein reference range. Reactions consisted of 250 pl of BCA



73

working solution and either 25 pl of standard or 2.5 pl of sample. The plate was
agitated on a plate shaker at high speed for 10 to 20 seconds before being
incubated for 30 minutes at 37°C. Absorbances for standards and samples were
recorded (LT-4500 Absorbance Microplate Reader, Labtech International Limited,
UK) and, using the absorbances for the BSA standards, a standard curve was
plotted (absorbance against concentration in mg/ml). The protein concentration
of each sample was calculated from the standard curve and corrected for the
dilution factor. Protein concentrations were used to determine the volume of

sample required for downstream applications including gel electrophoresis.

2.4.4 Protein denaturation and loading

Samples used in gels for Coomassie Blue staining, Silver staining and WB were
made up to the loading volume of the gel with MQ water and sample
denaturation buffer (Appendix 8.2.3.2) at a ratio of two parts sample and MQ, to
one part sample buffer. Samples were placed onto a block heater for 4 minutes
at ~95°C. The sample buffer contains the detergent lithium dodecyl sulphate
(LDS) which denatures proteins and gives them an overall negative charge which
facilitates the separation of proteins by size in gel electrophoresis. DTT is added
to reduce the disulphide bonds between cysteine amino acids so that proteins
lose tertiary or quaternary structure and become linear. This means that
proteins will be separated only by size, not charge and three-dimensional
structure (GE Healthcare Bio-Sciences AB, 2018).

Where the native structure of proteins was important for downstream
applications, proteins were separated in non-reducing conditions therefore
LDS/SDS was not included in the sample buffer. Native gels separate proteins
and complexes based on the charge and hydrodynamic size of the native
quaternary structure of the protein (GE Healthcare Bio-Sciences AB, 2018).
Samples to be used in native gels were made up to the loading volume with MQ
water and a non-reducing 2x loading buffer (Appendix 8.2.3.3) was added at a

1:1 ratio.
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2.4.5 Separation of proteins within samples
2.4.5.1 One dimensional polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins can be separated based on size and charge when they are run through a
porous gel by an electric current. Polyacrylamide gels have a cross-linked
structure which creates pores that are similar in size to many proteins; the size
of pore is determined by the concentration of acrylamide and the chemical
cross-linking agent. When an electric current is applied, large proteins smaller
than the pores move slowly through the gel while small molecules move faster.
It may be beneficial to use gels that contain an increasing concentration of
acrylamide towards the positive anode, for example 4-12%, to allow optimal
recovery of proteins ranging in molecular weights from approximately 14,000 to
205,000 M. Larger proteins are separated in the lower concentration and smaller
proteins will be better separated in the more concentrated area. Buffers
containing counter ions, such as Bis-Tris, are an important constituent of gels
and function to maintain a consistent pH at both electrodes to ensure constant

charge and mobility of proteins (GE Healthcare Bio-Sciences AB, 2018).

For SDS-PAGE in this study, large gels (18 or 26 well 1Tmm thick precast
polyacrylamide 4-12% Bis-Tris gels; Criterion™ XT, Bio-Rad Laboratories Ltd., UK)
were used in a Criterion™ electrophoresis cell (Bio-Rad Laboratories Ltd., UK)
with 1X XT MES (2-(N-morpholino) ethanesulfonic acid) running buffer (Bio-Rad
Laboratories Ltd, UK). Small gels (10 or 12 well 1 mm thick precast
polyacrylamide 4-12% Bis-Tris mini gels; NUPAGE™ Novex™, Invitrogen, UK) were
also used in a XCell SureLock™ Mini-Cell (Invitrogen, UK) with 1X NUPAGE™ MES
SDS running buffer (Invitrogen, UK). Samples were loaded into wells alongside
the SeeBlue™ Plus2 Pre-stained Protein Standard (4-250 kDa; Invitrogen, UK) and

proteins were routinely separated at 150 V for 1 hour.
2.4.5.2 Native gels

Proteins/complexes are separated based on charge and hydrodynamic size in
native gels. Proteins that have a larger conformation have reduced mobility and

smaller, more compactly folded proteins/complexes travel faster.
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Proteins/complexes can be recovered in their native state from the gels (GE
Healthcare Bio-Sciences AB, 2018) so it can be used to analyse the native

conformation of SOD1 in samples and subsequently, its activity (Section 2.4.6.3).

A 10% acrylamide resolving gel with a 4% acrylamide stacking layer (Appendix
8.2.3.6) was positioned in a gel rig (packed on the outside with ice) with Tris-
glycine running buffer (25 mM Tris, 200 mM glycine at pH 8.3) before samples
were loaded into the gel. The proteins/complexes were separated by an electric
current at a 40 mA for 30 minutes to allow proteins to enter the gel, then 50 mA
for 80 to 100 minutes.

2.4.6 Gel staining

2.4.6.1 Coomassie Blue stain

Coomassie Blue staining was used to produce total protein profiles of CLs and
tissue samples that were separated by SDS-PAGE. Gels were submerged in
Coomassie Blue stain (Appendix 8.2.3.3) on a plate shaker for at least three
hours then washed in de-stain (Appendix 8.2.3.3) and rehydrated in MQ before
visualisation with a BioRad Gel Doc Imaging System. Coomassie Blue binds to the
majority of proteins and any stain that does not bind to protein is washed away
using de-stain, resulting in the clear visualisation of protein bands (GE
Healthcare Bio-Sciences AB, 2018).

2.4.6.2 Silver stain

Silver staining was used to produce total protein profiles of samples with low
protein quantities, particularly EVs, that were separated using SDS-PAGE. Silver
staining is a sensitive technique that can detect low concentrations (ng) of
protein and is based on the reduction of silver ions to metallic silver in the
presence of protein. The gel is saturated with silver ions before being developed
by formaldehyde which, in the presence of protein, reduces the silver ions to
metallic silver. The latter stage forms a brown precipitate that can be visualised
(GE Healthcare Bio-Sciences AB, 2018).
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The SilverXpress™ silver staining kit (Invitrogen, UK) and protocol was with slight
adjustments. Gels were covered in MQ water for a few minutes on a plate
shaker. Fixing solution was applied for at least 10 minutes for protein fixation.
This solution was replaced with Sensitising solution, which was applied for 30
minutes before the gel was washed for 10 minutes, twice with MQ water. The
gel was incubated with Staining solution for 15 minutes then washed for 5
minutes, twice with MQ water. The gel was immersed in Developing solution
until the bands were visible then the reaction was stopped with Stopping
solution for 10 minutes. A final MQ water wash cycle of 3, 10-minute rounds was
carried out before imaging with the Gel Doc Imaging System. Details regarding

the composition of solutions used are presented in Appendix 8.2.3.5.

2.4.6.3 Nitroblue Tetrazolium (NBT) stain

NBT staining was used to assess SOD1 activity in gels containing natively folded
proteins. All steps in the NBT staining protocol were carried out on a plate
shaker at RT. After removal from the rig, gels were washed for several minutes
in MQ water. The rest of the steps were carried out in a light-tight container
with a lid to prevent premature activation of the staining reagents. The staining
reagents were made in 100 mM phosphate buffer (PB; pH 7.8; Appendix 8.2.3.7).
After the first wash, NBT (1 mg/ml in PB) was applied to the gel for 15 minutes.
The gels were washed again for several minutes before a riboflavin mixture
containing TEMED (Appendix 8.2.3.8) was added for a further 15 minutes. The
gels were finally washed in MQ water for several minutes before being exposed
to light for 10 to 15 minutes. Gels were visualised on a light box, then scanned

into a computer with an Epson Perfection V300 Photo scanner.

The NBT staining assay is used to determine the activity of manganese SOD
(MnSOD; 88kDa) and CuZnSOD (32 kDa). NBT competes with SOD for free radicals
which are generated by riboflavin and TEMED in the assay (Rakhit and
Chakrabartty, 2006; Weydert and Cullen, 2010). Free radicals reduce tetrazolium
within NBT from a yellow colour to a blue precipitate. Where active SOD is
present, achromatic bands are produced in the gel, indicating the activity of the

enzyme.
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2.4.7 Western Blot

2.4.7.1 Transfer of proteins from polyacrylamide gels to nitrocellulose

membrane

After gel electrophoresis, gels were trimmed to remove wells and placed onto
nitrocellulose sheets in the dry blotting system iBlot™ Transfer Stack (Invitrogen,
UK) for the iBlot™ Gel Transfer Device (Invitrogen, UK) and 20 V was passed
through for 7 minutes to allow transfer of proteins from the gel onto the
membrane. The nitrocellulose membrane was stained with 0.1% Ponceau S in 5%
acetic acid to assess gel loading and protein transfer. Ponceau S is negatively
charged so binds to positively charged amino acids in proteins and also binds to

non-polar areas of proteins by forming non-covalent bonds (Sigma, 1998).

2.4.7.2 Probing of blots with antibodies

All steps in this section were performed on a plate shaker. Nitrocellulose
membranes were washed in MQ water twice and once with 1X Tris-buffered
saline (1X T-TBS; Appendix 8.2.3.9) for 5 to 10 minutes to remove Ponceau S. To
block non-specific binding sites, a 5% dried milk powder in 1X T-TBS solution was
applied for 1 hour at RT. This step minimises non-specific binding sites of
antibodies that may otherwise bind to the matrix, producing artefactual

background.

All antibodies were prepared in 5% dried milk powder in 1X T-TBS. Primary
antibodies were made to the appropriate dilution (Table 2-2) then applied to
nitrocellulose membranes, after removal of the block, overnight at 4°C. The
next day, the blot was washed for 10 minutes, 3 times with 1X T-TBS to remove
excess antibodies and limit background contamination. The relevant secondary
antibody linked to the enzyme horseradish peroxidase (HRP) was made to the
appropriate dilution (Table 2-2) and applied to the blot for at least 90 minutes
at RT. The blot was washed 3 times for 10 minutes with 1X T-TBS. For antibody
validation and profiles, see Appendix 8.2.3.10.
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Primary antibody Dilution Secondary antibody Dilution
Mouse monoclonal anti-actin (Sigma-Aldrich, 1:200,000 Goat anti-mouse IgG HRP-linked antibody 1:5000
UK; #A5441) (Abcam, UK; #ab205719)
Rabbit polyclonal anti-CuZnSOD (Enzo Life 1:2000 Goat anti-rabbit IgG HRP-linked antibody 1:5000
Sciences, US; #ADI-SOD1-100) (Abcam, UK; #ab6721)
Mouse monoclonal anti-flotillin-1 (BD 1:2000 Goat anti-mouse 1gG HRP-linked antibody 1:5000
Transduction Laboratories, USA; #610821) (Abcam, UK; #ab205719)
Goat polyclonal anti-GFP (Abcam, UK; #ab6673) 1:2000,  Mouse anti-goat IgG HRP-linked antibody 1:10,000
1:5000 or (Abcam, UK; #ab157532) or rabbit anti-sheep or 1:5000
1:25,000 IgG HRP-linked antibody (Abcam, UK; #ab6747)
Rabbit polyclonal anti-HSP70 (Cell Signalling 1:2000 Goat anti-rabbit IgG HRP-linked antibody (Cell  1:5000
Technology, US; #4876) Signalling Technology, US; #7074)
Rabbit polyclonal anti-LC3 (Cell Signalling 1:1000 Goat anti-rabbit IgG HRP-linked antibody 1:5000
Technology, US; #2775) (Abcam, UK; #ab6721) or donkey anti-rabbit IgG
HRP-linked antibody (Abcam, UK; #ab205722)
Rabbit polyclonal anti-ubiquitin (DAKO, US; 1:500 or  Goat anti-rabbit IgG HRP-linked antibody (Cell 1:5000
#720458) 1:2000 Signalling Technology, US; #7074) or Goat anti-
rabbit IgG HRP-linked antibody (Abcam, UK;
#ab6721)
Rabbit polyclonal anti-glial fibrillary acidic 1:10,000 Goat anti-rabbit IgG HRP-linked antibody 1:5000
protein (DAKO, US; #Z0334) (Abcam, UK; #ab6721)
Rabbit polyclonal anti-lactate dehydrogenase  1:5000 Goat anti-rabbit IgG HRP-linked antibody (Cell  1:5000
(Abcam, UK; #ab130923) Signalling Technology, US; #7074)
Mouse monoclonal anti-human neurone specific 1:2000 Goat anti-mouse 1gG HRP-linked antibody 1:5000
enolase (Agilent Dako, US; #M087301-2) (Abcam, UK; #ab205719)
Rabbit polyclonal anti-proteolipid protein 1:20,000 Goat anti-rabbit IgG HRP-linked antibody 1:10,000
(gifted by Prof. N.P. Groome) (Abcam, UK; #ab6721)
Mouse monoclonal anti-vimentin (Sigma-Adrich, 1:5000 Goat anti-mouse 1gG HRP-linked antibody 1:5000

UK; #V6630)

(Abcam, UK; #ab205719)

Shown in the table are the sources and dilutions of primary antibodies used for WB. The relevant
secondary antibodies follow the primary antibody. Their source and dilution are also noted.

Generally, monoclonal antibodies bind to one specific epitope of a protein,

however this reduces sensitivity, while polyclonal antibodies bind to several

epitopes in a protein so are more sensitive, however less specific. Secondary

antibodies are raised against the immunoglobulin constant region of the primary

antibody in a separate species. Secondary antibodies can be tagged with HRP, to

allow visualisation of the protein by enhanced chemiluminescence (ECL) (GE

Healthcare Bio-Sciences AB, 2018).
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2.4.7.3 ECL and signal quantification

Pierce™ ECL substrate (Thermo Scientific, UK) was used to visualise proteins
tagged with HRP-linked antibodies. The blot was thoroughly coated with a
working solution of ECL substrate (Detection Reagents 1 and 2 combined at a 1:1
ratio) for approximately 1 minute. Excess solution was removed before the blot
was wrapped in clear plastic wrap and sealed. Membranes were exposed to x-ray
film (GE Healthcare, UK or Thermo Fisher, UK) for varying time periods then
processed in an x-ray processor. X-ray films were scanned (Epson Perfection
V300 Photo scanner) and ImageJ (v1.52a, (Rasband, 1997)) was used to quantify
the intensity of each band (Appendix 8.2.4.1 for workflow).

The ECL substrate contains luminol peroxide, which is oxidised to luminol, a
process catalysed by HRP. This reaction results in the emission of light (428 nm)
which is enhanced by other chemicals in the ECL reagents. The intensity of the
light emitted is dependent on the number of enzyme molecules reacting, which
is proportional to the amount of antibody and thus, protein present (GE
Healthcare Bio-Sciences AB, 2018).

2.4.8 Proteomic analysis

After extraction of proteins (Section 2.4.2), samples were taken to Glasgow
Polyomics (GP; https://www.polyomics.gla.ac.uk/proteomics.html) for nanoflow
HPLC electrospray tandem mass spectrometry (nLC-ESI-MS/MS) analysis.

Standard procedures were used by GP and are described in Chapter 6.

2.5 Analysis of nucleic acids

2.5.1 Sample preparation
2.5.1.1 RNA extraction from in vitro and ex vivo samples

RNA was extracted from cells and spinal cord tissue using TRIzol™Reagent

(Invitrogen, UK). The methods were slightly different for cells and tissue but
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were derived from the manufacturer’s protocol. Details of RNA extraction from

cells are found in Section 5.3.4 and from tissue, in Section 6.3.2.2.

Briefly, for RNA extraction from cells, media was removed then TRIzol™ Reagent
was applied to lyse cells and a pipette was used to homogenise the sample
before it was collected. For tissues, TRIzol™ was added to approximately 50 mg
of powdered spinal cord, then samples were homogenised using a ball mill
(Retsch Mixer Mill MM 400, Germany). As spinal cord has a high proportion of
lipids, samples were centrifuged and the SNs were used for the rest of the

procedure.

RNA, DNA and proteins in the cell and tissue samples were separated after the
addition of chloroform, then, after an incubation period and centrifugation step,
the top aqueous layer containing RNA was collected. Glycogen (1 mg/ml) was
added to samples as a carrier to ensure the optimal quantity of RNA was
isolated. RNA was precipitated using isopropanol and washed with 75% ethanol.
These stages were accompanied by short incubation and centrifugation steps.
The RNA pellet was resuspended in RNAse free water then samples were stored
at -20°C until required. RNA was quantified and quality checked (section 2.5.2)
before RNA integrity (Section 2.5.2) was analysed and cDNA generated (section
0).

2.5.1.2 Extraction of genomic DNA from ex vivo samples

Genomic DNA (gDNA) was extracted from whole blood samples using the
DNeasy™Blood and Tissue Kit (Qiagen, Germany) as per manufacturer’s
instructions. Details can be found in Section 6.3.2.1 but briefly, blood samples
were lysed by proteinase K, then a buffer containing high concentrations of salt
was added to ensure DNA in the sample specifically adsorbed onto the DNeasy
silica membrane during centrifugation. Contaminants and enzymes in the sample
were removed from the sample as they do not bind to the membrane and were
washed out with various buffers and further centrifugation steps. DNA was

ultimately eluted from the membrane, quantified and quality checked.
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2.5.2 Quantification and quality assessment of nucleic acids

RNA was quantified using the Nucleic Acid RNA-40 program (ND-1000, V3.1.2)
and DNA was quantified using the Nucleic Acid DNA-50 program with the
NanoDrop 1000 Spectrophotometer (Thermo Scientific, UK; Nanodrop). The
NanoDrop passes light through the sample to assess absorbance and calculates
the concentration of nucleic acid using a modified version of the Beer-Lambert
equation (Thermo Fisher Scientific Inc., 2010). The NanoDrop was also used to
assess nucleic acid purity by recording the 260/280 ratio. This is calculated by
expressing the absorbance of the sample at 260 nm and 280 nm as a ratio. An
RNA or DNA sample is considered pure if the ratio is around 2.0 or 1.8
respectively. Deviations from these ratios suggest samples may be contaminated
with protein or phenol from extraction for example (Thermo Fisher Scientific
Inc., 2010).

To analyse the integrity of RNA, samples were prepared by calculating the
volume of sample required for 500 ng (tissue derived RNA) or 1000 ng (cell
derived) of RNA. Samples were combined with loading buffer (New England
BioLabs, USA) and separated on a 1.5% agarose gel (UltraPure™ Agarose,
Invitrogen, UK) with 1X Tris-acetate-EDTA (TAE; Thermo Scientific, UK) and 1X
SYBR Safe DNA stain (Invitrogen, UK). A 100 bp DNA ladder (Appendix 8.2.2.1)
was also loaded so the size of the products could be assessed. Gels were run at
70 V for 40 minutes and bands were visualised using ultraviolet (UV) light
(GeneFlash, Syngene, UK). Here, RNA (and DNA) bands are separated based on

size.
2.5.3 Generation of cDNA from RNA

cDNA was generated based on the methods described in SuperScript™ IV (SSIV)
First Strand Synthesis System (Invitrogen, UK) and SuperScript™ Il (SSlll) Reverse
Transcriptase (Invitrogen, UK). For generation of cDNA, the final reaction
volume was 20 ul and concentrations of reagents at all steps relate to this
volume. The first part of the reaction (13 pl) contained template RNA (1 mg
final), random hexamers (2.5 ng/pl), dNTP mix (0.05 mM; Promega, US) and PCR

water. The volume of RNA and PCR water was the same within each set of
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samples but varied between preparations due to the concentration of RNA
extracted. Samples were mixed with a pipette tip and heated at 65°C for 5
minutes to denature RNA, then cooled rapidly to allow random hexamers to
anneal to RNA by incubating on ice for 10 minutes. In the second step of the
reaction, a master mix containing 1X SSIII™ First-Strand Buffer or SSIV™™ buffer,
DTT (5 mM DTT), RNAseOUT (2 U/pl) and SSIII™ or SSIV™™ reverse transcriptase
(200 U/pl) was added to make the final volume of 20 pl. Samples underwent
several incubation periods to allow reverse transcriptase to bind to primers and
to synthesise cDNA using the nucleotides present (dNTPs). These steps varied
slightly depending on the kit used and are detailed in Chapter 5. The reaction
was stopped by high temperature incubation to inhibit the RT enzymes, then
cDNA was resuspended in MQ water. Most samples were resuspended in 230 pl,
but samples with reduced starting RNA were resuspended in less. The quantity
and purity of the resultant cDNA was recorded using the NanoDrop as per section
2.5.2.

Table 2-3: Incubation steps in generation of cDNA using SSII™ and SSIVT™™,

Step SSIII™ conditions SSIV™ conditions
Binding of reverse transcriptase 25°C for 5 minutes 23°C for 10 minutes
to primers

Synthesis of cDNA 50°C for 45 minutes 50°C for 10 minutes
Termination of reaction 70°C for 15 minutes 80°C for 10 minutes

Comparison of the temperatures and times used for each step using SSII™ or SSIVT™,
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2.5.4 Polymerase chain reaction

For RNA derived cDNA (cells and tissue), cellular clearance and toxicity pathways
were analysed while a specific Sod1 region was amplified from gDNA. Each
sample represented a different reaction and each reaction contained REDTaq™
ReadyMix™ PCR Reaction Mix (Sigma-Aldrich, UK), forward and reverse primers (5
pmol per reaction). Samples were added to a thermocycler and different cycle
parameters were used depending on the primer pairs. Only the blueprint for the
RT-PCR reaction will be described here; details for cellular cDNA (Section 5.3.4),
tissue cDNA (Section 6.3.2.4) and gDNA (Section 6.3.2.2) are found in the

respective sections.

The final reaction volume for all PCRs was 25 pl, 50% of which was Ready Mix™
REDTag® reaction mix with mgcl; (Sigma, UK) and 10% consisted of 1 mg of SK-N-
SH cDNA or 500 ng of tissue cDNA or 100 ng gDNA. Rumpshaker (rsh) mouse RNA
was used as a positive control when investigating cellular pathways as many of
the associated pathways, including ER stress, were reported to be induced
previously in Mark McLaughlin’s (MM) laboratory (McLaughlin et al., 2007). For
Sod1 PCRs, previously tested gDNA were included as positive controls. MQ water

included as a negative control in every reaction.

Each reaction contained 2 to 4 pmol of each primer (0.5 pl; Table 2-4) and were
made up to the final volume with PCR water. All primers (Table 2-4), except
Sod1, were made using murine sequences but BLAST searches against human and
canine sequences were conducted to ensure compatibility with study samples.
Primers were characterised before use on cellular cDNA (Section 8.3.1.3) and
tissue cDNA (Section 8.3.2). Sod1 primers were developed from canine
sequences and were only used on canine tissue (Section 6.3.2.2). GAPDH was
used as the housekeeping primer for SK-N-SH studies while cyclophilin (Cyc) was

used for tissue studies due to compatibility of primers and samples.
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Table 2-4: List of primers used in this study.

Gene Accession no. Sequence Product size
(bps)
ATF3 BC064799.1 F: 5-CAA CAT CCA GGC CAG GTCT-3' 532
R: 5-CTC TGC AAC GTT CCTTCT TTT-3'

Bel2 NM_177410.3 F: 5-CTG GCA TCT TCT CCT TCC AGC-3" 446
R: 5-ACC TAC CCAGCC TCC GTT ATC-3'

BiP NM_001163434.1 and NM_022310.3 F: 5-CTG GGT ACATTT GAT CTG ACT GG-3' 398
R: 5-GCATCC TGG TGG CTT TCC AGC CAT TC-3'

CHOP X67083.1 F: 5-CAT ACA CCA CCACAC CTG AAA G-3 356
R: 5-CCGTTT CCT AGT TCTTCC TTG C-3°

Cyc* NM_008907 F: 5-ACC CCA CCG TGT TCT TCG AC-3° 300
R: 5-CAT TTG CCATGG ACA AGA TG-3'

GAPDH NM_001289726.2, NM_008084.4, F: 5-CCATGG AGA AGG CTG GGG-3' 195
NM_001411840.1, NM_001411841.1, R: 5-CAA AGT TGT CAT GGA TGA CC-3’
NM_001411842.1, NM_001411843.1,
NM_001411844.1 and NM_001411845.1
XBP1 NM_013842.3 (XBP1u) And F: 5-AAA CAG AGT AGC AGC TCA GAC TGC-3' XBP1u: 480;
NM_001271730.1 (XBP1s) R: 5-TCC TTC TGG GTA GAC CTC TGG GA-3’ XBP1s: 454
Sod1 NC_006613.3 F: 5-GCCTGT TGT GGT ATC AGG AAC CA-3' 236

R: 5-AGA GTC AAA AAC CGG C TT TGT GGA-3°

Listed in the table are the details for each primer pair used in this study written from 5" to 3'. F=
forward, R=reverse. The primer pairs underlined were used only for tissue studies and GAPDH
(in bold) was only used for in vitro studies. *Cyc also known as peptidylprolyl isomerase A. All
primers from Eurofins, Germany. BiP, GAPDH and XBP1 primers target multiple transcript
variants. BiP and GAPDH variants are the same size.

Samples were loaded into a T Personal thermocycler (Biometra, Germany) so
specific DNA could be amplified. The PCR cycles for cDNA and gDNA were
moderately different and are shown in Figure 2-2. PCR products of RNA origin
were separated in 2% agarose gels (UltraPure™ Agarose, Invitrogen, UK) with 1X
TAE and 1X SYBR Safe DNA stain while PCR products of gDNA origin were
separated in 2.5% agarose gels (UltraPure™ Agarose) with 1X Tris-borate-EDTA
(1X TBE; Thermo Scientific, UK) and 1X SYBR Safe DNA stain. A 100 bp DNA
ladder (Appendix 8.2.2.1) was also loaded so the size of the products could be
assessed. Gels were run at 70 V for 30 to 40 minutes and visualised with UV light

(GeneFlash, Syngene, UK).
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A) cDNA cycle B) gDNA cycle C) Step function
95". c 94[). c DNA denaturation
5 mins 5 mins
95° C 94° C
1 min \ 1 min \
55° _C Repe_ated 31 58° _C Repeatgd 35 Primers anneal to DNA
1 min times 1 min to 40 times
72° C J 72° C J DNA strands extend
1 min 1 min
72° C 72° C
5 mins 10 mins
4° C 4° C Reaction complete

Figure 2-2: PCR thermocycler cycles for RT-PCR of cDNA and gDNA. The flowcharts above
depict the cycles used to amplify cDNA (A) and gDNA (B) using a thermocycler. Each step has a
specific role shown in C). To summarise, double stranded cDNA is heated to 94 or 95°C to
separate it into two single strands of DNA and denatured, then rapidly cooled to 55 or 58°C to
allow primers to bind. Samples are heated again to 72°C so the enzyme Taq polymerase can bind
to the primers and extend the DNA strand using nucleotides present in the REDTaq.

2.5.5 PCR product purification

PCR products were purified using the QIAquick™ PCR Purification Kit (Qiagen,
Germany) as per manufacturer’s instructions when restriction fragment length
polymorphism (RFLP) was required downstream. A buffer containing guanidine
hydrochloride and isopropanol from the kit was added to PCR products and
transferred into QlAquick columns that contain a silica membrane. The PCR
products adsorb to the membrane when the tubes are subsequently centrifuged
at 16,100 xg for 1 minute. This step allows the removal of primers and other
contaminants, so the PCR products are purified. The PCR products were then
washed with a buffer containing absolute ethanol and centrifuged at 16,100 xg
for 1 minute. The column was spun again to remove residual buffer before an
elution buffer (containing 10 mM Tris-hydrochloride (Tris-HCL), pH 8.5) was

added and the columns centrifuged at 16,100 xg for 1 minute to elute the



86

purified PCR products from the spin column membrane. The NanoDrop was used

to quantify the concentration as described previously.

2.5.6 Restriction Fragment Length Polymorphism (RFLP) reaction

RFLP reactions were used in cell and tissue derived purified PCR products. Only
the Pst1-HF RFLP reaction will be described here but details for RFLP conducted
on gDNA derived PCR products, which follows similar methodological principles,

are found in Section 6.3.2.2.

When a cell is under ER stress, XBP1 is spliced and starts the UPR cascade. To
investigate induction of the UPR, the enzyme Pst1 can be used to cut XBP1
(McLaughlin et al., 2007). If XBP1 is not activated, it will not be spliced and will
be digested by Pst1. If XBP1 is activated because of ER stress, it will be spliced
and remain undigested. This can be visualised when digested products are
electrophoresed on a gel as there will be two or three bands present if unspliced
(XBP1u) and only one intense band when spliced (XBP1s). XBP1 RFLP was carried
out using purified XBP1 PCR products and the Pst1-HF enzyme. The purified
products were made to a concentration of 150 ng in 10 pl of MQ, then 10 pl of a
master mix containing 1X rCutSmart™ Buffer (10X; New England BioLabs, UK)
and Pst1-HF (20 U/pl; New England BioLabs, UK) made in MQ was added.
Samples were incubated at 37°C for 15 minutes, then transferred onto ice. After
adding 1X Loading buffer blue (6X; New England BioLabs, UK) to samples, they
were loaded onto 2% agarose gels (Pulse Field Certified, Ultra Pure DNA Grade
Agarose, BioRad, UK) with 1X TBE and 1X SYBR Safe DNA stain. A 100 bp DNA
ladder (Appendix 8.2.2.1) was also loaded so the size of the products could be
assessed. Gels were run at 70 V for 30 to 40 minutes and visualised with UV light

(GeneFlash, Syngene, UK).
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2.6 Statistical analysis

Most graphical and statistical analyses were carried out using GraphPad Prism 9
software (version 9). For proteomics data, Proteome Discoverer (version 2.4;
Thermo Fisher Scientific, UK) was used. Data were plotted in graphs with the
mean and standard deviation (SD) to give an indication of the variability of
measurements around the mean. In cases where tables were used to summarise
data, SD was calculated in Excel (Version 2306; Microsoft, USA) using the
STDEV.S() formula. Standard error of the mean (SEM) was calculated for cell and

aggregate counts in Excel using the following formula where o represents SD:

SEM = \% SEM was presented as mean + SEM and was used to show the

uncertainty in the estimate of the mean based on all observations within each

group.

The Royston Shapiro-Wilk test was used to assess the distribution of residuals so
the appropriate parametric or non-parametric test could be used. The specific

tests are described in each chapter.
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3 Optimisation of in vitro methods used for

investigating SOD1

3.1 Background

WT and mutant SOD1 have been studied in many cell lines including the
embryonic kidney cell line HEK293A, the hybrid murine MN like cell line NSC-34,
the murine brain neuroblast Neuro2a cell line, the human neuroblastoma SK-N-
SH cell line and subline SH-SY5Y. In these studies, SOD1 has been tagged with
various constructs including the FLAG-tag, yellow fluorescent protein, green
fluorescent protein (GFP) and Cherry (Crisp et al., 2013; Draper et al., 2020;
Nakamae et al., 2015; Qi et al., 2019; Wakayama et al., 2022). In DM cell
culture models, Sod1 mutations result in a fairly low number of aggregates, with
only 10-20% of transfected or transduced cells containing SOD1 aggregates 48
hours after transduction/transfection (Crisp et al., 2013; Draper et al., 2020).
The addition of fluorescent tags allows the biochemical properties of SOD1,
including aggregation, to be assessed under different conditions. In this chapter,

conditions were altered to investigate different cellular pathways and processes.

As discussed extensively in Chapter 1 (Section 1.4, Figure 1-1), multiple
pathways have been attributed to the generation of DM and ALS. Autophagy and
the ubiquitin proteasome system (UPS) are the main clearance pathways for
misfolded or defective proteins. Autophagy involves the formation of a
membrane around waste components in a cell to form a vesicle (autophagosome)
which fuses with lysosomes to be digested (autolysosome). As previously
discussed (Section 0), LC3BI is converted to LC3BIl when autophagy is induced.
LC3BIl is incorporated into the autophagosome membrane that forms around
debris to be digested by lysosomes in cells. To complete autophagy, lysosomes
and autophagosomes fuse to form autolysosomes and, if the conditions are
correct, the autolysosome and its contents will be digested (Ogawa et al., 2015;
Renna et al., 2010; Xu, Camfield and Gorski, 2018). Chloroquine (CQ) is a
chemical agent used to inhibit autophagy in cell culture by changing the
autolysosome pH which inhibits digestion (Schrezenmeier and Dorner, 2020).

Conversely, autophagy can be induced by nutrient starvation so endogenous
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components/nutrients can be recycled (Xu, Camfield and Gorski, 2018). LC3 is
the only mammalian protein currently known to be specifically associated with
the autophagosome membrane (Renna et al., 2010) and can be used as a marker

of the autophagosome and autolysosome (Ogawa et al., 2015).

When proteins misfold they can be degraded by proteasomes (Hetz, 2012).
Ubiquitin is a chaperone protein that binds to misfolded proteins and transports
them to the proteasome for digestion. Other chaperone proteins, including
HSP70, have been implicated in both the UPS and autophagy to aid protein
folding and degradation. The specific interactions between HSP70 and other
chaperones determine the outcome for bound proteins. In some studies, HSP70
has been implicated in the inhibition of apoptosis (Fernandez-Fernandez et al.,
2017). As ubiquitin is essential for the UPS and HSP70 can direct proteins to the
UPS, both proteins can be utilised as markers of proteasome function. MG132
can be used as a proteasome inhibitor as it binds to subunits within the 205

proteasome unit of the 26S proteasome (Guo and Peng, 2013).

Accumulation of misfolded proteins in the endoplasmic reticulum (ER) leads to
ER stress and a cascade called the unfolded protein response (UPR) is activated
for cell adaptation or death by apoptosis (Hetz, 2012). Dithiothreitol (DTT) is a
reducing agent and non-specific ER stress inducer. It induces stress by preventing
the formation of disulphide (cysteine to cysteine) bonds within proteins
(Oslowski and Urano, 2011). There are several specific markers that will be
discussed in Chapter 5, but for this chapter, cellular morphology and viability
were the main indicators of ER stress induction. The most important
morphological features were the loss of extended processes and overall rounding
of cells, and the fragmentation of nuclei (karyorrhexis). These features indicate

apoptotic processes are taking place (Elmore, 2007).
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3.2 Aims

The overall aim of this chapter was to optimise the methods used throughout

this thesis. Several smaller aims were generated as follows:

1. Optimise the cellular expression of WT- and DM-SOD1-EGFP plasmid
constructs in the SK-N-SH cell line.

2. Scrutinise manual and automatic cell counting methods to ensure the
most accurate evaluation of total cell and transfected cell counts of
cultured SK-N-SH cells and assess their potential to count intracellular
WT- and DM-SOD1-EGFP aggregates.

3. Examine if the presence or absence of exosomes in foetal bovine serum
(FBS) affects WT- or DM-SOD1-EGFP aggregation within SK-N-SH cells or
their transport between cells in culture.

4. Determine the optimal dose of DTT required to induce ER stress in non-
transfected (NT), WT- or DM-SOD1-EGFP transfected SK-N-SH cells.

5. Establish the optimal dose of CQ required to inhibit the autophagy
pathway in NT, WT- and DM-SOD1-EGFP transfected SK-N-SH cells.

6. Determine the optimal dose of MG132 required to inhibit the proteasome
in NT, WT- and DM-SOD1-EGFP transfected SK-N-SH cells.

3.3 Materials and Methods

3.3.1 Cell culture and transfection

SK-N-SH cells were cultured and split into 4-well or 6-well plates as appropriate

then transfected with plasmids as described in Section 2.2.

3.3.1.1 Plasmid characterisation

Using Lipofectamine™ 3000, cells were transfected with pGFP, pmaxGFP, pEGFP,
pWT-SOD1-EGFP or pDM-SOD1-EGFP (Table 3-1).
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Table 3-1: Plasmid concentrations for transfection.

Plasmid construct ng/well (4-well) ng/well (6-well)
pGFP 154 308

pEGFP 244 488

pmaxGFP 615 1230
pWT-SOD1-EGFP 300 600
pDM-SOD1-EGFP 300 600

Forty-eight hours after transfection, 4-well plates were fixed and DAPI stained
(Section 2.3.3) and cells in the 6-well plates were lysed (Section 2.4.1). Protein
was quantified (Section 2.4.3), then 10 pug of protein was electrophoresed and
processed for WB (Section 2.4.7). CuZnSOD, GFP and actin antibodies were used
to probe blots and bands were quantified. A native NBT stained gel was also

carried out with 10 pg of protein (Section 2.4.5.2 and 2.4.6.3).

3.3.1.2 Manual versus automatic cell counting

Different parameters were tested to facilitate automatic counting of DAPI nuclei
and SOD1-EGFP transfected cells. Coverslips contained cells transfected with
WT- or DM-SOD1-EGFP, with or without the reducing agent DTT (described
further in Chapter 5). Three fields were randomly captured at 200X
magnification within each coverslip for three different preparations (n= 3). Using
8-bit images in Image J, the threshold was changed so that the background of
the image was white and the cells were black. This threshold was adjusted to
ensure as many cells were included as possible. Next, the particles were
analysed which required the size and circularity to be set. The size setting
determines what range of particles will be counted and this correlates to cell
size. This had to be set to ignore small, non-cellular particles and include all
cells. The circularity setting determined the shape that would be included. As
cell nuclei and transfected cells have variation in their shape, this was kept
broad. The same settings were used for all total cell counts and for transfected

cell counts. From the same images, nuclei and transfected cells were manually



92

counted using the Cell Counter plugin (De Vos, 2001-2021) for Image J.
Flowcharts for automatic and manual cell counting are found in Appendices
8.2.4.4 and 8.2.4.5.

3.3.1.3 Growth media comparison

To study EVs, EDM must be used before isolation of EVs instead of NGM to ensure
EVs come only from the cells being studied. A comparison of SOD1 aggregation in
WT-SOD1-EGFP or DM-SOD1-EGFP transfected cells grown in NGM or EDM was
carried out to determine if FBS with or without exosomes respectively influences
the development of aggregates. A day after transfection, NGM was refreshed and
cells cultured for six hours to mimic treatment, then the media was replaced
with either NGM or EDM for 18-20 hours. Cells were fixed and DAPI stained as

usual (Section 2.3.3).

3.3.2 Treatment optimisation

3.3.2.1 Determination of optimal DTT dose and treatment duration

The optimal dose of DTT was decided by comparing two doses: 10 mM and 50
mM. Cells were seeded into 6-well plates then left non-transfected (NT) or they
were transfected using WT- or DM-SOD1-EGFP plasmids (Section 2.2.2.2). NT
cells were untreated or treated with 10 mM or 50 mM DTT the day after seeding
for 20 hours. The transfected cells were untreated or treated with 10 mM or 50
mM DTT for 6 hours the day after transfection. After the treatment periods, the
morphology of cells and nuclei was assessed using phase-contrast and
fluorescence microscopy (Section 2.3.4), then cells were lysed as described
previously (Section 2.4.1.3). Protein recovery was determined by carrying out a

BCA protein assay (Section 2.4.3).
3.3.2.2 Determination of optimal CQ dose

To study the effect of different doses of CQ on autophagy, cells were first
transfected with pLC3-GFP (300 ng/pul). Twenty-four hours after transfection,
media was changed to NGM or NGM without FBS. The latter was used to starve

cells which induces autophagy. Additionally, one well of cells from each media
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group was left untreated or was treated with 10 pM or 40 pM CQ (filter
sterilised) for 18 hours. After this, cells were lysed (Section 2.4.1.3) and
processed for WB using 15 g of protein (Section 2.4.7). LC3 antibodies were
used as a marker of autophagy. To assess the distribution of lysosomes and
nuclei within cells treated with CQ, LysoTracker™ Red DND-99 (50 mM;
Invitrogen, UK) and DAPI staining were carried out on cells grown in 4-well plates
(Section 2.3.2 and 2.3.3).

To further study CQ dose, the effect of media changes and seeding densities,
cells were seeded onto a 96-well plate using a serial dilution of 0.125x10* to
2x10% cells/well. One row was left in NGM for five days before cells were washed
and frozen. In another two rows, cells were treated with 10 pM or 40 pM filter
sterilised CQ at day 3 for 24 hours. These two rows and the remaining row had
their media changed from NGM to EDM on day 4, then cells were washed with
PBS and frozen on day 5. Cells were thawed later and 50 pl of lysis buffer was
applied for 30 minutes while the cells were being rocked at 4°C. Samples were
drawn up and down a pipette tip to dislodge cells from the well surface, then
they were collected and processed as normal (Section 2.4.1.3). Proteins were
quantified (Section 2.4.3) then values were plotted against cell density as a

measure of protein recovery.

3.3.2.3 Determination of optimal MG132 dose

Twenty-four hours after cells were seeded onto 4-well or 6-well plates, cells
were treated with 0.5 pM, 1.0 M, 5.0 pM, 10.0 pM and 50.0 pM MG132 made in
DMSO and DMSO alone was added to one well as a control. After a further 24
hours, cells in the 6-well plate were lysed (Section 2.4.1.3), quantified and
processed for WB using 10 ug of protein (Section 2.4.7). Ubiquitin, HSP70 and
actin antibodies were used to probe blots and bands were quantified (Section
2.4.7.3) to produce a concentration-response curve. The 4-well plates were
stained using 50 nM LysoTracker™ Red DND-99 (Section 2.3.2), imaged, fixed and
DAPI stained (Section 2.3.3).
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3.3.3 Statistical analysis

Statistical analysis was performed in GraphPad Prism for the comparison of
manual and automatic cell counts (n= 3) and the comparison of SOD1 aggregates
using different media (n= 4). For other experiments, the number of replicates
were too low to perform statistics (n= 1 or n= 2). After carrying out Royston
Shapiro-Wilk normality tests, a nonparametric test (Kruskal-Wallis with Dunn’s
multiple comparison test) was used for comparison of cell counts and a
parametric test (ordinary one-way ANOVA with Bonferroni’s multiple comparison
test) was used for the comparison of SOD1 aggregates. All graphs were created

using the same software.

3.4 Results

3.4.1 Plasmid characterisation

Fluorescence was not observed in NT cells and only endogenous SOD1 was found
using WB (Figure 3-1). Green fluorescence was observed in the cells transfected
with the three GFP only plasmids and the two SOD1-EGFP plasmids (Figure 3-1A).
GFP was generally well distributed throughout cells of all GFP and SOD1-EGFP
plasmids, but there were also areas with more intense fluorescence which may

indicate the presence of aggregates.

Using an anti-GFP antibody (Figure 3-1B), the protein was observed at ~27 kDa
when cells were transfected with pGFP and pEGFP and ~49 kDa in the cells
transfected with pWT- and pDM-SOD1-EGFP. Further, when samples were probed
for SOD1 (Figure 3-1C), a band was also observed at ~49 kDa in the pWT- and
pDM-SOD1-EGFP CLs, corresponding to the fusion proteins. Endogenous SOD1
(~20 kDa) was observed in all CLs whether they were transfected or not. GFP
protein was not observed in pmaxGFP CLs using the anti-GFP antibody. Both
blots were reprobed with anti-actin to ensure samples were loaded into the gel
equally (Figure 3-1B and C). As a result of using the same blots, SOD1-EGFP left

over from the first probe can also be seen.
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The NBT stained native gel showed endogenous SOD activity was present in NT
and both pWT- and pDM-SOD1-EGFP transfected cells and two additional bands
were found for the fusion proteins (Figure 3-1D). The distribution of the
additional bands were different between the two plasmids as previously
demonstrated by Qi et al. (2019).

maxGFP EGFP WT-SOD1-EGFP DM-SOD1-EGFP
10 um
B) NT 2% GFP EGFP WT DM o NT T2 GEP EGFP WT DM
GFP GFP
kDa kDa
62— 62 — Non-specific
49— < SOD1-EGFP 49 wm o | SOD1-EGFP
' - (~49 kDa) - (-49 kDa)
38 =— oFP 38—
—-— -
28 w— (~27 kDa) 28 =
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17 = 17 —{ S S S (< sop1
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Actin po— e Actin _' sl g PR — |
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Figure 3-1: Characterisation of SOD1 plasmids used in this study. Cells were transfected with
three different GFP plasmids: pmaxGFP, pGFP and pEGFP or one of two fusion proteins: pWT-
SOD1-EGFP or pDM-SOD1-EGFP. A) Images were captured to understand the distribution of the
different plasmids within cells. Scale bar= 10 pm. Proteins were also recovered from cells,
separated in gels and probed with anti-GFP (B), anti-CuZnSOD (C) and anti-actin antibodies. B)
GFP was detected in cells transfected with pGFP and pEGFP while the fusion proteins were
detected in the WT- and DM-SOD1-EGFP cells. pmaxGFP potentially did not produce a protein
with the epitope that is recognised by the goat anti-GFP antibody used in this study. C)
Endogenous SOD was present in all samples while fusion SOD1-EGFP was only found in the
samples from pWT- or pDM-SOD1-EGFP transfected cells. Faint non-specific protein was found in
all samples. The blots shown in B) and C) were reprobed with anti-actin and these are shown at
the bottom of B) and C). In the pWT- and pDM-SOD1-EGFP samples, there is an additional band
at around 49 kDa which corresponds to the fusion proteins. D) pWT- and pDM-SOD1-EGFP can also
be validated using NBT stained native gels which show enzymatic activity. Endogenous SOD was
found in all samples (black arrows). The fusion proteins have distinctive banding: white arrows=
pWT-SOD1-EGFP; grey arrows= pDM-SOD1-EGFP.
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3.4.2 Automatic cell counting was not sufficient

The number of nuclei counted manually and automatically were compared by
expressing the automatic cell counts as a percentage of the manually counted
cells. From this, the percentage increase or decrease (difference) was
calculated to determine how efficient the automatic process was for DAPI
stained nuclei and SOD1-EGFP transfected cells (Figure 3-2). Both total cell and
transfected cell counts failed the Shapiro-Wilk test for normality, so Kruskal-
Wallis with Dunn’s multiple comparison tests were used for each population.
There were significantly more nuclei counted with the automatic method
compared to the manual method for both untreated (p < 0.05) and treated cells
(p < 0.001; Figure 3-2A). There was no difference between the treatment
groups. For the counting of transfected cells, the automatic method resulted in
significantly higher numbers of treated cells compared to the manual method (p
< 0.01), but there was no significant difference between methods for the
untreated cells. There was a significant difference between the treatment

groups (p < 0.01; Figure 3-2B).

The percentage differences were moderately variable for untreated (mean + SD;
5.0 + 7.3%) and treated (8.7 + 9.2%) total cell counts. For transfected cell
counts, the differences were more variable for both groups (untreated -1.2 +
23.1%; treated 30.1 + 40.3%). As a result of these findings, manual cell counting

was used for all other experiments.
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Figure 3-2: Comparison of automatic and manual cell counting. Three fields were used to
count nuclei and transfected cells automatically or manually using the Cell Counter plugin in
Image J in slides transfected with WT- or DM-SOD1-EGFP, with or without DTT. This was repeated
for three preparations. A) Automatically counted cell nuclei were expressed as a percentage of
manually counted cell nuclei then the percentage difference was plotted. B) Automatically
counted transfected cells were expressed as a percentage of manually counted transfected cells
then the percentage difference was plotted. Kruskal-Wallis with Dunn’s multiple comparisons
test was used in both cases. *p < 0.05; **p < 0.01; ***p < 0.001.

3.4.3 Growth media comparison

The transfection efficiency and SOD1 aggregate density were assessed in
transfected cells grown in NGM or EDM using manual counting methods only.
There were no differences in the transfection efficiency of pWT- or pDM-SOD1-
EGFP when cells were grown in NGM or EDM (Figure 3-3A). Natively folded and
aggregated SOD1-EGFP was found in all groups at varying densities (Figure 3-3B).
When using an ordinary one-way ANOVA, there were no significant differences in
the average percentage of aggregation within each plasmid when grown in NGM
or EDM, but there was a significant increase in aggregation of DM-SOD1-EGFP
compared to WT-SOD1-EGFP when cells were grown in NGM (p < 0.05; Figure
3-3C). There were no statistical differences between the fusion proteins when
grown in EDM. Further statistical analysis was carried out to compare
aggregation between genotypes within each media type separately using
unpaired t-tests. It was found that DM-SOD1-EGFP caused significantly more
aggregation compared to WT-SOD1-EGFP when cells were grown in NGM (p <
0.05) and EDM (p < 0.05).
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Figure 3-3: Assessment of pSOD1-EGFP transfected cells in NGM or EDM. WT- and DM-SOD1-
EGFP transfected cells were grown in NGM or EDM to compare transfection efficiency and SOD1
aggregation within each media type (repeated four times). The transfection efficiency was found
by expressing the number of cells transfected with either plasmid as a percentage of the total
number of cells (number of DAPI stained cell nuclei). Results were plotted in graph A). B)
Normally folded and aggregated SOD1 (indicated by white arrowheads) were observed in both
WT- and DM-SOD1-EGFP transfected cells of both media types. Scale bars= 5 pm. The percentage
of transfected cells with SOD1 aggregates were recorded and plotted in graph C). Ordinary one-
way ANOVA with Bonferroni multiple comparisons tests were used to generate statistics in graphs
A) and C). *p < 0.05. += mean.

3.4.4 The optimal dose of DTT is 10 mM

There was noticeable cell loss at 50 mM DTT while 10 mM caused a lower level of
cell loss. When treated with DTT, cells presented with a morphology associated
with apoptosis (rounded cells and karyorrhexis), suggesting cell stress had been
initiated (images not available for this section, examples at 10 mM DTT shown in
Figure 5-7).

The quantity (mg/ml) of protein present (protein recovery) in CLs was used to
determine cell density in untreated and DTT treated cells. NT cells treated for
approximately 20 hours showed that as the dose of DTT increased, protein
recovery decreased, suggesting there was cell loss (Figure 3-4A). In transfected

cells (Figure 3-4B) after six hours of treatment, protein recovery was similar
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between untreated CLs suggesting cell survival was not affected by plasmid
genotype. At 10 mM and 50 mM DTT, there was a slight reduction in WT-SOD1-
EGFP CLs compared to untreated CLs. At 10 mM DTT, DM-SOD1-EGFP CL protein
recovery was similar to untreated CLs but there was a slight reduction at 50 mM
DTT. The biggest reduction in protein recovery for both genotypes appeared to
occur at 50 mM DTT, also suggesting there was more cell loss. As the number of

replicates for this experiment is two, statistical analysis was not available.
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Figure 3-4: Optimisation of dose and duration of DTT treatment. Cells were lysed and a BCA
protein assay carried out to determine protein recovery under the different conditions. As the
duration of treatment was different for non-transfected and transfected cells, protein recovery
was plotted in separate graphs for the groups: non-transfected protein recovery in A) and
transfected protein recovery in B). A) Non-transfected cells were untreated or treated with 10
mM or 50 mM DTT for approximately 20 hours. B) WT- and DM-SOD1-EGFP transfected cells were
untreated or treated with 10 mM or 50 mM DTT for 6 hours. Error bars represent the SD from two
preparations. Individual values are represented by the various shapes.

3.4.5 The optimal dose of CQ is 40 pM

To find the optimal dose of CQ for autophagy inhibition, several studies assessing
cytology and specific or nonspecific protein quantities were carried out. In
cytology, cells were transfected with the autophagosome marker pLC3B-GFP and
grown in NGM with FBS or without FBS (to induce autophagy) before being left
untreated or treated with 10 pM or 40 pM CQ. In untreated cells, LC3B-GFP was
generally well distributed around the cytoplasm with few puncta. In the treated
cells, there was cytoplasmic distribution of LC3B-GFP, but there were more
puncta, and these appeared to be most abundant in the cells treated with 40 pM

CQ. Further, the absence of FBS may have increased the number of puncta
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compared to cells grown with FBS (Figure 3-5A). There were no obvious
differences in cell density between the treatment groups, however no
quantitative assessments were made. The presence of LC3-GFP puncta suggests
autophagosomes/autolysosomes were just forming or were not digested. To
further assess the interaction between autophagosomes and lysosomes, the
distribution of lysosomes was analysed, but only in cells grown in NGM with FBS.
In the untreated cells, lysosomes were generally well distributed throughout the
cells, but as the concentration of CQ was increased, lysosomes appeared to
aggregate or accumulate more as shown by more intense areas of red (Figure
3-5B). DAPI stained nuclei showed the distribution of cells was similar between

each group (Figure 3-5B).

For a quantitative investigation of optimal CQ dose, the same marker protein,
LC3B-GFP, and the endogenous counterpart LC3, were assessed by WB. The CLs
used for WB were the ones transfected with LC3-GFP, described and imaged in
Figure 3-5A. Endogenous LC3BI and LC3BII were visible in most samples at
varying quantities while LC3B-GFP was only found in transfected CLs (Figure
3-5C). Endogenous LC3BIl was quantified, plotted (Figure 3-5D) and compared
between NT and transfected groups because it gave the most robust signal and is
related to the autophagosome membrane. LC3BIl was highest in cells treated
with 40 uM CQ regardless of transfection and FBS status suggesting it was
inhibiting the most autophagy. LC3BIl was highest in the transfected cells across
all three CQ doses compared to NT cells. This is likely to be an effect of
transfecting cells with the fusion protein which may induce autophagy itself,
regardless of the presence or absence of FBS. Finally, LC3BII was generally
higher in the NT and transfected CLs without FBS compared to those with FBS,
except for NT cells given 10 pM CQ. This may reflect more autophagy being
induced as a result of the FBS mitigation which was subsequently being inhibited

because of the presence of CQ.
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Figure 3-5: Autophagy was inhibited by CQ and was visualised in vitro. A) SK-N-SH cells were
transfected with a green LC3-GFP plasmid and untreated or treated with 10 uM or 40 pM CQ. Top
row= cells grown in NGM with FBS; bottom row= cells grown in NGM without FBS. Examples of
LC3-GFP puncta are highlighted (white arrowheads). Scale bar= 5 pm. B) Cells in 4-well plates
were stained with LysoTracker™ to assess the distribution of lysosomes within cells. At 40 uM CQ,
there were multiple aggregates of LysoTracker™ but only one example has been highlighted
(white arrowhead). Cells were fixed and DAPI stained to show nuclei density but LysoTracker™
staining was lost after fixation so DAPI images are not from the same field. Scale bar=5 pm. C)
WBs for NT or LC3-GFP transfected cells shown in A). Top WB= LC3-GFP (-44 kDa); middle blot=
endogenous LC3B | and LC3B Il (~17 kDa) and bottom blot= actin (42 kDa). The autophagosome
membrane associated protein LC3BIl was quantified for each condition and plotted in the graph
in D).

Another experiment analysed the effect of media type and CQ dose on cell
density and protein recovery from NT cells (Figure 3-6). Phase-contrast images
showed that as the CQ concentration is increased, the cell density reduced. At

10 uM CQ, the cells started to become rounded but maintained most processes,
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while at 40 uM CQ, they were clearly rounded, and cells lost processes (Figure
3-6A). The rounded cell morphology is a sign that apoptotic processes were
occurring in cells (Elmore, 2007). Figure 3-6B shows that 10 pM CQ did not have
a great effect on the quantity of protein recovered in CLs at any cell plating
density compared to untreated cells. When 40 pM of CQ was added, there was a
more noticeable reduction in protein recovery compared to all other groups,
especially at 2x10* cells/well. Protein recovery may have been elevated at 2x104
cells/well when cells were grown in EDM as this media replaced the older media
at day 4, replenishing nutrients, while cells grown in NGM only would have

reduced nutrients by the day of harvesting.

A) NGM 10 pM CQ 40 uM CQ
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Figure 3-6: Understanding the effect of CQ at different cell densities. Cells were plated onto a
96-well plate at different densities in duplicate. Different rows received different treatments. A)
The effect of treatment on cell density at 2x10* cells plated/well. Scale bar= 20 pm. B) Graph
showing the protein recovery in different conditions with different plating densities of cells.
Black (circle): NGM throughout the experiment, no changes. Yellow (upside-down triangle):
NGM until day 4, where EDM was applied. Red (square): grown in NGM until day 4 where EDM
was applied, also treated with 10 uM CQ on day 3. Blue (up-right triangle): grown in NGM until

day 4 where EDM was applied, also treated with 40 pM CQ on day 3. Experiments for this section
were carried out once (n=1).

It was concluded that 40 uM of CQ was the optimal dose and so was used for
further experiments.
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3.4.6 The optimal dose of MG132 is 5 pM

WB and cytology were used to assess the concentration-response effect of the
proteasome inhibiter MG132. The cell density of different doses of MG132 was
assessed (Figure 3-7A) and it was determined that as the dose increased, the cell
density decreased. Additionally, the cells became more rounded, suggesting

apoptosis had been initiated.

The cells shown in Figure 3-7A were harvested, and blots were probed for two
markers associated with the UPS: ubiquitin and HSP70. Protein analysis showed
that treatment at a low concentration, 0.5 pM, MG132 induced a marked
increase in HSP70 and ubiquitin (Figure 3-7B). Concentration-response curves
indicated 5 pM MG132 was the optimal dose (Figure 3-7C and D).

Lysosomes were also investigated at different concentrations of MG132 using
LysoTracker™ (Figure 3-7). Generally, the lysosomes became less distributed
around cells as the dose was increased and they started to accumulate and
aggregate. There was also a reduced signal at higher doses which may reflect

cell loss.
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Figure 3-7: MG132 dose optimisation. A) Images captured from 6-well plate before harvesting
cells for protein analysis by WB. Scale bar= 20 um. B) WBs probed with Ubiquitin (Ubi.), HSP70
and actin antibodies. A NT control CL from a previous experiment was included to compare with
the DMSO control. Bands in the WBs were quantified then values for ubiquitin and HSP70 were
expressed as a percentage of actin and plotted to produce concentration-response curves for
ubiquitin (C) and HSP70 (D). Both graphs use a logarithmic scale (log10) for dose. As 0O is
undefined on a logarithmic scale, a low value (0.025) was used so the response with ubiquitin
with no MG132 could be plotted (C). For D), the DMSO control was not plotted as there was no
quantifiable band for HSP70. E) Cells in 4-well plates were stained with LysoTracker™ to assess
the distribution of lysosomes within cells after treatment with MG132. Aggregates of
LysoTracker™ developed when MG132 was added and numbers varied between doses. One
example of an aggregate has been highlighted (white arrowhead) in each image so they are not
obscured. Cells were fixed and DAPI stained to show nuclei but LysoTracker™ staining was lost so
the DAPI images are not from the same fields. The DAPI stained nuclei give an indication of cell
density. Scale bar= 10 pm.
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3.5 Discussion

3.5.1 Manual cell counting was selected for future work

To reduce personal bias when selecting the images for cell and SOD1-EGFP
aggregate counting, three random fields were selected using the DAPI channel, a
method that has been reported by others (Tanaka et al., 2021), so fields were
not chosen based on the number of SOD1-EGFP aggregates. An automated cell
counting method was assessed to further minimise personal bias in counting
SOD1 aggregates and ensure consistency in total counts, however the first trial
showed there was considerable variation of the counts compared to manual
measurements. There were a few potential reasons for this, and in some
instances, it could be linked to the presence or absence of DTT. The automated
counter struggled to separate clusters of nuclei and would underestimate the
number present. In cells treated with DTT, nuclei became fragmented
(karyorrhexis) and resulted in small particles being formed which may have been
missed or counted individually by the automated system. For transfected cells, it
was difficult to set the threshold to a level that would count the number of
transfected cells visible: adjusting the threshold would often show more cells
than were visible to the naked eye. Additionally, when DTT was added, the
cytoplasm could display a fragmented or blebbed appearance which caused
problems for the automated system. It is important to ensure total and
transfected counts are accurate so transfection efficiency and the percentage of

cells with SOD1 aggregates can be calculated accurately.

Further adjustments were made to the method to improve accuracy of
measurements and included the use of Watershed and Despeckle functions.
These functions attempt to separate particles (cells) based on the distribution of
pixels and reduce the number of small, non-cell particles respectively.
Unfortunately, due to time constraints, it was decided to abandon the automatic
method and utilise manual counting to ensure counts reflected the true values.
There is value in streamlining the automated counting method in the future,
particularly for transfected cells, as it would improve the consistency in
transfected cells being counted. Manually, this can be difficult as transfected

cell fluorescence often has different intensities within one field. Further, using
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the automated method was trialled for counting SOD1 aggregates, but this was
particularly sensitive to the difference in fluorescence intensity. Another
observation made in the trial was that at 200X magnification, it was difficult to
find enough SOD1 aggregates within each field to generate meaningful
conclusions. As a result of this, images were captured randomly at 100X

magnification for all future studies.

3.5.2 GFP fusion proteins may influence cellular processes

3.5.2.1 General GFP fusion protein characteristics

It is possible that the addition of the (E)GFP tags to LC3B or SOD1 could affect
the biochemical properties of the tagged protein, potentially because of their
relatively large size. Several studies have suggested that the fusion protein does
not significantly affect SOD1 aggregation or activity compared to the endogenous
form (Draper et al., 2020; Qi et al., 2019). The results from this chapter
however suggest that the larger fusion protein may influence the cellular
response to some treatments. When cells were transfected with pLC3B-GFP,
LC3BII levels were consistently higher regardless of CQ dose or the
presence/absence of FBS compared to NT cells. This may indicate that the
addition of the large fusion protein induces autophagy which is then inhibited by
CQ. It is also possible that the use of Lipofectamine™ 3000 in the transfection
procedure could influence the stimulation of cellular pathways, potentially

increasing the effect of drugs compared to the effect seen in NT cells.

3.5.2.2 Activity profiles of WT- and DM-SOD1-EGFP fusion proteins are
different

Using the in-gel activity assay, the activity profiles of WT- and DM-SOD1-EGFP
fusion proteins differed from each other and from endogenous SOD1 as
previously reported by Qi et al. (2019). The presence of activity suggested the
covalent link between the fluorescent GFP-tag and mutant protein did not
significantly change the SOD1 activity and Qi et al. (2019) hypothesised the
banding pattern was due to the presence of SOD1 heteromers. Mutant SOD1 is
less negative than WT SOD1 (Kimura et al., 2020) so the difference in the
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migration of the fusion protein bands could reflect this. In non-native WBs, NT,
WT- and DM-SOD1-EGFP were present at the same molecular weight when
probed with anti-CuZnSOD (Figure 3-1C) indicating that when denatured, they all

migrate similarly.

3.5.2.3 Aggregation density of WT- and DM-SOD1-EGFP fusion proteins are
different

The number of SOD1-EGFP aggregates was compared between WT- and DM-SOD1-
EGFP transfected cells. More aggregates were present in the cells transfected
with pDM-SOD1-EGFP compared to pWT-SOD1-EGFP which is consistent with
previous reports (Crisp et al., 2013; Draper et al., 2020; Nakamae et al., 2015;
Qi et al., 2019; Wakayama et al., 2022). SOD1 aggregation was present in WT-
SOD1-EGFP cells as misfolding of proteins can occur in any cell. Factors that

influence the misfolding of SOD1 will be investigated in Chapter 5.

In the current experiment, SOD1-EGFP aggregation in different culture mediums
was investigated. There was a significant increase in DM-SOD1-EGFP aggregation
compared to WT-SOD1-EGFP when grown in NGM (FBS containing endogenous
exosomes; p < 0.05) but the difference in means for those grown in EDM
(exosome depleted FBS) did not reach statistical significance. A potential reason
for the difference in significance may be because of the depletion of exosomes
in the FBS used to make EDM. EDM is essential when investigating EVs in cell
culture so that endogenous exosomes found in FBS do not interfere with
measurements. Results suggest that replacing NGM with EDM reduces the
severity of SOD1 aggregation within cells. This would imply that EVs (specifically
exosomes) may contribute to the spread of SOD1, a phenomenon that will be
investigated further in Chapters 4 and 5 of this thesis. Only four replicates were
completed in this study but using a larger sample size in the future may allow
the use of more robust statistical tests which could demonstrate differences in

both media types.
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3.5.3 DTT dose and treatment duration affect cell survival

To assess the optimal dose and duration of treatment with DTT required to
induce general ER stress, cell viability and total protein recovery in CLs were
investigated. Treatment with 10 mM or 50 mM DTT for 20 hours caused a marked
reduction in cell survival and the overall quantity of protein recovered from CLs
so treatment duration was reduced. Treatment with 50 mM DTT for 6 hours
continued to cause a marked reduction in cell density and protein recovery
compared to treatment with 10 mM DTT. These observations suggest treatment
with 10 mM DTT for 6 hours ensures there are enough cells to be assessed by
cytology and protein studies, thus this dose was used for future experiments.
Only cell morphology was used to assess cell death mechanisms after DTT
treatment in the current study, however assays, for example MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assays or TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labelling) assays, would
have been more accurate to determine cell viability and conclude if apoptosis

was present.

3.5.4 Components of autophagy accumulate within CQ treated

cells

To assess CQ as an inhibitor of autophagy, cytology was used to monitor two
components involved in the process: LC3B and lysosomes. Both LC3B-GFP puncta
and lysosomes accumulated in cells when 10 pM or 40 pM CQ was added and
there appeared to be more aggregation of the components at 40 pM implying
more autophagosomes and/or autolysosomes were accumulating. At 10 pM, it is
possible that autolysosomes were being digested, reducing the accumulation of
LC3B-GFP and LysoTracker™. These observations generally correlated with the
increase in LC3B-GFP seen in CLs. Endogenous LC3BII also increased as the CQ
dose increased in both transfected and NT cells, further supporting the idea that
more autophagy can reach completion at 10 uM CQ compared to 40 pM CQ. It is
also possible that as autolysosomes accumulated in the presence of 40 uM CQ,
further autophagy was induced, however at 10 pM CQ, the accumulation of
autolysosomes may not have reached a level where the same amount of

autophagy was induced. When nutrients were depleted, there was no obvious
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difference in the puncta development of LC3B-GFP, however LC3BII levels were
potentially higher in cells without FBS compared to those with FBS, although no
statistical tests were carried out. This suggested that when autophagy is
upregulated, there would be an accumulation of autophagosomes, and in the
presence of CQ, there is potentially greater accumulation of autolysosomes as
the process is inhibited at a later stage of autophagy. Often the LC3BII/LC3BI
ratio is used as an indicator of autophagy function as the rate of conversion of
LC3BI to LC3BII and the rate of LC3BII digestion can be determined. In the
current experiment, LC3BI levels were difficult to quantify, so only LC3BII levels
were used. As this part of the study was for optimisation and assessment of CQ
dose, the LC3BII quantity was sufficient to reach a conclusion. For future
experiments, 40 pM CQ was selected because it induced clear increases in LC3B-

GFP puncta and LC3BII suggesting autophagy was sufficiently inhibited.

3.5.5 Components of the UPS accumulate in MG132 treated cells

To determine the optimal dose of MG132 for inhibiting the UPS, cell morphology
and recovery of ubiquitin and HSP70 marker proteins were assessed. When 0.5
MM MG132 was added, there was an increase in rounded cells, a decrease in cells
density and an increase in both ubiquitin and HSP70 proteins when compared to
control cells. As the dose of MG132 was increased, these changes generally
became more marked, except for HSP70. HSP70 increased in cells until they
were treated with 10 pM or 50 pM MG132, where levels reduced. The reduced
HSP70 at 10 yM and 50 pM MG132 may indicate that proteasome function at
these doses is suboptimal, so other pathways may be called upon to degrade
proteins. Ubiquitin increased as the dose increased to 1 uM, then at 50 pM
because there would be increased polyubiquitination of proteins as cells become
more stressed because of treatment, in addition to the enhanced inhibition of
the proteasome. Stress was indicated by marked reduction in cell density and
the rounding of cells. At lower doses, some proteasome function will be
maintained, allowing for a turnover of proteins that reduced presence of cell
stress. Additionally, at lower doses, HSP70 may have inhibited apoptosis
(Fernandez-Fernandez et al., 2017), but at the higher doses of 10 pM and 50 pM
MG132, where HSP70 was reduced, apoptotic mechanisms may have been

promoted. Addition of a TUNEL assay would have allowed investigation of the
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involvement of apoptosis and an MTT assay can determine general cell viability.
Due to time constraints, MTT assays were not carried out. Assessment of
LysoTracker™ also indicated that as the MG132 dose increased, lysosomes
became more aggregated. For these reasons, 5 yM MG132 was selected as the
optimal dose as it ensured cell viability and density were sufficient and stress
was at a level that allowed analysis of other proteins of interest, as opposed to

proteins/blots being saturated by ubiquitin.
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4 Characterisation of extracellular vesicles and

their association with SOD1 in vitro

4.1 Background

EVs are a heterogenous population of particles that can be isolated from cell
culture media using various methods as discussed in Section 1.5. EVs, specifically
exosomes, have been implicated in many neurodegenerative diseases including
ALS and are thought to play a role in disease pathology (Silverman et al., 2019).
It was originally planned to investigate exosomes in this study, however, due to
many technicalities which will be discussed in this chapter, the term EVs had to
be used. As the main aim was to investigate exosomes, isolation techniques and

markers for characterisation were geared towards this specific fraction.

The various EV particles have different sizes and biochemical properties that can
be exploited for isolation and characterisation however there is currently no
method that is able to completely separate the EV subgroups as there is
crossover in some properties including size (Haraszti et al., 2016). The
International Society for Extracellular Vesicles (ISEV) developed, and have since
updated, the guidelines in Minimal Information for Studies of Extracellular
Vesicles (MISEV) to enable standardisation of EV isolation and characterisation
across all EV fields (Théry et al., 2018). Differential ultracentrifugation is the
most utilised method of EV isolation (Théry et al., 2018) and is considered the
gold standard (Momen-Heravi, 2017). The velocities used in differential
ultracentrifugation separate particles by size. Theoretically, larger particles will
be pulled to the bottom of a centrifuge tube at lower velocities and smaller
particles at higher velocities. Ultracentrifugation at a moderate speed, for
example 10,000 xg, is associated with the retrieval of MVs, while centrifugation
at 100,000 xg is associated with small EVs or exosomes (Théry et al., 2018). The
use of a combination of isolation methods can result in purer EV isolations but
comes at a cost of reduced EV material. It has therefore been suggested that
researchers determine the best EV retrieval method based on the volume of

sample they start with, the volume of sample they need for further
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investigations, and to determine what contaminants are essential to remove
(Brennan et al., 2020).

Currently, there is a lack of consensus for markers of specific EV subtypes, so it
is generally encouraged that EVs are described by their size, biochemical
composition and origin (Théry et al., 2018). The main method for
characterisation of EVs in this thesis was Western blot (WB). Components found
in exosomes tend to be of cytoplasmic or plasma membrane origin and they
normally lack most proteins from the nucleus, mitochondria and ER (Gomes et
al., 2007). For this reason, actin, a cytoskeletal protein, was employed as a
marker for EV fraction purity and cellular contamination. Exosomes are enriched
in proteins such as CD9, flotillin-1, programmed cell death 6-interacting protein
(ALIX; also ALG-2-interacting protein X), CD81 and Tumour suppressor gene 101
(TSG101). Additional markers specific for the cells they were produced from are
also used (Chen et al., 2019; Hayashi et al., 2019; Otake, Kamiguchi and
Hirozane, 2019; Thompson et al., 2020). Flotillin-1 was selected as a marker for

EVs in this study and only the neuroblastoma derived SK-N-SH cell line was used.

EVs can be associated with proteins believed to contribute to disease, including
mutant SOD1. For example, CNS derived EVs from non-transgenic and mutant
SOD1 transgenic mice, and humans with and without fALS have been
investigated. EVs from mutant mice and fALS cases have been associated with
significantly more misfolded SOD1 compared to non-transgenic or negative
counterparts. Both soluble mutant SOD1 and insoluble aggregates were found in
EVs produced from murine and human CNS. These results suggested that EVs
with mutant SOD1 from live cells in the murine and human CNS may be enough
to induce the misfolding of WT SOD1 and may spread disease in a prion like
manner in addition to free SOD1 aggregates from dead or dying cells (Silverman
et al., 2019).

EVs derived from cell culture or biological fluids can be used in in vitro
conditioned media experiments to further investigate their role in homeostasis
or disease. Various conditioned media methods have been used successfully to
investigate the role EVs in ALS. For example, studies investigating misfolded

SOD1 have found some SOD1 mutants in conditioned medium are able to interact
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with WT SOD1 inside neurone like cells after exposure and change their
conformation to the mutant form. Through these experiments, it has also been
found that overexpression of WT SOD1 can induce misfolding of SOD1, suggesting
that this could be a spontaneous misfolding event in some cases of ALS,
especially sALS, and this mutated protein can then be propagated to other cells
(Hanspal et al., 2017). Experiments investigating the intercellular propagation of
DM mutant SOD1 are currently limited to two studies. Tanaka et al., (2021)
transferred culture media from neuroblast cells that had been transfected with
WT or mutant SOD1 protein to NT neuroblast cells and found only the DM derived
culture media initiated fluorescent SOD1 aggregation within cells. Pfeiffer et al.,
(2023) studied serum derived exosomes from control and DM dogs and found
monomeric SOD1 and TDP-43, another ALS associated protein, were significantly
higher in DM exosomes compared to controls. While this result does not provide
specific information on the source of the exosomes, it is hoped further refining
of the isolation method will allow investigation of neurone specific exosomes.
Additionally, proteins associated with serum derived exosomes could be utilised

as biomarkers for DM and ALS in the future.
4.2 Hypothesis and aims

The aims of this chapter were based on the hypothesis that EVs can be produced
from SK-N-SH cells and isolated from media using differential
ultracentrifugation. Additionally, EVs produced from WT- and DM-SOD1-EGFP
transfected cells can be associated with the SOD1 protein and spread the protein
to other cells in culture in a prion-like manner. The main aims of this chapter

were to:

1. Optimise the sequential ultracentrifugation method for the isolation of
EVs found in cell culture media produced from NT, WT- and DM-SOD1-
EGFP transfected SK-N-SH cells.

2. Investigate the potential association between endogenous SOD1, WT- and
DM-SOD1-EGFP and EVs from SK-N-SH cells.

3. Ascertain if EVs associated with WT- or DM-SOD1-EGFP can spread the

fusion proteins between cells in a prion-like manner in culture.
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4. Determine if the genotype of SOD1 associated with EVs influences the

uptake of the protein by NT SK-N-SH cells in culture.

4.3 Materials and Methods

4.3.1 Cell culture and transfection

SK-N-SH cells were cultured and split into 4- and 6-well plates and cell culture
flasks, then transfected with WT-SOD1-EGFP or DM-SOD1-EGFP plasmids as
described in (Section 2.2) where appropriate. Where EVs were studied, exosome-
depleted media (EDM) replaced normal growth media (NGM) 24 hours before EV
collection. Methods were derived from Momen-Heravi (2017) and Théry et al.,
(2018) for EV isolation.

4.3.2 Optimisation of EV isolation

4.3.2.1 Comparison of multiple ultracentrifugation steps to generate EVs

from NT cells

The first experiment compared the effect of two or three rounds of
centrifugation on the isolation of EVs from NT cells. Aliquots (0.5 ml) of a 5 ml
NGM-cell suspension derived from a confluent T75 culture flask were seeded into
2 T25 culture flasks with 5.5 ml NGM. Flasks were cultured for a day before NGM
was removed and cells washed with serum free media, then 5 ml EDM was
applied for 18-20 hours. EDM was collected individually from both flasks and
centrifuged at 110 xg for 5 minutes to remove cellular debris. Of this EDM, 1 ml
from each flask was collected and TCA precipitation (Section 2.4.1.2) was
carried out to concentrate the proteins found in the total media (TM). The
remaining 4 ml from each flask was transferred to centrifuge tubes. One tube
was centrifuged at 10,000 xg for 30 minutes at 4°C while the other tube was
kept on ice. The SN was transferred to a fresh tube and the pellet was
resuspended in 50 pl lysis buffer (Section 2.4.1.1). The SN was then centrifuged
with the other tube at 110,858 xg for 2 hours at 4°C. SN from both tubes was
discarded and the pellets were resuspended in 50 pl of lysis buffer. Cells in the

flasks were washed twice with chilled PBS, then lysed with 250 pl of lysis buffer.
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Proteins in the media associated and CL samples were quantified (Section 2.4.3)
and aliquots were made containing 5 pg and 10 ug protein for CLs and 5 pg for
media associated fractions. SDS-PAGE (Section 2.4.5.1) and WB were performed
(Section 2.4.7).

4.3.2.2 Comparison of multiple ultracentrifugation steps to generate EVs

from transfected cells

The next experiment studied the effect of two or three centrifugation steps on
the isolation of EVs from transfected cells using the experimental parameters
used in the NT study (Section 4.3.2.1). Whole 6-well plates were either NT or
transfected with pWT-SOD1-EGFP or pDM-SOD1-EGFP (Section 2.2). The day after
transfection, cells were rinsed with serum free media, then EDM was applied for
20-24 hours. Media was collected from each plate, giving a total of 9 ml per
plate. This was centrifuged at 110 xg then 4 ml of SN was transferred to two
centrifugation tubes per plate. Left over SN was TCA precipitated (Section
2.4.1.2) and represented TM before ultracentrifugation. One centrifuge tube
from each plate was spun at 110,858 xg (110,858 only) for 2 hours, and the other
at 10,000 xg for 30 minutes, then 110,858 xg for 2 hours at 4°C. The pellets from
each stage were resuspended in 50 pl of lysis buffer and cells were lysed in 100
ul lysis buffer (Section 2.4.1.3). Proteins from media associated fractions and
CLs were quantified and aliquots were processed for SDS-PAGE (media associated
fractions made to 1 and 5 pg, CL made to 1, 5 and 10 pg) before silver staining
(Section 2.4.6.2) and WB (Section 2.4.7) was performed. Native gels (Section
2.4.5.2) with NBT staining (Section 2.4.6.3) were also carried out using 6 pg of

protein for CLs and media associated fractions.
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4.3.3 EV transfer studies

4.3.3.1 Pilot study

Three 6-well plates of cells were either NT or transfected with pWT-SOD1-EGFP
or pDM-SOD1-EGFP. EDM from each plate was collected giving a total of 9 ml
EDM per plate and this was centrifuged at 110 xg for 5 minutes. The SN from
each plate was divided into two centrifuge tubes (4 ml total) and centrifuged at
110,858 xg for 2 hours. The SN was discarded, and the pellets were resuspended
in 300 pl filter sterilised Dulbecco’s PBS (DPBS). Resuspended pellets were
recombined for each plate to give a total of 600 pl of EV suspensions. A day
before collection of EVs, seven 6-well plates were seeded with 1.5x10°
cells/well. A 75 pl aliquot of each NT, WT or DM EV suspension was added to a
well with cells in every plate while the remaining EVs were stored for protein
quantification. Live cell images were captured from every plate for up to seven
days and each day, one plate was removed and cells were lysed. After protein
quantification, 5 pg aliquots of donor CLs and EVs and recipient CLs from harvest
days 1, 3, 5 and 7 were processed for SDS-PAGE (Section 2.4.5.1) and WB
(Section 2.4.7).

4.3.3.2 Studies with an intermediate centrifugation step

As a result of the pilot study, two follow up experiments were conducted and
further refined to address a potential donor EV cell contamination issue. Both
experiments followed the EV isolation protocol involving three centrifugation
steps previously described (Figure 2-1B). To generate donor EVs in the follow up
experiments, cells in two 6-well plates were transfected with pWT- or pDM-
SOD1-EGFP. EVs were collected and resuspended in 200 pl filter sterilised DPBS,
then recombined (400 pl total for each genotype) as previously described after

centrifugation at 10,000 xg for 30 minutes and 110,858 xg for 2 hours.

For each experiment, three 4-well plates were seeded with a decreasing number
of cells (to compensate for cellular growth during the experimental period) the
day before EV collection from donor cells. For the first experiment, the range

was 1.6x102 to 4x10* cells/well (stepwise reduction by 33%), and for the second
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experiment, the range was 1.25x103 to 4x10* cells/well (stepwise reduction by
50%). EV suspensions from each genotype and ultracentrifugation step were
applied to 1 well in each 4-well plate (first experiment= 70 pl; second
experiment= 65 pl). After one, three and six- or seven-days post EV addition,

recipient cells were processed for imaging (Section 2.3.3).
4.3.4 Statistical analysis

GraphPad Prism was used to conduct statistical analysis and construct graphs.
Royston Shapiro-Wilk tests were carried out on each group of data to assess
normality then parametric ordinary one- and two-way ANOVAs were carried out

with Bonferroni’s multiple comparison test.

4.4 Results

4.4.1 Three centrifugation steps may enrich NT EV fraction

The impact of differential ultracentrifugation on EV recovery from cells was
assessed using the EV marker protein flotillin-1. Flotillin-1 found in the 10,000 xg
and subsequent 110,858 xg EV fractions were roughly comparable to the total
flotillin-1 found in the EV fraction after one 110,858 xg step (Figure 4-1A and B).
There was no statistical difference in the quantity of flotillin-1 found in the
110,858 xg fractions after one or two ultracentrifugation steps. While not
statistically significant, compared to TM, the ultracentrifugation steps appeared
to have more flotillin-1, indicating the EV population was enriched. Actin was
markedly reduced in all EV fractions compared to CLs (Figure 4-1C), indicating
there was little cellular contamination in the media associated fractions. A

representative Ponceau S stained blot is presented in Appendix 8.3.3.1.
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Figure 4-1: EV fraction may be enriched after two ultracentrifugation steps. A) WBs probed
with flotillin-1 (n=3). In each preparation, lanes corresponded to CL at 5 pg and 10 pg of protein,
TM (after low-speed spin to get rid of debris), pellet after the intermediate 10,000 xg (10K)
centrifugation step and pellet after the 110,858 xg (110K) centrifugation step. Band intensities
for TM, 10K and 110K fractions were expressed as a percentage of the 10 yg CL band intensities
and plotted in the graph in B). There were no statistically significant differences in the recovery
of flotillin-1 between the centrifugation speeds using one-way ANOVA with Bonferroni multiple
comparisons test. This test was selected instead of a two-way ANOVA because there would be
missing values for the 10K fraction in the set of samples with one centrifugation step only. All
three preparations were also probed for actin (C and D). Blots were overexposed (C) to show
that minimal actin was in the media associated fractions compared to the CL fraction. In D) actin
blots were exposed for a short period of time to assess the level of protein loaded in the CLs.

4.4.2 Total protein profiles of NT and transfected EVs are similar

The total protein profiles (Figure 4-2) differed between CLs and the media
associated fractions however all media fractions had similar profiles to each
other. There was a prominent band in all media associated fractions at
approximately 62 kDa and this potentially corresponds to the serum-derived
protein albumin present in FBS. Transfected profiles were slightly different from
the NT profile in that they had some additional bands and several of the bands

had different intensities.
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Figure 4-2: Total protein profiles for cells and media associated fractions. The image shows a
silver-stained gel to give the total protein profile of the different fractions, with and without
transfection with pWT-SOD1-EGFP or pDM-SOD1-EGFP. EVs isolated after 10,000 xg, 110,858 xg
and 110,858 xg only centrifugation steps have a similar protein profile, although profiles of
transfected EVs are more similar to each other than to NT EVs. CLs from all genotypes have
similar profiles.

4.4.3 Characterisation of EVs

Flotillin-1 and actin proteins were used to characterise EVs based on their
relative proportions to CLs. Flotillin-1 antibodies produced good signals for most
media associated fractions from NT, WT- and DM-SOD1-EGFP transfected cells
(Figure 4-3A), however there was high variability in signal intensity. There was
no significant difference in the protein found in the 110,858 xg fractions of NT,
WT- or DM-SOD1-EGFP transfected cells (Figure 4-3B). The additional 10,000 xg
centrifugation step reduced the mean quantity of flotillin-1 found in the 110,858
xg fraction, but this was not statistically significant. Both the 10,000 xg and
110,858 xg only samples had a higher average level of flotillin-1 than the
110,858 xg samples after the intermediate spin in NT, WT- and DM-SOD1-EGFP
media fractions, but again, this was not significant. There was an increase in
flotillin-1 in the centrifuged fractions compared to the TM for transfected cells,
but it was only significant for WT-SOD1-EGFP TM and 10,000 xg fractions.
Overall, the transfected media associated fractions had higher mean flotillin-1
than NT media associated fractions, but it was not statistically significant. It
should be noted that not all samples were normally distributed so a
nonparametric test should be selected. GraphPad Prism, the statistical software

used in this study, does not have a nonparametric alternative to the ordinary
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two-way ANOVA. This could affect the sensitivity of the test to significant
differences, however parametric tests are generally considered to overestimate
the significance of changes, so it is possible similar results would be achieved as

not many changes reached statistical significance with the parametric test.

Actin was investigated to confirm that cellular components were reduced in
media associated fractions compared to CLs (Figure 4-3C). In all replicates and
genotypes, actin was reduced in media associated fractions compared to CLs.
There was variation in the distribution of actin across fractions: sometimes,
actin was higher in the 10,000 xg and 110,858 xg only fractions and other times,
it was higher in both 110,858 xg fractions. Overall, actin content appeared to be
higher in the media associated fractions of transfected cells compared to NT. A

representative Ponceau S stained blot is presented in Appendix 8.3.3.1.
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Figure 4-3: Flotillin-1 and actin in CLs and media associated fractions. A) shows WBs
containing CL and media fractions probed for flotillin-1. Preparation 4 was loaded differently
from preparations 1-3 so that there could be a clear gap between the CLs and media fractions,
and only 5 pg of CL was used so the CL did not obscure the media associated bands. The
associated graph (B) shows the quantity of flotillin-1 in each media fraction as a percentage of
the 5 pg CL fraction for each preparation (n= 4). As there are three groups (NT, WT and DM),
ordinary two-way ANOVA with Bonferroni multiple comparisons test was used to compare
changes between genotypes and relevant fractions. A significant difference between two
different fractions across two genotypes was excluded for example. *p < 0.05 for comparison
between WT TM and 10K fractions. += mean. C) shows saturated WBs containing CL and media
fractions probed for actin. CLs were overexposed so that a statement could be made about the
purity of the media associated fractions. The blots were originally probed with anti-flotillin-1
antibodies which explains the additional band present at 47 kDa (arrowhead).
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4.4.4 Analysis of endogenous and fusion SOD1 in EVs

4.4.4.1 Protein assessment using WB

Endogenous SOD1, WT- and DM-SOD1-EGFP were assessed in CLs and media
associated fractions using WB. Endogenous SOD1 was found in all CLs and the
SOD1-EGFP fusion proteins were found only in transfected cells when probed
with anti-CuZnSOD (Figure 4-4A). The signal for endogenous SOD1 was highest in
the NT lysates and SOD1-EGFP was highest in the cells transfected with pWT-
SOD1-EGFP. Additionally, the ratio of endogenous SOD1 and SOD1-EGFP in CLs
was comparable. In the media fractions (Figure 4-4B), endogenous SOD1 was
very faint for all fractions but was slightly more visible in the transfected
samples. SOD1-EGFP was omitted from NT media but was present in transfected
media. Further, both fusion proteins were enriched after the ultracentrifugation
steps when compared to total media. The proportion of endogenous SOD1
present in media associated fractions compared to SOD1-EGFP was lower

suggesting that the SOD1 fusion proteins were enriched in EVs (Figure 4-4B).

Anti-GFP was used to further interrogate SOD1 fusion proteins in CLs and media
associated fractions. SOD1-EGFP antibodies gave a robust signal in the media
fraction of WT- and DM-SOD1-EGFP transfected cells but was absent in the NT
media (Figure 4-4C). The overall profile of the fusions proteins in CLs and media
associated fractions were similar when probed with anti-CuZnSOD (Figure 4-4B)
and anti-GFP (Figure 4-4C). They followed a similar trend where the 10,000 xg
and 110,858 xg only fractions had more SOD1 than the TM and 110,858 xg

fractions.

Except for the TM fraction, DM-SOD1-EGFP media related fractions had a higher
recovery of SOD1-EGFP than the WT-SOD1-EGFP media fractions, although this
was not significant for any fraction (Figure 4-4D). This trend was likely
influenced by the particularly high DM-SOD1-EGFP intensity found in one
preparation (n2; Figure 4-4C). SOD1-EGFP recovery was not significantly
different between the 110,858 xg fractions from either genotype. The samples
with the additional 10,000 xg centrifugation step had lower SOD1-EGFP than the

samples without the intermediate spin, but this was not statistically significant



123

(Figure 4-4D). This may indicate that there are various EV types with different
buoyancies associated with SOD1-EGFP. For example, the 10,000 xg
centrifugation step may pull down free SOD1 aggregates and larger EVs, while
the 110,858 xg centrifugation may isolate smaller EVs including exosomes, thus
when there is only one high speed centrifugation, a heterogenous population of
free aggregates and EVs may be isolated.
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Figure 4-4: SOD1 in CLs and media associated fractions. A) WB showing fusion SOD1 and
endogenous SOD1 using anti-CuZnSOD (n= 1). On the left, CLs are at a lower exposure to clearly
show the levels of SOD in each CL. In B), the WB was overexposed for the CLs to allow
endogenous SOD1 to be visualised in the media fractions. CLs and media associated fractions
were loaded at a concentration of 5 pug. C) shows WBs for SOD1-EGFP found in the CL and media
fractions of NT, WT- and DM-SOD1-EGFP transfected cells. The associated graph (D) shows the
quantity of SOD1-EGFP in each media fraction as a percentage of 5 ug CL for each preparation
(n= 4). Ordinary two-way ANOVA with Bonferroni’s multiple comparison test was used and found
no statistically significant changes between genotypes or within fractions. Note, samples failed
the Shapiro-Wilk test however GraphPad Prism does not have a nonparametric alternative to the
ordinary two-way ANOVA. += mean.
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4.4.4.2 SOD1 activity

In the NBT stained native gel, endogenous SOD activity was found in all CLs and
appeared comparable across the genotypes (Figure 4-5A). Fusion protein activity
was only found in transfected cells and different band patterns were observed
for WT- and DM-SOD1-EGFP as previously reported (Qi et al., 2019). Endogenous
SOD activity was very weak in the EV fractions of all genotypes compared to the
activity in respective CLs (Figure 4-5B). It may also be fainter in the 110,858 xg
fraction after the intermediate centrifugation step implying that free SOD1 may
be removed after the intermediate step and the protein may not be highly
associated with small EVs, or it may not be active in this fraction. The additional
bands observed in the transfected cells were present in the WT-SOD1-EGFP
media fractions, albeit at a lower intensity compared to CLs, but were absent
from the DM-SOD1-EGFP fractions.
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Figure 4-5: SOD activity in CLs and media associated fractions. NBT stained native gel assay of
SOD1 activity (n=1). Endogenous SOD (black arrowheads), WT-SOD1-EGFP (white arrowheads) and
DM-SOD1-EGFP (grey arrowheads) activity can be seen. The first three columns of each gel show
SOD activity in NT, WT- and DM-SOD1-EGFP transfected CLs. The following columns in A) show
SOD activity in NT media fractions and in B), the following lanes are WT- and DM-SOD1-EGFP
media fractions. The same protein concentration was used for all CL and media associated
fractions (6 pg).

4.4.5 Association between SOD1-EGFP and flotillin-1

The levels of SOD1-EGFP and flotillin-1 were compared to see if the two proteins
behave in the same way after ultracentrifugation (Figure 4-6). There were no

statistically significant differences in the quantity of flotillin-1 and WT- or DM-
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SOD1-EGFP when compared within each fraction. Superficially, the levels of
flotillin-1 appeared higher than SOD1-EGFP after ultracentrifugation for WT-
SOD1-EGFP transfected cells, but this was not observed for DM-SOD1-EGFP as
means appeared very similar. There was significantly more flotillin-1 in the WT-
SOD1-EGFP 10,000 xg fraction compared to the WT-SOD1-EGFP TM fraction
(Figure 4-6A) but for DM-SOD1-EGFP media associated fractions, there were no

significant differences (Figure 4-6B).
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Figure 4-6: SOD1-EGFP and flotillin-1 in media associated fractions. A) and B) show flotillin-1
(white fill) and SOD1-EGFP (patterned fill) data for WT-SOD1-EGFP (red) and DM-SOD1-EGFP
(blue) transfected cells respectively. Ordinary two-way ANOVA with Bonferroni multiple
comparison test used for both genotypes. Only meaningful comparisons were considered. **p <
0.01. += mean.

When the results from sections investigating actin, flotillin-1 and SOD1, are
combined, it suggests ultracentrifugation isolates EVs and that these can be
purified based on buoyancy by sequential ultracentrifugation. SOD activity
appeared to be slightly reduced in DM-SOD1-EGFP EVs compared to WT-SOD1-
EGFP EVs, but the level of CL activity was similar despite differences in banding

patterns.
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4.4.6 EV transfer pilot study

Donor cells showed efficient transfection with WT- and DM-SOD1-EGFP and were
fully confluent before EVs were collected (Figure 4-7A). This was supported by
WB when donor CLs were probed with anti-GFP (Figure 4-7B). WT- and DM-SOD1-
EGFP were present in the relevant donor EVs and despite the protein being
proportional in CLs, it was lower in DM-SOD1-EGFP EVs compared to WT-S0D1-
EGF EVs (Figure 4-7B). Actin blots processed after a long exposure period
indicated that the donor EVs were void of significant cellular contamination

(Figure 4-7B). The Ponceau S stained blot is presented in Appendix 8.3.3.1.

Fluorescence was found in recipient NT cells from day one onwards at decreasing
densities, but this was difficult to present sufficiently with cell images. SOD1-
EGFP was found in recipient CLs by WB, but the intensity reduced markedly after
one day, particularly in DM-SOD1-EGFP EV recipients. Recipient CL samples were
loaded equally as shown by the short exposure actin WB (Figure 4-7B). The
reduction in SOD1-EGFP may have been the result of cellular clearance pathways
disposing of the fusion protein, or, more likely, it may have been a dilution
effect caused by a high number of cells. The cellular distribution of SOD1-EGFP
was apparently different between cells that received WT-SOD1-EGFP EVs
compared to those that received DM-SOD1-EGFP EVs (Figure 4-7C). In the WT-
SOD1-EGFP EV recipients, SOD1-EGFP was well distributed around the cytoplasm
of cells allowing the processes to be clearly identified. In DM-SOD1-EGFP EV
recipients, SOD1-EGFP appeared to be aggregated and less distributed
throughout the cytoplasm.
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Figure 4-7. EVs may spread WT- and DM-SOD1-EGFP to recipient cells. A) Donor cells
expressed WT- and DM-SOD1-EGFP before media was collected. Top row= density of cells before
harvesting using phase-contrast microscopy; bottom row= fluorescence observed in the cells.
Scale bar= 20 pm. B) Top WB= WT- or DM-SOD1-EGFP; middle WB= actin short exposure and
bottom WB= actin long exposure. First two lanes contain CL controls (5 pg loaded) from the
donor cells which the EVs (next two lanes, 5 pg loaded) were released from. EVs were donated to
NT recipient cells which were monitored for seven days after EV application. Cells lysed at days
1, 3, 5 and 7 are presented in the WB (15 pg loaded). Actin was the loading control for CLs and
should be reduced in EVs. Additional faint bands in the short exposure are background due to a
strong antibody signal and misplacement of the film in the first few seconds of exposure. C) Blue
laser fluorescent and phase-contrast images of specific areas of SOD1-EGFP labelling. All images
captured 6 days after EVs were donated. Scale bar= 10 pm.

4.4.7 Additional centrifugation steps reduced fluorescence

transfer

Several potential methodological issues were raised after completion of the pilot
study for EV transfer which were taken into consideration for the follow up
studies. Fluorescence transfer observed could have been due to cellular
contaminants in the EV fraction after the low-speed spin (110 xg) and high-speed
spin (110,858 xg). To resolve this, the first centrifugation step was increased to
800 xg and an additional 10,000 xg intermediate centrifugation step was
introduced before the final 110,858 xg step. Additionally, to address the

saturation of cells, cell seeding densities were reduced for each day in culture.
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Donor cells from both preparations (P1 and P2) displayed efficient transfection
rates and were 80% to 100% confluent before EV collection (Figure 4-8A). The
general distribution of recipient cells was similar at day one from P1 and P2.
Cells were dense in the middle of the coverslip but more widely distributed at
the edges (Figure 4-8B). At day three, cells in P2 were well distributed
throughout the coverslip without being densely packed. P1 cells started to
become well distributed, however they appeared as clusters of cells that were
connected (Figure 4-8B). On the final days of fixation, recipient cells from P1
and P2 had a cluster-like distribution of more dense areas of cells. In P2, these

clusters were better connected than in P1.

All observations were subjective in the follow up experiments. Fluorescence was
found in most fixed recipient coverslips presenting with varying morphology and
appeared to be associated with cells on some occasions and disassociated on
others. The main morphologies observed are shown in Figure 4-8C and included a
clumped appearance or an aggregate-like appearance. Unlike the pilot
experiment, there was no clear fluorescence that resembled the morphology of
a neurone (Figure 4-7C). In some fields, areas of GFP were near to each other.
Overall, there were no clear differences in the morphologies found between
days, fraction or genotype applied. The general impression was that
fluorescence was more obvious in the cells that received 10,000 xg EVs
compared to 110,858 xg EVs and it was more abundant in those that received
DM-SOD1-EGFP EVs than WT-SOD1-EGFP EVs. The abundance of fluorescence was
similar between days one and three, but lower at day six/seven. On some
occasions it was difficult to see or capture fluorescence and this is indicated in
Figure 4-7C by crosses. At day six after application of 110,858 xg EVs in P2, GFP
particles were so small, it was difficult to capture images with fluorescence

microscopy.
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Figure 4-8: Further studies confirm EVs may spread WT- and DM-SOD1-EGFP. Images were
collected from EV transfer follow up studies P1 and P2. A) Blue laser images show donor cells
were efficiently transfected and phase-contrast images show donor cells were fully confluent
(P1) or 80 to 90% (P2) confluent before EVs were collected. Scale bars= 10 ym. B) Representative
DAPI stained nuclei images to show recipient cell density at fixation. For P1, cells were fixed at
day one, three and seven post EV application and for P2, cells were fixed at one, three- and six-
days post EV application. Scale bars=10 pm. C) Fluorescence was observed in some cells at day
one, three and six or seven, after application of 10,000 xg (10K) or 110,858 xg (110K) EVs, but
the morphology was variable. Scale bar=5 pm. Crosses signify images were not obtained.
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4.5 Discussion

4.5.1 Characterisation of EVs

Théry et al., (2018) suggest particle quantity should be assessed along with
markers associated with EV and non-EV components when characterising EVs.
Additionally, when using low-specificity methods of EV isolation, including
differential ultracentrifugation, it is encouraged to use multiple quantitative
methods. Nanoparticle tracking analysis (NTA) was attempted to assess the size
of particles being isolated in the EV fraction and roughly quantify the number of
those particles. Unfortunately, due to defective equipment and lack of available
functional equipment, this was aborted. To compensate, electron microscopy
(EM) was investigated however a non-routine optimal method used by the
collaborators would first need to be established and due to time constraints, this
was not pursued. These methods would be worth implementing in future

experiments.

WB for specific marker proteins was the main method of EV characterisation. It
is reported in MISEV that at least four protein markers should be used for the
characterisation of EVs. Three must be positively associated with EVs and be
from transmembrane or cytosolic domains and one must be a negative protein
marker. Additionally, a marker of EV fraction purity should be included for
example albumin, depending on the source of the EV fraction. This study utilised
flotillin-1, a cytosolic protein that can associate with lipids in the plasma
membrane, and actin, a cytoskeletal protein. Actin is described in MISEV as
being promiscuously incorporated into EVs. In the case of SK-N-SH cells, actin did
not appear to be significantly enriched in the EV fraction compared to CLs, so it
was deemed acceptable as a negative marker. It would be of benefit to future
studies if additional markers were included, particularly from the
transmembrane domain of cells, for example a tetraspanin (CD63, CD81). The
Exosomal Marker Antibody Sampler Kit (Cell Signalling Technology, USA) was
trialled in earlier work in MM’s laboratory, however due to time constraints,

could not be fully optimised for this study.
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As the size of the vesicles in this study were not able to be determined, the
markers, although enriched, are not only found in exosomes, and the specific
biogenesis of the vesicles was not assessed, the term “EVs” was adopted to

describe particles collected in the study to mitigate misleading conclusions.

4.5.2 Assessment of differential ultracentrifugation

4.5.2.1 Three centrifugation steps reduced vesicle recovery

Existing EV literature suggests multiple centrifugation steps should be used to
isolate exosomes from samples. In a proteomic and lipidomic study by Haraszti
et al., (2016), cellular debris was removed from cell culture medium by
centrifugation at 300 xg for 10 minutes. The SN was ultracentrifuged at 10,000
xg for 30 minutes to isolate MVs in the pellet, and the SN was ultracentrifuged
again for 90 minutes at 100,000 xg to produce an exosome enriched pellet.
Other studies have also found that pellets after centrifugation around 100,000 xg
are enriched in exosomes (Momen-Heravi, 2017). The levels of EV associated
flotillin-1 in the current study suggest the EV fraction was being purified as
flotillin-1 isolated after three centrifugation steps was reduced compared to
samples after two centrifugation steps. The level of protein remaining after the
intermediate step suggested that two EV populations of different sizes or
buoyancies were recovered. Overall, proteins collected after three

centrifugation steps were reduced compared to two steps by approximately half.

A decision was made regarding the method for downstream experiments by
balancing the quality of the EV fraction recovered with the volume required for
detailed investigation of relevant proteins. As a result, further experiments
investigating the propagation of SOD1 by EVs and the effect of different
treatments on EV production (to be discussed in Chapter 5) were carried out
with just two centrifugation steps initially. Some significant findings were made
so it was later deduced that the additional intermediate centrifugation step
should be introduced. The effect this had on the transfer of EVs is reported in
this chapter and treatment results will be discussed in Chapter 5. For future
studies, it may be worth considering scaling up the experiments so a larger

volume of EVs can be isolated, allowing for the additional centrifugation step to
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be included with sufficient EV quantities leftover for further protein analysis. It
should be noted however that methodological changes, including increased
transfection reagent volume and centrifuge rotor change, would result in marked
increases in the reagents used. Even though a heterogenous population of EVs
was isolated in this study, valuable information was garnered regarding the
potential for EVs to propagate misfolded SOD1. Misfolded SOD1 has been found
in both exosomes and MVs for example, albeit at higher levels in exosomes

compared to MVs (Silverman et al., 2019).

4.5.2.2 Contamination of the EV fraction by non-EV materials and cells

It is not possible to isolate only EVs from culture and so there are several
possible contaminants. Instead, it must be decided what absolutely must be
excluded based on the specific study (Théry et al., 2018). Non-EV objects,
including proteins, for example albumin and globulins, lipids and lipoproteins,
can be found in EVs isolated from media containing serum (Haraszti et al.,
2016). Some can be abundant, including albumin in the current study, and this
can interfere with the assessment of particles and biomarkers. Adaptations to EV
isolation can be made, for example by increasing the number of centrifugation
steps and/or including filters (Brennan et al., 2020) or chromatography (Zamboni
et al., 2022), but some of these methods can result in loss of or damage to EVs
and a reduction in useable material (Brennan et al., 2020). Alternatively,
albumin can be reduced after EV isolation using albumin depletion kits/methods,

but these could also remove other proteins of interest bound to it.

Cellular contamination of the EV fraction can occur if centrifugation steps are
not optimal. In this study, actin was used as a marker of cellular contamination
and while present in some fractions, it was reduced compared to CLs loaded at
the same protein concentration. Generally, levels were lowest after three
centrifugation steps compared to two steps, suggesting cells that were not
pulled down by the first low speed spin may be removed after the second 10,000
xg spin. As actin is a cytoskeletal protein found in cells, it is possible that it
could be present in EVs or exosomes but it is described as displaying
“promiscuous incorporation into EVs” meaning it is not consistently associated
with EVs (Théry et al., 2018). Further, the pilot EV transfer study used two
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centrifugation steps to isolate EVs and WB showed that actin was not detectible
in the donor EVs. If there were just a few living cells carried over however, this
would not necessarily be detected by the WB as the level of actin in the whole 5
Hg sample would be low. This means it could not be guaranteed that the
fluorescence detected by fluorescence microscopy in the pilot study was from
EVs and not cells. To investigate this further, EVs were generated from three
centrifugation steps and both fractions were applied to cells. Additionally, the
first centrifugation step was increased from 110 xg to 800 xg to further ensure
cellular contamination was removed. Despite these adaptations, fluorescence
was still observed in recipient cells that received EVs after 10,000 xg and
100,858 xg centrifugation suggesting cellular contamination was not a significant
problem. In the follow up experiments with three centrifugation steps, there
was generally a reduction in visible fluorescence and diffuse cytoplasmic
distribution of SOD1-EGFP compared to two rounds of centrifugation, but there
were also fewer cells so recipient cell density may be an important factor.
Overall, the current study confirmed that SOD1 positive donor EVs were able to

transfer SOD1-EGFP to recipient cells in vitro.
4.5.3 Transfection procedure may influence EV production

Flotillin-1 found in the NT media fractions appeared lower overall compared to
both transfected sets of samples but although not statistically significant, it
suggests the transfection procedure may affect the secretion of EVs. It has been
found that adding a fluorescent tag to a protein can alter the biochemical
properties of that protein (Draper et al., 2020), so it is possible that cells
actively remove the larger fusion protein. Endogenous SOD1 was less visible in
NT EVs compared to transfected EVs, but it was higher in NT CLs compared to
transfected ones, as shown in the WB and NBT stained native gel. This implies
that endogenous SOD1 may be found in low volumes in the extracellular
environment and less is being moved out of the cell because it is properly folded
and does not have an additional protein attached making it larger. Endogenous
SOD1 may have been elevated in transfected EVs because these cells are already
expelling more SOD1-EGFP due to the fluorescent tag. It is worth taking these
findings into account however, as the principle aim of this study was to compare
fusion WT- and DM-SOD1-EGFP, the method remains valid.
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4.5.4 SOD1 is found in the EV fraction from cell culture media

4.5.4.1 Is there evidence for SOD1 and EV association in vitro?

Despite some variation, there was no statistically significant difference between
the levels of flotillin-1 and WT- or DM-SOD1-EGFP in any of the EV associated
fractions (after 10,000 xg, 110,858 xg and 110,858 xg only). This shows SOD1 was
pulled down with EVs, however at this level, it is not clear how SOD1 and EVs
interact. Free aggregates, potentially released from dead/dying cells, can be
isolated within the EV fractions (Hanspal et al., 2017; Théry et al., 2018).
Additionally, flotillin-1 is associated with many EV subpopulations while SOD1
may interact with specific EV subpopulations. The physical interaction between
EVs and mutant SOD1 is not clear, for example, SOD1 may be found within the
vesicles or at the surface (Silverman et al., 2019). To be certain of the
interaction, methods that look at the size and morphology, for example NTA or
EM, should be used. Another way to better understand the interaction is to
manipulate pathways that are known to affect EV production and see how this

influences the production of SOD1 within the EV fraction.

4.5.4.2 SOD1 may have different activity levels in the EV fraction

Flotillin-1 in NT, WT and DM-SOD1-EGFP media fractions was comparable and
SOD1-EGFP in transfected media fractions were similar between genotypes
however SOD1 activity varied between genotypes. Endogenous SOD activity was
found in NT, WT- and DM-SOD1-EGFP media associated fractions, but it was less
active than the respective CLs. This suggests SOD1 present may be misfolded or
there may have been modifications made to the protein due to passing through
clearance pathways. Further, activity appeared lower after the three
centrifugation steps, possibly suggesting larger aggregates were collected after
the intermediate step. Both WT endogenous and fused SOD1 were more active in
EVs compared to DM endogenous and fused SOD1. This may imply that DM-SOD1-
EGFP associated with EVs may be dysfunctional.
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4.5.5 Transfer of WT and mutant SOD1 is possible in vitro

4.5.5.1 Current methodological difficulties

There were some methodological constraints in the EV transfer study that made
it difficult to clearly ascertain if EVs can spread SOD1 in vitro, however it
provided a valuable insight into the behaviour of SOD1 when in WT and mutant
form. As mentioned previously, the biochemical element of the pilot study only
identified clear SOD1-EGFP in recipient cells at day one post EV application and
this appeared to reduce at subsequent days. There may have been a dilution
effect caused by a saturation of cells in wells as the days passed due to the same
number of cells being plated into each well for the initial experiment. For the
WB, other more abundant proteins may overshadow the lower abundant SOD1 as
more cells are present, resulting in a low SOD1 signal. This was considered for
further experiments and resulted in fewer cells being plated down for the later
days. Two different serial dilutions were used for the follow up experiments
which resulted in fewer cells being present at the last day of the experiment.
Unfortunately, very few cells were present at the end of both experiments and
fluorescence could not be detected in some cases. For future experiments, the
optimal dilution of cells should be investigated to ensure there are enough cells
at the beginning of the experiment for cell-EV interactions and enough cells at
the end of the experiment to analyse proteins. It is possible that a certain
density of cells must be present when EVs are applied to facilitate uptake of the
EVs/fluorescent protein and subsequent propagation to other cells. It may also
suggest EVs have an ‘expiry date’ as when the cell density does increase at later
days, there was still no obvious fluorescence associated with aggregates or cells.
Determining the optimal seeding densities would also help to quantitatively
assess fluorescent images. This was difficult due to the low level of fluorescence
in the EV transfer experiments for several reasons. As cells were fixed, it is
possible that some cells were washed off the coverslips during the fixation
process. Interestingly, some authors have reported that cells containing SOD1
aggregates may be more likely to be washed off during the fixation procedure
than those without aggregates (Tanaka et al., 2021). In some cases, it was
difficult to distinguish if GFP was associated with nuclei, and therefore cells, or

if they were extracellular. The inclusion of an additional cytoskeletal stain
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would have been useful to outline the full area of each cell. One candidate is
phalloidin, a red stain that binds to actin filaments in cells. Further, some
fluorescent areas were miniscule or faint making it very difficult to capture
images. It may be worth using another form of microscopy, for example confocal

microscopy, in the future.

4.5.5.2 Recipient cell condition

This study used healthy NT human SK-N-SH cells as recipient cells. It has been
suggested in vivo that an element of damage may need to occur in CNS cells
(MNs and/or glia) in order for mutant SOD1 to have the pathological effects
observed in ALS (Gomes et al., 2007). In relation to the current study, it is
possible that NT, WT- and DM-SOD1-EGFP transfected cells have different
susceptibilities to uptake WT and mutant SOD1. For example, healthy NT or WT-
SOD1-EGFP cells may be less likely to take in WT or mutant SOD1, while diseased
cells (transfected with pDM-SOD1-EGFP), may be more likely to take in mutant
SOD1 and/or less WT-SOD1. A possible experiment would be to stress recipient
cells before the addition of EVs and continue the experiment as described
previously. Additionally, a further in vitro experiment to assess the interaction
of EV associated and recipient cell SOD1 would be to transfect donor cells with
WT- or DM-SOD1-EGFP and collect their EVs before transferring them to recipient
cells transfected with another SOD1 fusion protein, for example WT- or DM-
SOD1-Cherry (Qi et al., 2019). The use of the green and red fusion proteins
would allow clear visibility of interactions between WT- and DM-SOD1-EGFP and
determine if the genotype of recipient cell SOD1 influences uptake of SOD1 or

conformation changes.

Future investigations should assess the impact of the cellular origin of EVs and
recipient cells on the transfer of SOD1. As all CNS cells are thought to play a role
in DM pathology (Johnston et al., 2000; Ogawa et al., 2014; Story et al., 2020),
it is possible that EVs from one cell type may affect another. Additionally, if one
cell type is stressed or in otherwise suboptimal conditions, the rate of uptake of
EVs should be analysed. This could be assessed by collecting EVs from WT and
DM CSF or tissue and transferring them to cells, for example SK-N-SH, in culture

and assessing SOD1 spread in recipient cells. As the EVs would not be collected
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from one specific cell type, further analysis (for example proteomics) of the EVs

should be carried out to determine the origin.

Finally, a primary cell culture of DM cells could be generated to investigate how
SOD1 interacts with cells. Cells could be differentiated into specific cell types,
and they could be chemically manipulated to produce EVs that could be further
analysed for SOD1 and the ability of it to propagate to other cells in culture.
Having a primary culture would also allow investigation of the uptake of WT- or
DM-SOD1-EGFP. A potential source of primary cells may be mesenchymal stem
cells (MSCs) which can be differentiated into neurone-like and glia-like cells
(Kim et al., 2002; Tohill et al., 2004).

Instead of transferring media from donor cells to recipient cells, other
conditioned medium experiments could be pursued. For example, cocultures
separated by a transwell insert with a filter membrane that only allows certain
sizes of particles through could be of value. These experiments also come with

disadvantages, particularly when it comes to cost (Hanspal et al., 2017).

4.6 Conclusions

Three centrifugation steps potentially isolate purer EV fractions than those
isolated after two centrifugation steps, however this comes at the cost of lower
material for downstream applications. WT- and DM-SOD1-EGFP is associated with
the EV fraction and preliminary studies show these fusion proteins can be spread

between cells.
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5 In vitro investigation of protein processing, SOD1

aggregation and extracellular vesicles

5.1 Background

Many cell clearance and toxicity pathways have been implicated in DM and ALS
pathophysiology and were described in Section 1.4. These pathways often closely
interact thus changes to the balance of activation and inhibition of pathways
could cause disruption to cell proteostasis. This has been found to lead to
neurodegenerative diseases including Parkinson’s disease (Liu, Liu and Yang,
2019). Disruption of cellular clearance pathways in vitro can increase SOD1
aggregates in DM-SOD1 expressing cells (Nakamae et al., 2015) suggesting
clearance pathways and SOD1 aggregation are linked. ALS related in vitro cell
culture studies have shown that mutations in the SOD1 gene can induce SOD1
aggregation and oxidative stress and negatively impact the proteasome
(Urushitani et al., 2006). The ubiquitin proteasome pathway (UPS), autophagy,
unfolded protein response (UPR), ER stress, apoptosis and programmed cell
death type Il are thought to have roles in DM, but how they interact is still not
clear. These pathways and how they are investigated have been discussed in
detail in Section 1.4 and Chapter 3 respectively, so only key details will be

described here.
5.1.1 Summary of protein processing pathways

Surplus, misfolded or damaged proteins can be degraded by the UPS or
autophagy by proteasomes or lysosomes respectively. As proteins are first
labelled with ubiquitin protein for degradation by the proteasome, ubiquitin can
be assessed as a marker for the pathway (Fernandez-Fernandez et al., 2017). To
further assess the importance of the UPS in cells, the chemical MG132 can be
employed as a proteasome inhibitor (Guo and Peng, 2013). When proteins are
due to be degraded by the autophagy pathway, a membrane encapsulates debris
and transports it, now termed an autophagosome, to the lysosome where the
contents are digested. LC3B is a constituent of the autophagosome membrane

and is used to assess autophagy. Further, LC3BI is converted to and incorporated
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into the membrane as LC3BII providing a means to investigate autophagy flux
(Ogawa et al., 2015; Renna et al., 2010; Xu, Camfield and Gorski, 2018).
Chloroquine (CQ) can be added to cells to inhibit autophagy at the level of
autolysosome digestion (Schrezenmeier and Dorner, 2020). If surplus, misfolded
or damaged proteins are not cleared, they can accumulate and induce ER stress
which results in the activation of the UPR to rectify the problem by reducing
production of proteins, refolding or removing proteins. If homeostasis does not
return, the apoptotic cell death pathway is initiated (Hetz, 2012; Yokota et al.,
2018). If the autophagy pathway is defective, this can result in programmed cell
death type Il (Ogawa et al., 2015). RNA encoding activating transcription factor
3 (ATF3), BiP, Bcl2, CHOP and XBP1 proteins can be used to determine if ER
stress has been initiated and assess different stages of the UPR (Chang et al.,
2019; Ku and Cheng, 2020; Yokota et al., 2018). ATF3 is a transcription factor
that can be activated by ER stress. In healthy cells, ATF3 is found at low levels
but expression is increased by humerous exogenous and endogenous stressors.
Depending on the cellular conditions and which promotor interacts with the
ATF3 protein, ATF3 may be inhibitory or stimulatory and is thought to have a
role in metabolic and immunologic regulation (Ku and Cheng, 2020). General
reducing agents, for example dithiothreitol (DTT) can be used as a non-specific
inducer of ER stress (Oslowski and Urano, 2011) and has been used to investigate
ALS associated SOD1 (Tiwari and Hayward, 2005).

5.1.2 Extracellular vesicles (EVs)

As previously discussed (Section 1.5), EVs are secreted from most cells and play
a role in homeostasis but have also been implicated in various
neurodegenerative diseases. EVs have been associated with the spread of
specific pathogenic proteins (Hosaka et al., 2019; Silverman et al., 2019) and
they may give an indication of how functional protein disposal and intercellular
transport is due to their contents (Thompson et al., 2020). In ALS studies for
example, when SOD1 mutant MNs are surrounded by WT cells, the ALS phenotype
is delayed in expression or ameliorated altogether. The opposite is also true;
when WT MNs are surrounded by cells expressing mutant SOD1, they are

negatively impacted. These findings suggest mutant SOD1 is found in the



140

extracellular environment in ALS (Urushitani et al., 2006). To investigate EVs,

flotillin-1 can be used as a marker (Théry et al., 2018).
5.1.3 Crosstalk between protein processing pathways

Autophagy and EV generation (specifically exosomes) involve the use of some of
the same molecular machinery and regulatory mechanisms. Some have suggested
that exosome secretion and autophagy may respond cooperatively to different
stimuli to allow cells to cope with stress and maintain homeostasis. They share
similar roles in that they eliminate redundant proteins and other components,
and each pathway can compensate for a deficiency in the other. The luminal pH
of microvesicular bodies (MVBs) has been found to contribute to the outcome of
the MVBs; if luminal pH becomes acidic, MVBs are more likely be processed
through the autophagy pathway while if they are not acidified, they are more
likely to fuse with the plasma membrane and release exosomes. Neuronal cells
are thought to utilise autophagy and exosome production to protect themselves
from proteotoxicity from protein aggregates. There are still many areas to be
investigated to determine what makes a cell choose a pathway. For example, it
may be that there are different populations of MVBs or different signals that
govern whether MVBs merge with lysosomes, autophagosomes or the plasma
membrane (Xu, Camfield and Gorski, 2018). When autophagy is initiated,
autophagosomes can fuse with MVBs to form amphisomes which are degraded by
the lysosome, inhibiting EV secretion. When autophagy is inactive, MVBs can fuse

with the plasma membrane to secrete exosomes (Jahangiri et al., 2022).

EV secretion can be upregulated by the IRE1a and PERK pathways involved in ER
stress and the interaction between ER stress and EVs has been initially studied in
other neurological diseases including Parkinson’s and Alzheimer’s diseases. EVs
can be described as a cause and consequence of ER stress as spread of diseased
EVs to other cells may cause ER stress, while EV production may be the
consequence of ER stress, but there are an array of other interactions that must
be considered when determining the mechanisms of disease (Ye and Liu, 2022).
The UPR arms can initiate autophagy when activated under ER stress and can

also promote MVB formation and EV secretion (Jahangiri et al., 2022).
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Bcl2 is a family of proteins that are involved in the modulation of apoptosis. It is
activated under stress conditions in cells to initiate a cascade that results in
apoptosis, but under normal conditions, Bcl2 is antiapoptotic and is involved in
maintaining mitochondrial membranes. Bcl2 has been found to have stimulatory
and inhibitory effects on autophagy. Due to the interaction between Bcl2,
autophagy and apoptosis, Bcl2 is thought to act like a switch for going between

autophagy and apoptosis to maintain homeostasis (Liu, Liu and Yang, 2019).
5.2 Hypothesis and aims

The aims of this chapter were built on the hypothesis that disruption to protein
processing pathways by inducing ER stress, inhibiting autophagy or inhibiting the
UPS using DTT, CQ or MG132 will influence the production of SOD1 aggregates
and SOD1 positive EVs in cell culture. Further, it was hypothesised that SOD1
activity is also impacted by changes to protein processing pathways. The main

aims of this chapter were to:

1. ldentify RNA and protein markers of ER stress, autophagy and the UPS to
monitor the efficiency of treatments applied to disrupt these protein
processing pathways in SK-N-SH cell culture.

2. Determine if induction of ER stress or inhibition of autophagy or the UPS
affects WT- or DM-SOD1-EGFP aggregation in transfected SK-N-SH cells.

3. Investigate if induction of ER stress or inhibition of autophagy or the UPS
affects EV composition or production from NT, WT- and DM-SOD1-EGFP
transfected SK-N-SH cells in culture.

4. Establish if induction of ER stress or inhibition of autophagy or the UPS
affects WT-, DM-SOD1-EGFP or endogenous SOD activity in SK-N-SH cells

and EVs in culture.
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5.3 Materials and Methods

5.3.1 Cell culture, transfection and treatment

The general workflow for this chapter is shown in Figure 5-1 but specifics are
given in each section. SK-N-SH cultures were maintained (Section 2.2) and
seeded onto 4-well (4x10* cells/well) or 6-well (2.5x10° cells/well) plates for
SOD1 aggregate or protein studies respectively (Appendix 8.2.1). Transfection
with pWT- or pDM-SOD1-EGFP was conducted on day two as described in Section
2.2.2.2. Treatments were conducted on day three and are described in the
following sections. On day four, normal growth media (NGM) was replaced with

exosome-depleted media (EDM) so EVs could be isolated on day five.

10 mMDTT
(ER stress
induction)
OR
GFP tagged
40 pM CQ
WT Sod1 cDNA (autophagy
OR inhibition)
OR
5 M MG132
GFP tagged (proteasome
DM Sod1 cDNA inhibition)

FIXED

OO

Seed Transfect Treat EDM on Har\;ie:t or
24 hours 24 hours 6 OR 24 18- 24
hours hours

Figure 5-1: Summarised workflow for treatment studies. The general processes used for this
chapter are summarised in the workflow and any specific adjustments made are detailed in
relevant sections. Cells were seeded onto plates at day one, then transfected with pWT- or pDM-
SOD1-EGFP 24 hours later. On day 3, cells were treated (if applicable) with 10 mM DTT for 6
hours to induce ER stress or 40 pM CQ for 24 hours to inhibit autophagy or 5 uyM MG132 for 24
hours to inhibit the UPS. When treatment was complete, media was replenished with EDM and
cells incubated for a further 18 to 24 hours. What happened after this period depended on the
particular experiment: cell fixation for SOD1 aggregate studies, cell lysis for protein
investigation or media collection for EV study.
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5.3.1.1 Study of ER stress: DTT treatment

NGM was removed from each well and replaced with NGM containing either no
DTT (control) or 10 mM DTT (filter sterilised) for 6 hours. EDM replaced NGM and
cells were incubated for a further 18 to 20 hours before cells were fixed for the
aggregate study (Section 2.3.3) or washed, lysed (Section 2.4.1.3) and quantified
(Section 2.4.3) for protein analysis or processed for RNA analysis (Section 2.5.1).

For EV studies, media was also collected.

5.3.1.2 Study of autophagy: CQ treatment

To inhibit autophagy in experiments involving pWT- or pDM-SOD1-EGFP, NGM was
removed from each well 24 hours after transfection and replaced with NGM
containing either no CQ (control) or 40 uM CQ (filter sterilised) for 24 hours.
NGM was removed and EDM was applied for 24 hours before cells were fixed for
the aggregate study (Section 2.3.3) or washed, lysed (Section 2.4.1.3) and
quantified (Section 2.4.3) for protein examination or processed for RNA analysis

(Section 2.5.1). For EV experiments, media was collected.

5.3.1.3 Study of the UPS: MG132 treatment

The day after transfection, NGM was replaced and DMSO or 5 pM MG132 was
added to cells for 24 hours. EDM replaced NGM after this period and cells were
incubated for a further 24 hours. Cells were fixed for analysis of SOD1
aggregates (Section 2.3.3) or lysed for protein (Section 2.4.1.3) or RNA (Section
2.5.1) investigation. Media was collected and further processed before protein

investigation.

5.3.2 EV isolation

5.3.2.1 EV isolation with two centrifugation steps

For DTT and original CQ experiments, media was pooled from each genotype and
treatment then it was centrifuged at a 110 xg for 5 minutes followed by 110,858
xg for 2 hours to isolate EVs as described in Section 2.4.1.1. For the initial

MG132 experiments, media was centrifuged at 800 xg for 5 minutes instead of
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110 xg. All pellets were lysed in 50 pl lysis buffer then proteins were quantified
(Section 2.4.3).

5.3.2.2 EV isolation with three centrifugation steps

For follow up MG132 and CQ experiments, media was pooled from each genotype
and treatment, then centrifuged at 800 xg for 5 minutes. The SN was further
centrifuged at 10,000 xg for 30 minutes, then 110,858 xg for 2 hours to isolate
EVs (Section 2.4.1.1). Pellets were resuspended in 50 pl of lysis buffer and
proteins quantified (Section 2.4.3).

5.3.3 Protein analysis

SDS-PAGE (Section 2.4.5.1) for WB (Section 2.4.7) used 10 pg protein for CLs and
5 pg for EVs. CLs were included as controls in the EV blots at 1 pug or 5 pg.
Antibodies used in this chapter were anti-actin, anti-flotillin, anti-GFP, anti-LC3
and anti-ubiquitin (details in Table 2-2). For Coomassie Blue staining (Section
2.4.6.1) of CLs, samples were made to 5 pg (DTT) or 10 pg (CQ and MG132) for
SDS-PAGE while EVs (with CL controls) for silver staining (Section 2.4.6.2) were
made to 2 ug (DTT) or 1 pg (CQ and MG132) for SDS-PAGE. Excess DTT in the DTT
treated samples could influence the silver stain reaction because it is a strong
reducing agent, so iodoacetamide was added to each denatured sample in the
DTT experiment to give a final concentration of approximately 35 mM. Sample
mixtures were incubated at 70°C for 10 minutes. lodoacetamide changed the
sample pH from base to acid in some cases, so 1ul of 1M Tris-base was added to
correct the pH to ~pH 7.4. For native NBT stained gels (Section 2.4.6.3) CLs and
EVs were made to 10 pg.

5.3.4 RNA analysis

After media was removed, 400 pl TRIzol™ Reagent was applied to cells then it
was washed over the bottom of the well several times before being collected.
Chloroform (80 pl) was added then the samples were vortexed for ~30 seconds.
Samples were incubated on ice for 5 minutes before being centrifuged at 16,060

xg for 15 minutes at 4°C. The top aqueous, clear layer was collected then 4 pl



145

glycogen (1 pg/pl) was added. RNA was precipitated using 500 pl of 100%
isopropanol and incubated for 10 minutes at RT. Samples were centrifuged at
16,060 xg for 15 minutes at 4°C then the SN was discarded. RNA was washed
with 400 pl of 70% ethanol and centrifuged at 12,298 xg (10,000 rpm on Biofuge)
for 8 minutes at 4°C. The SN was removed, the pellet centrifuged again for 2
minutes to ensure removal of SN, then it was air dried for 10 minutes at RT. For
storage at -20°C, 100 ul RNAse free water was added to the samples. RNA was

quantified and integrity assessed (Section 2.5.2).

cDNA was generated using SuperScript™ IV (SSIV) First Strand Synthesis System
(Invitrogen, UK) and SuperScript™ Il (SSlIlI) Reverse Transcriptase (Invitrogen,
UK; Section 2.5.3). Most samples were resuspended in 230 pl, but all DTT
treated cDNA were resuspended in less water to compensate for reduced RNA.

The quantity and purity of the resultant cDNA was recorded (Section 2.5.2).

RT-PCR was validated with untreated NT and transfected SK-N-SH cells (Section
0) using primers for Cyc, GAPDH, ATF3, Bcl2, BiP, CHOP and XBP1. After
validation, GAPDH was included with every run as a loading control and ATF3,
BiP and XBP1 primers were used. Rumpshaker (Rsh) mouse cDNA and MQ were
used as control samples in every PCR run. Rsh cDNA was previously found to have
various stress markers present (McLaughlin et al., 2007). The PCR cycle shown in
Figure 2-2 was used and PCR products were loaded onto 2% UltraPure™ Agarose
gels. Purified XBP1 PCR products were further digested with Pst1-HF (Section
2.5.6) to indicate if XBP1t was spliced or unspliced. Only XBP1u contains the
Pst1 digestion site (McLaughlin et al., 2007). Primer characterisation (Appendix
8.3.1.3) showed ATF3, BiP, GAPDH and XBP1 primers were compatible with the
SK-N-SH derived samples but overall, Cyc, Bcl2 and CHOP primers were not.
GAPDH was successful as a housekeeping primer as it gave bands of the same
size and intensity for each sample. Cyc was trialled as a housekeeping primer,
however levels were not consistent in SK-N-SH derived cDNA, so it was not used

further.
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5.3.5 SOD1 aggregate visualisation

To assess SOD1 aggregation after treatment, cells were fixed and DAPI stained
(Section 2.3.3) a day after EDM was applied. Using fluorescence microscopy, the
total number of cells, transfected cells and SOD1 aggregates were manually
counted using Image J (Appendix 8.2.4.4). Three fields were selected from each
coverslip and were selected based on the distribution of nuclei to minimise

selection bias.

5.3.6 Statistical analysis

Statistical analysis and graph construction was carried out using GraphPad Prism.
Royston Shapiro-Wilk tests were carried out for each group to determine if they
were normally distributed. Appropriate parametric or nonparametric tests were

selected and are included in the results for each study.

5.4 Results

5.4.1 Impact of the reducing agent DTT on protein processing

5.4.1.1 Confirmation of ER stress induction after DTT treatment

After checking RNA integrity (Appendix 8.3.1.1), PCRs were conducted using BiP,
ATF3 and XBP1 primers. BiP (Figure 5-2A) and ATF3 (Figure 5-2B) were elevated
in DTT treated cells compared to controls, but it was only significant for BiP (WT
Cvs WT DTT p <0.01; DM C vs DM DTT p < 0.05). This indicated that the UPS had
been upregulated as a result of DTT treatment. The slight increase for ATF3 in
DTT treated cells is likely driven by one preparation. There were no differences
in ATF3 or BiP between genotypes. Total XBP1 (XBP1t) appeared slightly
elevated in DTT treated cells compared to controls, but this was not significant
(Figure 5-2C). There were no significant differences between genotypes. After
Pst1 digestion of XBP1t, unspliced XBP1 (XBP1u) was the dominant subtype in
control samples indicating XBP1 was inactive so the UPR and subsequent ER
stress had not been activated. In DTT treated samples, the dominant subtype
was spliced XBP1 (XBP1s), indicating the UPR had been activated and ER stress
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was initiated (Figure 5-2D). A low level of XBP1u was also present in treated

samples.
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Figure 5-2: Analysis of RNA from DTT treated cells. Three multiplex PCRs using cDNA were run
with primers for BiP and GAPDH in the same reaction. Products were separated in a gel (A) and
the bands were quantified. BiP was expressed as a percentage of GAPDH for each sample then
presented in the table (mean + SD). Separate reactions for ATF3 and GAPDH were performed at
the same time in triplicate. Again, products were separated in a gel (B), then ATF3 was
expressed as a percentage of GAPDH. Ordinary one-way ANOVAs with Bonferroni multiple
comparison tests were conducted for BiP and ATF3. Statistically different groups are indicated
with * (p < 0.05) or ** (p < 0.01). XBP1t and GAPDH reactions were included in the same run then
products were separated on a gel (C). In n3, there was a defect in the gel, however the bands
could still be quantified. Bands were quantified then XBP1t was expressed as a percentage of
GAPDH and presented in the table. For XBP1t, the NT control group was not normally distributed
so a Kruskal-Wallis test with Dunn’s multiple comparison test was conducted. XBP1t was digested
with Pst1 then the product was separated on a gel (D). When XBP1 is spliced, it cannot be
digested but when unspliced, it is digested and four separate bands are visible.

5.4.1.2 Total protein profiles with and without DTT treatment

There were no obvious differences in the total protein distribution between
genotypes, or control and DTT treated CLs (Figure 5-3A). In EVs (Figure 5-3B),
there were no differences between genotypes, but there were bands between 98
and 198 kDa that were present in the majority of DTT treated EVs but absent

from controls. Another band around 28 kDa was present in all EVs but was darker
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in treated samples compared to controls. The intense bands roughly at the 62
kDa marker and between the 49kDa and 62 kDa markers were present in all EV
samples and possibly reflect proteins abundant in the culture media. When CLs
and EVs were compared, the CLs had a more heterogenous population of
proteins compared to EVs. In EVs, bands in the 49 kDa to 62 kDa range were
more intense compared to CLs. Differences in the overall intensity of proteins in
a sample were due to loading rather than changes to the protein in the sample.

Total protein profiles for all preparations are presented in Appendix 8.3.3.3.

B) EV

—_— WT DM
WT WT DM DM cc
cTCT cL cL

kDa

198

98

Figure 5-3: Representative total protein profiles for DTT treatment. A) Representative total
protein profiles of CLs from cells transfected with pWT-SOD1-EGFP and pDM-SOD1-EGFP, with (T)
or without (C) DTT treatment. Prep 2 out of 5 is shown in the one gel stained with Coomassie
Blue. B) is the total protein profile of EVs for Prep 2 using silver staining. EVs are from cells that
were transfected with pWT-SOD1-EGFP or pDM-SOD1-EGFP and either not treated or treated with
DTT. Arrowheads indicate areas where there was variation in protein bands. The last two lanes
represent control WT- and DM-SOD1-EGFP CLs.

5.4.1.3 Analysis of SOD1, flotillin-1 and actin proteins

SOD1-EGFP and flotillin-1 in CLs was quantitively assessed for all treatment
groups and genotypes (Figure 5-4A and B). Treatment with DTT reduced SOD1-
EGFP and flotillin-1 in WT-SOD1-EGFP transfected CLs by an average of 16.8%
and 21.8% respectively but these changes were not significant. In DM-SOD1-EGFP
transfected CLs, SOD1-EGFP and flotillin-1 were reduced by an average of 10.4%
and 30.2% respectively. This change was non-significant for SOD1-EGFP but
significantly reduced for flotillin-1 (p < 0.05). This reduction in flotillin-1 may
reflect a reduction in cell density due to cell loss after DTT treatment, however

the loading control, actin, and gel staining showed protein loaded was
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comparable between CLs. It may therefore reflect changes to plasma membrane
composition. There were no significant changes in the proteins within or

between genotypes.

SOD1-EGFP and flotillin-1 in EVs was quantitively assessed for all treatment
groups and genotypes (Figure 5-4C and D). In the EVs from WT-SOD1-EGFP
transfected cells, SOD1-EGFP and flotillin-1 were reduced by an average of
60.2% and 27.4% respectively while the same proteins were reduced by an
average of 72.6% and 55.0% respectively from DM-SOD1-EGFP transfected cells.
Therefore, for both genotypes, there was an apparent reduction in the
production of SOD1 positive EVs, but it was non-significant with nonparametric
statistical tests (p= 0.0625). Nonparametric tests were used as the residuals of
the samples belonging to the SOD1-EGFP groups were not normally distributed so
failed the Shapiro-Wilk test. Samples belonging to the flotillin-1 group were
normally distributed however it was decided that using the same tests for all
groups would be more consistent. There was no significant difference in either
of the proteins within or between genotypes using these tests. With the
parametric equivalent test however, DM flotillin-1 and WT- and DM-SOD1-EGFP
were significantly reduced after treatment in EVs compared to untreated
controls (DM flotillin-1 p < 0.05; WT-SOD1-EGFP p < 0.05; DM-SOD1-EGFP p <
0.001). This suggests that if the sample number was increased and this led to a
change to normal distribution for SOD1-EGFP, there may be significance in
samples and may suggest there was a reduction in EV production after DTT
treatment from DM-SOD1-EGFP transfected cells, but not WT-SOD1-EGFP cells.

Actin in the EV fraction was markedly lower that CL controls showing cellular
contamination was low. A representative Ponceau S stained blot is presented in
Appendix 8.3.3.2.
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Figure 5-4: DTT treatment effect on CLs and EVs. A) shows WBs for SOD1-EGFP, flotillin-1 and
actin in CLs for control and DTT treated samples. Protein was loaded at a concentration of 10 pg.
The blot for n1 was cropped but the whole image is available in Appendix 8.3.3.6. B) The graph
contains the results from all five CL preparations when probed with GFP or flotillin-1 (n=5).
Residuals were normally distributed so parametric ratio paired t-tests were used to determine if
there were changes to the level of protein compared to untreated controls after treatment.
Ordinary one-way ANOVA with Bonferroni multiple comparisons test were used to compare
protein levels between genotypes and the two proteins. C) shows WBs for SOD1-EGFP, flotillin-1
and actin in EVs for control and DTT treated samples. EVs were loaded at 5 pg and CL control
protein concentrations were 10 pg for preparation 1 (n1) and 5 pg for preparations 4 (n4) and 5
(n5). Actin blots were carried out for preparations 2 (n2) and 3 (n3) but CL controls were not
clear. This is suspected to be because protein was loaded at 1 pug for these preparations.
Flotillin-1 was however observed so it could be that the blot was affected by reprobing.
Uncropped actin blots for n1, n4 and n5 are presented in Appendix 8.3.3.6. D) The graph
contains the results from all five EV preparations when probed with the same antibodies (n= 5).
Data were not normally distributed so Wilcoxon matched-pairs signed rank test were used to
determine if there were changes in protein values in treated EVs compared to untreated EVs.
Kruskal-Wallis with Dunn’s multiple comparisons tests were used to compare genotypes and
flotillin-1 and SOD1-EGFP. Results in the graph are presented as treated band intensity as a
percentage of the untreated band intensity. Dotted line= 100%. += mean. *p < 0.05.
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5.4.1.4 SOD activity in CLs and EVs is different

Native gels with NBT staining were carried out to assess the enzymatic activity
of endogenous SOD and fusion SOD1-EGFP (Figure 5-5). Endogenous SOD activity
was present in all CLs and in transfected CLs, additional activity for the SOD1
fusion protein was present. The lower band of endogenous SOD activity appeared
slightly reduced in the DTT treated cells from all genotypes and the fusion
protein bands were also slightly reduced in intensity. The change in activity of
SOD1-EGFP appeared to be greater in the DM-SOD1-EGFP transfected CLs (Figure
5-5A). In EVs, the upper band of endogenous SOD was difficult to observe from
all genotypes but does not appear to be completely dysfunctional in many of the
EV samples (Figure 5-5B). The lower band of endogenous SOD was present in all
EV samples and may have been slightly reduced in DTT treated transfected EVs,
but not NT EVs. It was only possible to show SOD1-EGFP activity in WT-SOD1-
EGFP transfected EVs that were untreated. In the DM-SOD1-EGFP control and
treated EVs, it was difficult to see double banding, suggesting DM-SOD1-EGFP

associated with EVs was not active.
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Figure 5-5: DTT treatment affects SOD activity. A) and B) NBT stained native gels were used as
an assay of SOD1 activity (n= 1) in CLs and EVs respectively. Endogenous SOD (black arrowhead),
WT-SOD1-EGFP (white filled arrowhead) and DM-SOD1-EGFP (grey filled arrowhead) activity can

be seen.
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5.4.1.5 Influence of DTT treatment on autophagy

To assess autophagy function, CL WBs were probed with anti-LC3B, then LC3BI
and LC3BIl were quantified and the LC3BII/LC3BI ratio calculated (Figure 5-6).
The LC3BII/LC3BI ratio increased in samples treated with DTT by an average of
110.4% in WT-SOD1-EGFP CLs and 177.0% in DM-SOD1-EGFP cells. This increase
was only significant for DM-SOD1-EGFP cells (p < 0.05). The higher ratios in the
treated samples compared to untreated may suggest there is disruption to the
digestion of autolysosomes (increased LC3BIl). There were no statistically

relevant changes to the ratio between genotypes.
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Figure 5-6: DTT treatment affects the LC3BII/LC3BI ratio in transfected cells. A) shows all WBs
(n=5) containing CLs that were probed with anti-LC3B. The LC3BI and LC3BII bands from all five
preparations were quantified and plotted in the graph (B). One preparation was excluded in the
WT DTT group as it was an outlier (1446.2%). An ordinary one-way ANOVA with Bonferroni’s
multiple comparisons test was used to compare the ratios between treatments and genotypes.
+=mean. *p < 0.05.
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5.4.1.6 Cell morphology, SOD1-EGFP transfection efficiency and aggregation

Healthy SK-N-SH cells form processes with other cells in culture after they have
adhered to the bottom of the vessel they are grown in. After treatment with DTT
for six hours, cells became more rounded in morphology and there were fewer
processes extending from the cells (Figure 5-7A). Furthermore, DAPI staining
showed treated cells had a higher number of fragmented nuclei (Figure 5-7B).
This phenomenon, known as karyorrhexis, combined with cell rounding and loss
are indicative of apoptosis (Elmore, 2007). There were no clear morphological
differences between plasmid genotypes. Cells were efficiently transfected with
pWT- or pDM-SOD1-EGFP (45 + 1.7% and 44 + 2.6% respectively; Figure 5-7C).
DTT did not appear to effect transfection efficiency (Figure 5-7D). DTT
treatment significantly increased the average percentage of cells with SOD1-
EGFP aggregates (Figure 5-7E) compared to controls in both genotypes (p <
0.01). Overall, DM-SOD1-EGFP control and treated cells had a higher average
percentage of aggregates when compared to their WT-SOD1-EGFP counterparts,

but this was not statistically significant (Figure 5-7F).
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Figure 5-7: Cytology of DTT treated cells. A) Phase-contrast images from 6-well plates. Scale
bar= 20 pm. B) DAPI stained nuclei from 4-well plates. Scale bar=5 pm. C) Wide field images of
cells to demonstrate transfected efficiency. Blue= DAPI stained nuclei; green= SOD1-EGFP. Scale
bar= 20 um. D) Graph shows the average percentage of transfected cells in control and treated
cells (n=5). Kruskal-Wallis with Dunn’s multiple comparisons tests was used to make comparisons
between groups. += mean. Mean + SEM: WT C 45 + 2.1%; WT DTT 46 + 2.7%; DM C 39 + 2.5%; DM
DTT 49 + 4.1%. E) merged images of stained nuclei with SOD1-EGFP (200X for WT misfolded, 400X
for the rest). When SOD1 misfolds, it becomes aggregated (white arrowheads). Scale bars= 5 pm.
F) average percentage of transfected cells with SOD1-EGFP aggregates in control and treated
cells (n=5). Ordinary one-way ANOVA with Bonferroni multiple comparisons tests was used to
compare groups. += mean. **p < 0.01. Mean + SEM: WT C 6 + 0.5%; WT DTT 16 + 1.7%; DM C 11
0.8%; DM DTT 20 + 1.3%. Images for D) and F) were captured from three different fields at 100X
magnification within each slide, then transfected cells and aggregate counts were averaged for
each slide and plotted in the graphs.
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5.4.2 Impact of autophagy disruption by CQ treatment
5.4.2.1 ER stress was not induced by CQ treatment

After checking RNA integrity (Appendix 8.3.1.1), PCRs were conducted to
determine if ER stress had been induced by CQ. cDNA derived from RNA was
probed for ATF3, BiP, XBP1t, XBP1u and XBP1s. BiP levels were consistent across
treatment groups and genotypes while mean ATF3 was slightly, but non-
significantly, elevated in CQ treated samples (Figure 5-8A and B). XBP1t levels
were similar between control and treated samples within each genotype. There
was a significant reduction of XBP1t in DM-SOD1-EGFP controls compared to WT-
SOD1-EGFP controls (p < 0.05; * in Figure 5-8C) and a similar trend was noted for
the treated samples, but this was not statistically significant. XBP1u was the
dominant subgroup present in all samples showing ER stress was not induced by

autophagy inhibition (Figure 5-8D).
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Figure 5-8: Analysis of RNA derived from control and CQ treated cells. PCRs using RNA derived
cDNA with primers for BiP (A), ATF3 (B), XBP1t (C) and GAPDH were conducted then products
were separated in a gel. Bands were quantified and BiP, ATF3 or XBP1t were expressed as a
percentage of GAPDH then presented in the table (mean + SD). Statistical tests were ordinary
one-way ANOVA with Bonferroni’s multiple comparisons test for BiP and XBP1t and Kruskal-Wallis
with Dunn’s multiple comparison test for ATF3. *p < 0.05. D) shows gels containing Pst1 digested
XBP1t PCR products. Multiple bands between ~200 and ~500 bps show XBP1u was the main
species present.
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5.4.2.2 Total protein profiles with and without CQ treatment

CL and EV profiles differed as previously described with CLs having a more
heterogenous protein distribution (Figure 5-9). There were no clear differences
in the CL total protein profiles when NT and transfected cells were compared,
and when control and treated cells were compared (Figure 5-9A). NT control
samples from two preparations were faint because the wells were contaminated
with TRIzol™ during protein/RNA extraction which resulted in protein
precipitation (Appendix 8.3.3.4). Harvested EVs had a similar overall profile to
that observed for DTT treatment (Figure 5-3). When comparing profiles between
NT and transfected cells, they appeared similar (Figure 5-9B). Profiles of EVs
from cells treated with CQ appeared to have a more heterogenous mixture of
proteins compared to controls. EVs had concentrated bands between 49 and 62
kDa (possibly albumin) and between 98 and 198 kDa. Total protein profiles for all

preparations are presented in Appendix 8.3.3.4.
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Figure 5-9: Representative total protein profiles for CQ treated cells. A) shows a
representative total protein profile in CLs for Prep 4 out of 5 preparations using Coomassie Blue
staining. Cells were either non-transfected or transfected with pWT-SOD1-EGFP or pDM-SOD1-
EGFP. Some cells were not treated with CQ (C) while others were treated with CQ (T). B) is a
representative total protein profile for EVs from Prep 4 out of 5 preparations using silver
staining. Arrowheads indicate intense bands found in EVs. Three lanes had CL controls from NT,
WT- and DM-SOD1-EGFP control cells, but NT was missing in the EV control lane due to
contamination of lysates with TRIzol™ during protein/RNA extraction from culture plates.
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5.4.2.3 Confirmation of autophagy disruption with CQ

LC3BII/LC3BI ratio was used to confirm CQ treatment inhibited autophagy by
quantifying the conversion from LC3BI to LC3BII (Figure 5-10). NT control and
treated samples had the biggest increase in ratios (267%; p= 0.067; Figure 5-10B)
suggesting LC3BIl accumulated. Further analysis of LC3BI and LC3BII (Figure
5-10C) showed there was significantly more LC3BII than LC3BI (p < 0.05) and,
there was significantly more LC3BIl in treated NT samples compared to
untreated samples (p < 0.001). CQ inhibits autophagy at the level of the
autolysosome preventing LC3BIl degradation (Schrezenmeier and Dorner, 2020),

so this explains these changes and confirms CQ had the desired effect.

For transfected cells, there was an average percentage increase in LC3BII/LC3BI
ratio of 160.0% and 103.6% for WT-SOD1-EGFP and DM-SOD1-EGFP after CQ
treatment, but this was not statistically significant (Figure 5-10B). When LC3BI
and LC3BIl were further investigated (Figure 5-10D), there were no significant
differences in the protein levels as a consequence of CQ treatment and there
were no differences between the subtypes within each genotype. As the ratios
were higher after CQ treatment in all groups, it suggested autophagy was
inhibited to some extent. For transfected samples, the fusion protein may
initiate autophagy as cells may try to clear the protein, resulting in a higher
level of LC3BI and a reduced ratio change compared to NT cells. There were no
significant differences in LC3BII/LC3BI ratios between genotypes, but NT control
and DM-SOD1-EGFP control LC3B ratios were borderline significant (p= 0.0504).

There were no statistical differences in LC3B subtypes between genotypes.



158

o
~
©
(=
o

A) NT NT WT WT DM DM
C €@ C €@ ¢ cQ

n1 o— o |e= LC3BI

- - S < LC3BII
6001
n2 - -
R

n3 - O — —
o wn -

n4 | - .- —
-

| B

4001

LC3BII/LC3BI as a percentage (%)

-
0 . . . .
& & & & & &
& A < R < N
L N
LC3BI LC3BII
9 * D) 1000
—_— LC3BI LC3BII

~ 20007 * kK £
R o

@
? = 800
- [
[ [
o 5
5 15009 S
c o
3 5]
s o 600
o &
on + -
£ 10007 g
c o
g & 400
E Q
(=% <
© 4
5 T 200
2 3
[
o L ettt ittt
(=

Figure 5-10: Comparison of LC3B ratios between treatment groups in CLs. A) All WBs for
LC3BI and LC3BII around 14 kDa in CL samples. Protein concentration loaded was 10 pg. These
bands were quantified for five replicate experiments, the LC3BII/LC3BI ratio calculated and
expressed as a percentage in the graph (B). For NT control CLs n= 4 as an outlier was excluded
(209%). Statistical analysis in the form of ordinary one-way ANOVA with Bonferroni multiple
comparisons tests were used. C) and D) LC3BI and LC3BII were expressed separately as a
percentage of treated over untreated for NT (C) and WT- and DM-SOD1-EGFP (D) so changes
could be clearly seen. In C), residuals were normally distributed, so ratio paired t-tests were
used to determine differences between treated and untreated samples. To compare LC3BI and
LC3BIl, a paired t-test was used. In D), there was one outlier in LC3BIl for WT- and DM-SOD1-
EGFP genotypes (1249% and 1824% respectively), so these were excluded from analysis. Not all
groups were normally distributed, so Wilcoxon matched-pairs sighed rank tests were used to
check for differences between treated and untreated samples and a Kruskal-Wallis with Dunn’s
multiple comparisons test was carried out to compare genotypes and LC3B. Dotted line= 100%.
+=mean. *p < 0.05; ***p < 0.001.

5.4.2.4 Analysis of SOD1, flotillin-1 and actin proteins

SOD1-EGFP was increased by an average of 81% and 135% in WT- and DM-S0OD1-
EGFP CLs respectively after CQ treatment, but these changes were not
statistically significant using nonparametric tests (Figure 5-11A and B).
Nonparametric tests were used because samples within the WT-SOD1-EGFP group
were not normally distributed. For consistency, the same test was used for all
control and treated comparisons. CQ treated WT- and DM-SOD1-EGFP were
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borderline significantly higher in CLs compared to untreated (WT- and DM-SOD1-
EGFP p= 0.0625). When the parametric equivalent test was used, both reached
significance (WT-SOD1-EGFP p < 0.05; DM-SOD1-EGFP p < 0.01). The increase is
likely due to increased accumulation in cells due to lack of autolysosome
digestion. Flotillin-1 was very similar across treatment groups and genotypes
with only an 18% and 10% reduction for WT-SOD1-EGFP and DM-SOD1-EGFP
respectively. This is likely to represent a small change to plasma membrane
composition in treated samples. There was significantly more SOD1-EGFP than
flotillin-1 for WT-SOD1-EGFP (p < 0.05) and DM-SOD1-EGFP (p < 0.05) CLs.

SOD1-EGFP was increased in WT-SOD1-EGFP EVs by an average of 12% but
reduced by an average of 20% in DM-SOD1-EGFP EVs when cells were treated
with CQ. Neither of these changes were statistically significant and there were
no statistical differences between genotypes (Figure 5-11C and D). Flotillin-1
was increased by an average of 43% and 10% in WT-SOD1-EGFP and DM-SOD1-
EGFP EV samples respectively after CQ treatment. The change was only
significant for WT-SOD1-EGFP EVs (p < 0.01). Using an ordinary one-way ANOVA
with Bonferroni’s multiple comparisons test, no significant difference was found
in flotillin-1 between genotypes, however using an unpaired t-test, there was a
significant difference. The WT-SOD1-EGFP EV fraction had more flotillin-1
compared to the DM-SOD1-EGFP EV fraction (p < 0.05), possibly indicating more
EVs were being produced from WT-SOD1-EGFP cells. SOD1-EGFP and flotillin-1
were not significantly different within genotypes. Actin in the EV fraction was
variable but generally, levels were comparable or lower than levels found in CL
controls. It should be noted that 5 pg of EV proteins and 1 pg of CL protein was
loaded, showing levels were lower overall in the EV fraction compared to CLs. A

representative Ponceau S stained blot is presented in Appendix 8.3.3.2.

CL and EV results taken together may suggest CQ increased the production of
EVs from WT-SOD1-EGFP transfected cells as flotillin-1 was significantly
increased in the EV fraction. In the DM-SOD1-EGFP transfected cells, this
mechanism may be defective as there was no significant change in flotillin-1
when CQ was added compared to controls. The average amount of WT- and DM-
SOD1-EGFP was increased in treated cells, although not significantly, while

SOD1-EGFP in the EV fraction was much closer to the untreated values. It may
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suggest SOD1 was not incorporated into EVs due to autophagy inhibition,

potentially eventually leading to an increase of the protein intracellularly.
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Figure 5-11: The effect of CQ treatment on CLs and EVs. A) and C) WBs for SOD1-EGFP,
flotillin-1 and actin in CLs and EVs respectively. A) Protein concentration= 10 pg. C) Protein
concentrations: EVs= 5 pg; CLs= 1 pg. SOD1-GFP and flotillin-1 were quantified then treated
values expressed as a percentage of untreated and plotted in the graphs in B) and D) for CLs and
EVs respectively. For CLs (n=5), Wilcoxon matched-pairs signed rank test compared treated and
untreated samples. Kruskal-Wallis with Dunn’s multiple comparisons tests compared genotype
and protein. For EVs (SOD1-EGFP n= 5; flotillin-1 WT n= 5, DM n= 4) an outlier (n1= 1192%) was
excluded from DM flotillin-1 as it skewed results causing an abnormal distribution of residuals.
Actin levels were also particularly high in the EV fraction from CQ treated samples and almost
missing from the control EV fraction so this may reflect this observation. Ratio paired t-tests
analysed changes to proteins caused by treatment. Ordinary one-way ANOVA with Bonferroni
multiple comparisons test compared genotypes and proteins. Dotted line= 100%. += mean. *p <
0.05; **p < 0.01. Uncropped WBs are presented in Appendix 8.3.3.7.
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LC3B proteins were also investigated in EVs (Figure 5-12). The ratio was not
applicable for EV evaluation, so LC3BI and LC3BII levels in treated samples were
expressed as a percentage of untreated protein (Figure 5-12B and C). There was
an average increase in LC3BI by 165.0% in NT EVs, 314.4% in WT-SOD1-EGFP EVs
and 238.2% in DM-SOD1-EGFP EVs after CQ treatment. For WT-SOD1-EGFP and
DM-SOD1-EGFP EVs, this was a significant increase compared to untreated
samples (WT-SOD1-EGFP p < 0.01; DM-SOD1-EGFP p < 0.05). For LC3BII,
treatment increased values by an average of 1321.8% for NT EVs, 164.8% for WT-
SOD1-EGFP EVs, and 166.0% for DM-SOD1-EGFP EVs. This was a significant
increase for all groups: NT p < 0.0001; WT-SOD1-EGFP p < 0.05 and DM-SOD1-
EGFP p < 0.01. This suggests that EVs may be used to remove surplus cellular
LC3BII and/or autophagosomes/autolysosomes when autophagy is inhibited in
cells, in addition to LC3BI. The difference between LC3BI and LC3BII levels
associated with EVs after treatment was only significant for NT EVs (p < 0.05).
When the treatment and genotype was also compared (not shown), there was
significantly more LC3BIl in NT EVs after CQ treatment compared to WT-SOD1-
EGFP EVs (p < 0.0001) and DM-SOD1-EGFP EVs (p < 0.0001). The significant
increase in LC3BIl seen in the NT EV group compared to transfected EV groups
after treatment could be because minimal or no LC3BII was visible in the WBs for
NT control cells (Figure 5-12A), making the difference between control and
treated LC3BII very different. The effect of CQ treatment on LC3BI levels was

similar between NT and transfected cells.
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Figure 5-12: The effect of CQ on LC3B subtypes associated with EVs. A) all EV WBs with LC3BI
and LC3BII around 14 kDa. LC3BI and LC3BII were expressed separately as treated as a
percentage of untreated for NT (B) and WT- or DM-SOD1-EGFP (C). One outlier in NT LC3BII
(2793%) was excluded. Ratio paired t-tests compared treated and untreated samples. For NT EVs
a paired t-test was used to compare the LC3B subtypes and for the transfected EVs, an ordinary
one-way ANOVA with Bonferroni’s multiple comparisons test was used. += mean. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

5.4.2.5 SOD1 activity

The usual endogenous SOD and fusion SOD1 protein bands were clearly observed
in CLs (Figure 5-13A and C). Fusion protein activity appeared to be marginally
increased for both WT- and DM-SOD1-EGFP treated samples in the first attempt
of the method. After repeating the NBT stained gel with another preparation,
there was no clear difference in fusion protein activity between control and
treated CLs. Endogenous SOD did not appear to change between genotype or
treatment. In EVs, endogenous SOD activity was difficult to identify in all
genotypes and treatments (Figure 5-13B and D). Both WT- and DM-SOD1-EGFP
fusion protein bands were present in EVs with and without CQ treatment in both

preparations, suggesting the proteins retained activity.
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Figure 5-13: The effect of CQ treatment on SOD activity in CLs and EVs. Presented above are
NBT stained native gels which were used to assay SOD1 activity in CLs (A) and C)) and EVs (B)
and D)). Endogenous SOD (black arrowhead) activity, WT-SOD1-EGFP (white filled arrowhead)
and DM-SOD1-EGFP (grey filled arrowhead) activity can be seen. The assay was performed using
one preparation, then it was repeated with another preparation to ensure activity observed in
the EV fractions was repeatable. In B), the image was cropped to save space as there were
multiple empty wells between the EV samples and CL control. Plasmid activity remained present
in EVs after repeating. In D), there was an additional DM CL control as there was a loading error
(denoted®).

5.4.2.6 Cell morphology, transfection efficiency and aggregation of SOD1-
EGFP

There appeared to be more rounded cells in the CQ treated cells compared to
controls and there was a loss of cells (Figure 5-14A). There were no obvious
differences in the morphology of control or CQ treated nuclei in either genotype
(Figure 5-14B). The average percentage of cells transfected with pWT-SOD1-
EGFP and pDM-SOD1-EGFP was 55 + 2.5% and 56 + 3.0% (mean + SEM)
respectively. CQ may have increased the rate of transfection as shown by an
increase in the CQ means compared to controls, but this was not statistically
significant (Figure 5-14C and D). CQ treatment increased the percentage of
SOD1-EGFP aggregates (Figure 5-14E) observed in WT- and DM-SOD1-EGFP cells,
but this was only statistically significant for DM-SOD1-EGFP cells (p < 0.01).
Overall, there were more SOD1-EGFP aggregates in the DM-SOD1-EGFP samples
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compared to WT-SOD1-EGFP counterparts, but the difference was only
significant between treated samples (p < 0.01; Figure 5-14F).
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Figure 5-14: Cytology of cells treated with CQ. A) Phase-contrast images from 6-well plates
used for the protein experiments. Scale bar= 20 um. B) Images of DAPI stained nuclei to
demonstrate the nucleic morphology. Scale bar=5 pm. C) Wide field fluorescent images to
demonstrate transfection efficiency. Blue= DAPI stained nuclei and green= SOD1-EGFP. Scale
bar= 10 ym. D) The graph shows the average percentage of WT- and DM-SOD1-EGFP transfected
cells in control and treated cells (n=5). Images were captured from three different fields at
100X magnification within each slide then transfected cell and aggregate counts were averaged
for each slide and plotted in the graph. An ordinary one-way ANOVA with Bonferroni multiple
comparisons test was used to compare groups. += mean. Mean + SEM: WT C 47 + 2.5%, WT CQ 64
+4.7%, DM C 49 = 3.2%, DM CQ 64 + 4.4%. E) composite images of DAPI stained nuclei with SOD1-
EGFP. When SOD1-EGFP misfolds, it forms aggregates (white arrowheads). Scale bar= 5 pm. The
graph in F) shows the average percentage of WT- and DM-SOD1-EGFP transfected cells with
SOD1-EGFP aggregates in control and treated cells (n= 5). Images were captured as described for
D). An ordinary one-way ANOVA with Bonferroni multiple comparisons test was used. += mean.
**p < 0.01. Mean + SEM: WT C5 + 0.5%; WT CQ 6 + 0.8%; DM C 8 + 0.7%; DM CQ 11 + 0.9%.
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5.4.3 Impact of proteasome inhibition by MG132

5.4.3.1 Assessment of RNA

After checking RNA integrity of MG132 treated samples (Appendix 0), RT-PCR
was carried out using primers for ATF3, BiP, XBP1 and GAPDH. BiP was
significantly increased in both WT- and DM-SOD1-EGFP treated cells compared to
controls (p < 0.01; Figure 5-15A), suggesting the UPS had been upregulated.
There were no differences in BiP between genotypes. ATF3 was not effected by
treatment or genotype statistically, but there was a 54% difference in the mean
ATF3 present in DM-SOD1-EGFP control and treated cells that was not present in
WT-SOD1-EGFP cells (Figure 5-15B). There were no statistically significant
differences in XBP1t between genotypes or treatments (Figure 5-15C). XBP1u
was the dominant subtype present in control cells (Figure 5-15D) but XBP1u and

XBP1s were present in treated cells, suggesting ER stress had been initiated.
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Figure 5-15: Analysis of gene expression after MG132 treatment. BiP (A), ATF3 (B), XBP1t (C)
and GAPDH PCR products were separated in a gel, quantified then expressed as a percentage of
GAPDH and presented in the table (mean + SD). Statistical tests were ordinary one-way ANOVA
with Bonferroni’s multiple comparisons test (BiP and XBP1t) or Kruskal-Wallis with Dunn’s
multiple comparison test (ATF3). **p < 0.01 and p < 0.01. D) gels containing Pst1 digested XBP1t
PCR products. Multiple bands between ~200 and ~500 bps show XBP1u was the main species

present, however, there was evidence of XBP1s in MG132 treated cells.
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5.4.3.2 Total protein profiles

The general total protein profiles for EVs and CLs were similar to those seen
before for DTT and CQ treatments. Profiles looked similar between control and
treated CLs, but there was an additional band seen only in the MG132 treated
cells at around 62 kDa (Figure 5-16A). EV profiles looked similar between
treatment groups overall, but the EVs from treated cells appeared to have a
more heterogenous population of proteins compared to untreated EVs (Figure
5-16B). There were additional proteins between 14 and 17 kDa in EVs from
treated cells that were not apparent in control EVs. All gels are found in
Appendix 8.3.3.5.

kDa
198 —

98 —

62 —|
49 —
38 —
28 —

17 —
14 —f

Figure 5-16: Total protein profiles of CLs and EVs in MG132 study. A) shows a representative
total protein profile for CLs from one of three preparations (Prep 3) using Coomassie Blue
staining. Cells were either NT or transfected with pWT- or pDM-SOD1-EGFP. Some cells were
untreated (C) while others were treated with MG132 (T). B) is a representative total protein
profile for EVs from one of the three preparations (Prep 3) using silver staining. Three lanes were
CL controls from NT, WT- and DM-SOD1-EGFP transfected control cells. Arrowheads indicate
bands of interest.

5.4.3.3 Increased ubiquitination confirmed the proteasome was inhibited

MG132 is a proteasome inhibitor and proteasome function can be monitored by
assessing ubiquitination of proteins within cells. In this study, there was
increased ubiquitination of proteins after the addition of MG132, as shown in the
WBs (Figure 5-17A), indicating the proteasome was effectively inhibited.
Ubiquitinated proteins were increased by 71%, 87% and 77% in treated NT, WT-
and DM-SOD1-EGFP transfected cells respectively. The increase was only
statistically increased for WT-SOD1-EGFP cells (p < 0.01), but NT cells were
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borderline significant (p= 0.0672). There was considerable variation between
preparations for NT and DM-SOD1-EGFP transfected cells, so increasing the
number of replicates would be of benefit to obtain more representative means.
For example, for NT CLs with three samples, this is likely being driven by one
replicate that pulled the mean down. The opposite could be true for DM-SOD1-
EGFP cells where one replicate pulls the mean up. Nevertheless, there was
clearly proteasomal inhibition induced by MG132 but there were no clear

differences in the level of ubiquitination between NT and transfected cells.

EVs produced from these cells were also probed for ubiquitin (Figure 5-17B).
Qualitative assessment showed ubiquitination was also increased in MG132
treated EVs of all genotypes. NT EVs may have had more ubiquitination than the

EVs from transfected cells as the bands were slightly darker.
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Figure 5-17: MG132 treatment effect on ubiquitination within CLs and EVs. A) WBs probed
with ubiquitin to label ubiquitinated proteins. The bands were quantified and treated samples
were expressed as a percentage of the untreated samples. The mean percentages with SDs are
presented in the table for NT, WT- and DM-SOD1-EGFP CLs. Ratio paired t-tests were used to
evaluate the percentage difference between control and treated samples. Further, an ordinary
one-way ANOVA with Bonferroni's multiple comparisons test was used to compare values between
genotypes. **p < 0.01. Stronger single bands at around 42 and 47 kDa were residual actin and
flotillin-1 from the previous two probes. B) Blots containing EVs from cells treated or untreated
with MG132 were probed with anti-ubiquitin.
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5.4.3.4 Effect of MG132 treatment on SOD1-EGFP, flotillin-1 and actin

proteins

SOD1-EGFP was significantly increased after MG132 treatment in CLs from both
genotypes (p < 0.05). For WT-SOD1-EGFP transfected cells, there was an average
increase of 199% and for DM-SOD1-EGFP transfected cells, it was 411%. There
were no statistical differences between the genotypes (Figure 5-18A and B). For
flotillin-1, there was an average decrease of 29% and 38% for WT- and DM-SOD1-
EGFP respectively after MG132 treatment, but this was not a statistically
significant change (Figure 5-18A and B). There was significantly more SOD1-EGFP
than flotillin-1 in the DM-SOD1-EGFP transfected CLs (p < 0.05). Actin levels
were similar between cells but may have been marginally reduced in treated
cells (Figure 5-18A). These results suggest there is potentially a loss of cells,
disruption to the cytoskeleton or membranous components and an accumulation
of SOD1-EGFP in cells treated with MG132.

In the EV fraction, there was also an average increase in SOD1-EGFP (WT-S0OD1-
EGFP= 251% and DM-SOD1-EGFP= 243%) and was statistically significant for DM
EVs (p < 0.01) and bordering on significance for WT EVs (p= 0.06). The lack of
significance in WT-SOD1-EGFP EVs is likely due to the variation in individual
samples (Figure 5-18C and D). Flotillin-1 was reduced in the EV fractions of WT-
and DM-SOD1-EGFP EVs by an average of 67% and 56% (Figure 5-18C and D). The
change was statistically significant for WT-SOD1-EGFP derived EVs only (p < 0.01)
and borderline significant for DM-SOD1-EGFP derived EVs (p= 0.0668). Actin was
markedly reduced in the EV fraction compared to CL controls showing there was
minimal cellular contamination in the fraction (Figure 5-18C). A representative
Ponceau S stained blot is presented in Appendix 8.3.3.2. Overall, these results
suggest MG132 treatment prevented the production of EVs to some extent from
cells and that the SOD1-EGFP present in this fraction could be associated with

free protein.
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Figure 5-18: The effect of MG132 treatment on CLs and EVs. A) WBs for SOD1-EGFP, flotillin-1
and actin in CLs for control and MG132 treated samples. Protein concentration= 10 pg. B) The
graph contains the results from all three CL preparations when probed with GFP or flotillin-1 (n=
3). Ratio paired t-tests were used to determine if there were changes to the level of protein
before and after treatment. Ordinary one-way ANOVA with Bonferroni multiple comparisons test
compared protein levels between genotypes and the two proteins. The midline represents the
mean. C) WBs for SOD1-EGFP, flotillin-1 and actin in EVs for control and MG132 treated samples.
Protein concentration= 5 pg. D) The graph contains the results from all three EV preparations
when probed with GFP or flotillin-1 (n= 3). Ratio paired t-tests were used compare protein levels
before and after treatment. Ordinary one-way ANOVA with Bonferroni multiple comparisons test
were used to compare protein levels between genotypes and the two proteins. The midline
represents the mean. Dotted line represents 100%. *p < 0.05; **p < 0.01.
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5.4.3.5 MG132 treatment and SOD1 activity

The usual bands identified previously in this study and in Qi et al., (2019) were
identified in untreated and MG132 treated CLs (Figure 5-19). Fusion protein
activity looked similar with and without MG132 treatment, but endogenous SOD
may have been mildly reduced after MG132 treatment. Endogenous SOD activity
was not clear in control or treated EVs, but it was noted that the proteins
appeared to accumulate in the wells instead of running into the gel, potentially

because the stacking gel was too dense.

P> Endogenous [>WT-EGFP B> DM-EGFP

Figure 5-19: The effect of MG132 treatment on SOD activity in CLs. NBT stained native gel
used to assay SOD1 activity in CLs with and without MG132 treatment. Endogenous SOD (black
arrowhead) activity, WT-SOD1-EGFP (white filled arrowhead) and DM-SOD1-EGFP (grey filled
arrowhead) activity can be seen. The assay was performed using one preparation (n=1).
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5.4.3.6 Cell morphology, SOD1-EGFP transfection efficiency and aggregation

There were more rounded cells present in MG132 treated cells compared to
control cells and this was accompanied by cell loss (Figure 5-20A). Nuclei in
treated cells more frequently displayed a horseshoe shape rather than oval
shape (Figure 5-20B). Cells treated with MG132 formed an island like distribution
where clusters of cells formed (Figure 5-20C). There were no clear differences
between genotypes. Cells were efficiently transfected with pWT- or pDM-SOD1-
EGFP (34 + 2.5% and 27 + 2.7% respectively; Figure 5-20D). MG132 appeared to
significantly increase the transfection efficiency of the plasmids (pWT-SOD1-
EGFP p < 0.01; pDM-SOD1-EGFP p < 0.05), but this may be an artefact due to
more intense fluorescence. There were no differences between genotypes.
MG132 treatment significantly increased the number of transfected cells with
SOD1 aggregates (p < 0.0001; Figure 5-20E and F). This suggests proteasome
inhibition had a marked impact on SOD1-EGFP clearance from cells. Further,
there were significantly more aggregates in treated DM-SOD1-EGFP transfected
cells compared to treated WT-SOD1-EGFP cells (p < 0.05). The mean nhumber of
transfected cells with aggregates was slightly higher in DM-SOD1-EGFP controls
compared to WT-SOD1-EGFP controls, but this was not statistically significant.
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Figure 5-20: Cytology of cells treated with MG132. A) Phase-contrast images from 6-well plates
used for the protein experiments. Scale bar= 20 pm. B) DAPI stained nuclei of control and MG132
treated cells. Scale bar= 5 pm. C) Wide field fluorescent images to demonstrate the transfection
efficiency of the plasmids. Blue= DAPI stained nuclei and green= SOD1-EGFP. Scale bar= 20 pym.
D) The graph shows the average percentage of WT- and DM-SOD1-EGFP transfected cells in
control and treated cells (n= 5). Images were captured from three different fields at 100X
magnification within each slide, then transfected cell and aggregate counts were averaged for
each slide and plotted in the graph. An ordinary one-way ANOVA with Bonferroni multiple
comparisons test was used to compare groups. Mean + SEM: WT C 24 + 2.1%, WT MG132 44 +
2.8%, DM C 18 + 2.0%, DM MG132 36 + 3.7%. += mean. *p < 0.05; **p < 0.01. E) composite images
of DAPI stained nuclei with SOD1-EGFP. When SOD1-EGFP misfolds, it forms aggregates (white
arrowhead). Scale bar= 5 pm. The graph in F) shows the average percentage of WT- and DM-
SOD1-EGFP transfected cells with SOD1-EGFP aggregates in control and treated cells (n=5).
Images were captured as described for D). An ordinary one-way ANOVA with Bonferroni multiple
comparisons test was used. Mean + SEM: WT C 6 + 0.7%; WT MG132 10 + 1.1%; DM C 32 + 2.6%;
DM MG132 40 + 2.4%. += mean. *p < 0.05; ****p < 0.0001.
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5.4.4 SOD1 aggregation in control cells

In the DTT, CQ and MG132 studies, using an ordinary one-way ANOVA with
Bonferroni’s multiple comparisons test to compare the effect of genotype and
treatment on SOD1 aggregation, there were no significant differences found
between untreated WT- or DM-SOD1-EGFP transfected cells, contrary to
published studies (Qi et al., 2019). When unpaired t-tests were used to compare
WT- and DM-SOD1-EGFP untreated controls, there were statistically significant
differences in aggregation between genotypes in the DTT and CQ studies, but
not MG132; DM-SOD1-EGFP was found to aggregate more than WT-SOD1-EGFP (p
< 0.01). As discussed previously in Chapter 3, the use of media depleted in
exosomes may have an impact on the ability of EVs to spread the misfolded SOD1
protein, so this could lead to the reduced significance observed in the current
study. Nevertheless, DM-SOD1-EGFP untreated cells consistently presented with
an upwards trend in SOD1 aggregation propensity compared to WT-SOD1-EGFP

untreated cells.
5.4.5 Evidence of crosstalk between protein processing pathways

5.4.5.1 Effect of autophagy inhibition on UPS

Some WBs containing control and CQ treated samples were probed with an anti-
ubiquitin antibody to assess the effect of autophagy inhibition on the UPS. The
general ubiquitin profiles were similar between CLs and EVs, but there was an
additional band between 14 kDa and 17 kDa in the CLs of transfected cells
(Figure 5-21). NT control CLs from preparations one and two were contaminated
with TRIzol™ during sample extraction leading to protein precipitation and low
ubiquitin and actin levels. Ubiquitin was quantified for transfected CLs only and
results showed there were no statistically significant changes to ubiquitination in
treated CLs compared to controls for either genotype (Figure 5-21A). The means
were elevated in WT- and DM-SOD1-EGFP transfected cells by 25% and 28%
respectively suggesting the pathway was utilised by treated cells, even if it was
not significantly upregulated. The EV study was qualitative because part of the
blot was compromised for a couple of samples, but it was of sufficient quality to

be described. It could be seen that there were consistently more ubiquitinated
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proteins present in the CQ treated EVs compared to the controls (Figure 5-21B).

This potentially suggests ubiquitinated proteins were secreted from cells in

association with EVs.

A) n1 n2 n3

kDa

198

98

62

49

38

28

17

14
Actin

(42 kDa) oo feion §
WT (CQ/Con) DM (CQ/Con)
Mean = SD 125.0 £ 53.9% 128.3 £ 54.4%
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Figure 5-21: CQ treatment may upregulate pathways including the UPS. A) CLs from n1-n3

1
'NT WT DM '
ccc cTCcTCT

were separated in a gel and probed with anti-ubiquitin and anti-actin antibodies. NT untreated
for n1 and n2 were contaminated with TRIzol™ during the sample collection which led to protein

precipitation therefore, ubiquitin and actin levels were very low. No issues were found with

other samples. CL ubiquitin was quantified, and treated values were expressed as percentage of

controls. These are found in the table (mean + SD) with the corresponding p value. B) The EV
blot containing n1-n3 was reprobed with an anti-ubiquitin antibody. As ubiquitin binds to

proteins that are destined to be degraded by the proteasome, the protein appears as a smear as
the proteins being tagged by ubiquitin will be of varying sizes.
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5.4.5.2 Effect of proteosome inhibition on autophagy pathway

The effect of MG132 treatment on autophagy was assessed using the
LC3BII/LC3BI ratio in CLs (Figure 5-22A). Based on the percentage difference in
ratios between control and treated samples, MG132 caused an increase in ratio
by 32% in WT-SOD1-EGFP and 1.5% in DM-SOD1-EGFP transfected cells, but these
changes were not statistically significant. There were no statistical differences
between genotypes. These results imply autophagy was functional after MG132
treatment in both genotypes. The WBs show clear increases in the levels of
LC3BI and LC3BII protein in treated cells compared to untreated cells, so the
bands were quantified separately and levels in treated samples were expressed
as a percentage of untreated levels. The average increase in LC3BI in treated
WT- and DM-SOD1-EGFP transfected CLs was 502% and 250%, but these were not
statistically different from untreated cells. The percentage change in LC3BI from
WT-SOD1-EGFP CLs was borderline significant (p= 0.0546). For LC3BII, the
average increase in WT- and DM-SOD1-EGFP transfected CLs was 1187% and 291%
respectively. These changes were also not statistically significant at this stage,
however LC3BII in DM-SOD1-EGFP was borderline significant (p= 0.0593). These
results suggest autophagy had been marginally upregulated in MG132 treated
cells and the LC3BII/LC3BI ratios imply it was functional.

Analysis of LC3BIl in EVs produced from these cells (Figure 5-22B) showed there
was an increase in the average percentage of the protein by 50% and 60% from
WT- and DM-SOD1-EGFP cells, however these changes were not statistically
significant. It was noted that LC3BIl in DM-SOD1-EGFP transfected EVs was
bordering on significance (p= 0.0687). There was no difference in the change

between genotypes.
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Figure 5-22: MG132 treatment effect on LC3B in CLs and EVs. A) LC3BI and Il were clearly
visible in CLs from control and treated cells (n= 3) so the bands were quantified, expressed as a
percentage of treated over untreated and plotted in the graph. The LC3BII/LC3BI ratios were
calculated and are presented in the table (mean + SD). B) Only LC3BIl was clearly visible in EVs
(n=3), so only LC3BII was quantified and expressed as a percentage (treated over untreated),
then plotted in the graph. The dotted lines represent 100%.

5.4.6 The effect of three centrifugation steps on EVs

MG132 and CQ treatment experiments were repeated and EVs were isolated with
an additional intermediate centrifugation step. MG132 significantly increased
WT- and DM-SOD1-EGFP in transfected cells by 157% (p < 0.01) and 239% (p <
0.05) respectively while CQ increased SOD1-EGFP by 110% (p < 0.05) and 126% (p
< 0.05) respectively (Figure 5-23A and D). These increases were likely to be
caused by lack of clearance of the protein due to inhibited pathways. There
were no statistically significant differences between genotypes or treatments.
MG132 reduced flotillin-1 by 42% (p < 0.01) and 30% and CQ reduced the protein
by 12% and 13% in WT- and DM-SOD1-EGFP transfected CLs respectively (Figure
5-23B and E). The reductions may reflect some cell loss however actin levels

were consistent between CLs (Figure 5-23C), so flotillin-1 levels may reflect
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changes to the plasma membrane/lipid raft composition. There were no

statistically significant differences between genotypes or treatments.
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Figure 5-23: Comparison of SOD1-EGFP and flotillin-1 in CLs after CQ or MG132 treatment.
A), B) and C) show WBs for SOD1-EGFP, flotillin-1 and actin in CLs for control, CQ and MG132
treated samples. Protein concentration= 10 pg. The graphs contain the results from all three CL
preparations (n= 3) when probed with GFP (D) or flotillin-1 (E). Ordinary one-way ANOVA with
Bonferroni multiple comparisons test was used to compare protein levels between genotype and
the treatment. Ratio paired t-tests were used to compare control and treated samples. The
midline represents the mean. Dotted lines= 100%. *p < 0.05; **p < 0.01.

The same proteins were also investigated in EVs produced from these cells that
had been collected after 10,000 xg and 110,858 xg (Figure 5-24). The MG132 or
CQ treated values for the 10,000 xg and 110,858 xg fractions were expressed as
a percentage of the 10,000 xg or 110,858 xg DMSO control fractions. In the WT-
SOD1-EGFP 10,000 xg and 110,858 xg EVs from cells treated with CQ, there was
an average increase of 181% and 522% compared to controls while DM-SOD1-EGFP
EVs were increased by 190% and 721% in the same fractions (Figure 5-24C). In the
110,858 xg fraction of WT-SOD1-EGFP cells, there was significantly more SOD1-
EGFP in the fraction from CQ treated WT-SOD1-EGFP transfected cells than
untreated cells (p < 0.01). There were no apparent differences between
genotypes. The differences could indicate that surplus SOD1-EGFP is associated
with the 110,858 xg more than the 10,000 xg fraction after CQ treatment, but



178

statistics with a sample number of three do not fully support this. Flotillin-1
from the same WT-SOD1-EGFP EV fractions was increased by 25% and 292% and
from DM-SOD1-EGFP EV fractions, it increased by 76% and 183%. There were no
statistical differences observed at this stage, however the average changes may
suggest the EV pathway, especially the small EV/exosome pathway (EVs from
110,858 xg fraction) in transfected cells, may be upregulated (Figure 5-24C) and
may be associated with SOD1-EGFP.

After MG132 treatment, SOD1-EGFP was decreased in the 10,000 xg fraction
from WT-SOD1-EGFP cells by 3% and increased in DM-SOD1-EGFP cells by 125%
(Figure 5-24D). For the 110,858 xg fraction, WT- and DM-SOD1-EGFP was
increased by 116% and 193% respectively. Flotillin-1 on the other hand was
reduced in both fractions from both genotypes as follows: WT-SOD1-EGFP 10,000
xg= 73%; DM-SOD1-EGFP 10,000 xg= 73%; WT-SOD1-EGFP 110,858 xg= 83%; DM-
SOD1-EGFP 110,858 xg= 84% (Figure 5-24D). There were no statistically
significant changes between untreated and MG132 treated cells, and there were
no differences between genotypes. The mean differences suggest MG132
markedly reduced the production of EVs from cells and that SOD1-EGFP in this

fraction may be associated with vesicles and found as free aggregates.

Statistics were also retrieved between treatments and showed there was a
significant difference in flotillin-1 in WT- and DM-SOD1-EGFP 110,858 xg
fractions when treated with MG132 and CQ (WT-SOD1-EGFP MG132 vs CQ p <
0.05; DM-SOD1-EGFP MG132 vs CQ p < 0.05). Actin levels were lower in the EV
fraction of all samples compared to respective controls (Figure 5-24E). A

representative Ponceau S stained blot is presented in Appendix 8.3.3.2.

Combined, the results suggest EV production is generally reduced after

proteasome inhibition and increased after autophagy inhibition. SOD1-EGFP
appears to be associated with EVs, particularly from control and CQ treated
cells, but after MG132 treatment of cells, free SOD1-EGFP may be the main

constituent of the fraction.
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Figure 5-24: Comparison of SOD1-EGFP and flotillin-1 in EVs isolated using three
centrifugation steps after CQ or MG132 treatment of cells. A) and B) show WBs for SOD1-EGFP
and flotillin-1 in EVs respectively after 10,000 xg (10K) and 110,858 xg (110K) spins for control,
CQ and MG132 treated samples. Protein concentration= 5 pg. An extra well was left empty
between CLs and EVs for n2 and n3 GFP blots but not n1, so n2 and n3 blots were cropped to
remove the extra well for labelling purposes. Full blots are presented in Appendix 8.3.3.9. The
graphs contain the results from EV preparations when probed with GFP (n= 3) or flotillin-1 (n= 3)
for CQ (C) and MG132 (D) studies. The midline represents the mean. Kruskal-Wallis with Dunn’s
multiple comparison test was used to compare genotypes, centrifugation steps and protein. To
compare treated with untreated, Wilcoxon matched-pairs signed rank tests were used. Dotted
lines= 100%. E) shows three blots that were originally probed with anti-flotillin-1 and were
reprobed with anti-actin. The arrow points to actin as residual flotillin-1 could still be seen in
some samples.
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5.5 Discussion

5.5.1 Effect of autophagy inhibition on SOD1-EGFP processing

Cellular SOD1-EGFP was significantly increased after autophagy inhibition and
the increase was more profound in the DM-SOD1-EGFP transfected CLs compared
to WT-SOD1-EGFP transfected CLs. When aggregates were assessed, only DM-
SOD1-EGFP showed significantly more aggregation compared to controls. ALS
studies have shown that mutant SOD1 is more likely to be an autophagy
substrate than WT-SOD1 (Renna et al., 2010), suggesting mutant SOD1 could
accumulate in autophagosomes. As autophagy was inhibited at the level of
autophagosome-lysosome digestion, this could lead to the significant increase in
DM-SOD1-EGFP aggregates and not WT-SOD1-EGFP aggregates. Undigested
autophagosomes and autolysosomes are associated with insufficient autophagy
clearance and are accompanied by reduced formation of new autophagosomes,
indicating there is a negative feedback loop (Baron et al., 2017). This loop may
be dysfunctional in cells expressing mutant SOD1. One potential suggestion for
this dysfunction could be the interaction between mutant SOD1, LC3 and pé62.
p62 can interact with and sequester various ALS associated SOD1 mutants in
inclusions and it can interact with LC3 suggesting it acts as a selective adapter
protein between mutant SOD1 and autophagy. p62 can bind to polyubiquitinated
proteins and to mutant SOD1 directly (Gal et al., 2009) and can accumulate
when autophagy (or the proteasome) is inhibited and when mutant SOD1 is
present. Onesto et al (2011) found mutant SOD1 caused the blockage of
autophagic flux as indicated by increased LC3 and p62. Furthermore, p62 has
been found to accumulate in DM spinal cords leading to the suggestion that

autophagy flux is perturbed in DM (Ogawa et al., 2015).

EV secretion appeared to be upregulated in WT-SOD1-EGFP transfected cells but
not DM-SOD1-EGFP transfected cells which raised the possibility that the EV
pathway was upregulated in WT-SOD1-EGFP transfected cells by increasing the
fusion of MVBs to the plasma membrane to secrete EVs rather than with
lysosomes (Jahangiri et al., 2022; Xu, Camfield and Gorski, 2018). WT-SOD1-
EGFP levels in the EV fraction were not significantly different from untreated

controls suggesting alternative pathways may have been utilised to prevent
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accumulation and aggregation of SOD1, and/or proteins were prevented from
misfolding. It is therefore suggested that the presence of the Sod1 mutation
restricted the use of alternative pathways for clearance. Many alternative
pathways are proposed to be utilised by cells when autophagy is deficient
including, but not limited to, non-canonical Golgi membrane associated
degradation (Baron et al., 2017), LC3-dependent EV loading and secretion
(Leidal and Debnath, 2020), exophagy (Ejlerskov et al., 2013), chromogranin-
mediated exocytosis (Urushitani et al., 2006) and karyoptosis (Baron and Fanto,

2018), a novel cell death mechanism that results from inhibited autophagy.

In the current study, LC3B was increased in the EV fraction from transfected
cells so it is possible that these components were incorporated into EVs, or they
may represent independent clearance pathways, all with the aim to reduce the
overall load on cell protein processing pathways. LC3 enrichment has been
associated with EVs in other studies, but LC3 (specifically LC3BIl) can be
secreted from cells independently. LC3BII was found by Leidal and Debnath
(2020) to be enriched within a subset of intraluminal vesicles (ILVs) in MVBs
indicating that 1) there is a population of EVs likely to be mediated by LC3 and
2) EVs represent a heterogenous population of vesicles from different pathways.
They found that disruption to the components involved with LC3-conjugation
resulted in a reduction in LC3 and EV production. As a result, the authors suggest
a novel pathway is utilised by cells and named it LC3-dependent EV loading and
secretion (LDELS)(Leidal and Debnath, 2020). This alternative pathway provides

a possible explanation for the changes observed in the current study.

In neurones, autophagosomes are often formed in axons due to the high turnover
of proteins at synapses for example, while lysosomes are mainly found in the cell
body of the neurone. It is thought amphisomes are therefore formed between
autophagosomes and MVBs to aid transport of the cargo to lysosomes (Cai and
Ganesan, 2022). It has been found in a model of Parkinson’s disease that
pathological monomeric and oligomeric forms of a-synuclein protein could be
secreted from cells in association with amphisomes by a secretion pathway
called exophagy where amphisomes fuse with the plasma membrane. Exophagy
appears to be separate from exosome secretion and may be induced by

disruption to lysosomal fusion/degradation (Ejlerskov et al., 2013). Together



182

these findings indicate that the Sod1 mutation may cause aberrant interactions
with other proteins that may be important for the induction of alternative

protein processing pathways.

Ubiquitination was marginally increased after autophagy inhibition in transfected
cells and was similar between WT- and DM-SOD1-EGFP transfected cells,
suggesting this pathway did not appear to play a significant role in SOD1-EGFP
specific processing. Nevertheless, the results suggest the UPS is upregulated
when autophagy is inhibited, however there was ubiquitin present in EVs

suggesting the system was overwhelmed.

There appeared to be a reduction in cell density after CQ treatment, but this
was not caused by ER stress induced apoptosis. At the stage of cell death in the
experiments, it is likely programmed cell death type Il was the cause of cell loss
(Ogawa et al., 2015). The changes in cellular morphology and cell loss were not
obviously different between plasmid genotype, however cell viability studies
were not carried out so a comparison between genotypes could not be made.
The microscopic observations of cells and EVs produced by cells with autophagy
inhibition suggested a novel cell death pathway may be utilised. Karyoptosis is
proposed to be associated with microvesicles (MVs) that bud from cells when
autophagy is defective and other pathways are insufficient to reinstate
homeostasis. These MVs, enriched in lamin B1, p62 and LC3, are present at low
levels when autophagy is functional. When autophagy is chronically inhibited,
nuclei morphology, cytoplasm disorganisation and DNA damage occur and lamin
B1 accumulates and associates with cytoplasmic and nuclear components
(originally destined for autophagy or not) which are subsequently secreted as
MVs (Baron and Fanto, 2018). To better understand cell viability, assays
including MTT or TUNEL could be conducted to quantify cell loss and rule out
death by apoptosis.

With an additional centrifugation step included to refine EV isolation, there
were no significant differences in EV production between untreated and treated
cells or between genotypes. It is possible that with two centrifugation steps,
more EVs were collected and, as there were differences in the original initial

centrifugation speeds (110 xg vs 800 xg), cellular contamination may have been
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present, falsely increasing the apparent EV population (Théry et al., 2018).
There was also a difference in sample number with the three-step centrifugation
experiment only having n= 3 rather than n=5 or more. There was an upwards
trend in WT-SOD1-EGFP in the EV fraction of both experiments, but it only
reached significance in the high-speed spin. This suggests EVs with a smaller
diameter, for example exosomes, were upregulated more than EVs of a larger
diameter, for example MVs. These findings taken together support the
hypothesis that alternative pathways (flotillin-1 dependent or independent)
were recruited to dispose of WT-SOD1-EGFP when autophagy was induced, but
this may have been defective for DM-SOD1-EGFP removal. Effect of proteasome

inhibition on SOD1 processing

Proteasome inhibition significantly increased the level of SOD1-EGFP in CLs and
this was reflected by a significant increase in the percentage of cells with WT-
and DM-SOD1-EGFP aggregates. Other in vitro cell culture studies of DM have
found alterations in the proteasome pathway led to increased aggregation of
mutant SOD1 (Nakamae et al., 2015). Previous studies of human mutant SOD1 in
a MN cell line found mutant SOD1, but not WT-S0D1, accumulates in resting
conditions with limited activation of autophagy leading authors to suggest the
proteasome may be important for the processing of mutant SOD1. After
treatment with MG132, both WT and mutant SOD1 presented with increased
aggregation (Onesto et al., 2011).

The total protein profile of CLs showed there was a protein at 62 kDa in cells
with proteasome inhibition that was not present in any other sample in this
study. Based on the molecular weight and conditions, it could be suggested that
this protein is p62. p62 can bind to ubiquitinated proteins and direct them to the
autophagy pathway. The protein has been found to be upregulated in the
presence of proteasome inhibitors and it is thought that the expression of this
protein initiates autophagy when the proteasome pathway is overwhelmed. The
protein is thought to sequester ubiquitinated proteins in vesicles before they are
degraded (Sha et al., 2018) and this could also explain the morphology of
aggregates in cells treated with MG132. Looking at LC3B, autophagy appeared to

be upregulated, however changes to this pathway were marginal again raising
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the possibility that alternative pathways, discussed for autophagy inhibition,

were employed.

Despite EVs appearing to be downregulated after proteasome inhibition, there
were significant increases in WT- and DM-SOD1-EGFP in the EV fraction. When
the proteasome of embryonic fibroblasts transfected with human WT or mutant
SOD1 was inhibited, an increase in SOD1 secretion to the media was also
observed (Urushitani et al., 2006). In the present study, further assessment of
the EV fraction found small and large EVs were downregulated after proteasome
inhibition and SOD1-EGFP was associated with the pellet after moderate- and
high-speed centrifugation. LC3BIl showed an upwards trend in the EV fraction
but only approached statistical significance for DM-SOD1-EGFP (p= 0.0687).
Nevertheless, it indicates LDELS (LC3-dependent EV loading and secretion) was
potentially recruited by cells to reduce the strain of proteasome inhibition on
autophagy machinery. The significant increase in DM-SOD1-EGFP aggregates
compared to WT-SOD1-EGFP when the proteasome is inhibited may suggest that
these alternative pathways are more efficient when SOD1 is in the WT

conformation and less effective when the Sod1 mutation is present.

Cell morphology and density when the proteasome was inhibited showed cell
death occurred, however XBP1s was found at low levels and is not likely to
explain all cell death. Morphological changes were similar to that of autophagy
inhibition rather than widespread protein misfolding in the treated cells when
cells were analysed/harvested. The increased levels of BiP imply there was ER
stress, so it is possible that the apoptosis pathway was triggered and, had the
cells been harvested at a later stage, apoptosis may have been the main cell
death pathway initiated. There were no clear indications that one SOD1-EGFP
genotype affected these processes more than the other. A cell viability assay
(MTT or TUNEL) could be useful here to assess the quantity of dead/dying cells
in culture. Further, TUNEL assays in particular would be able to determine if
apoptosis was present. Additionally, it should be noted that some caution is
required when using a multiplex PCR, as was performed with BiP and GAPDH, as
the reaction can run short of nucleotides, potentially influencing results. In the
current group of experiments, and the other in vitro culture experiments

reported, the intensity of BiP and GAPDH bands did not appear to vary
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considerably, except for those that were treated with MG132 (and DTT), so
nucleotide shortages were not likely to be an issue. Free SOD1 aggregates can be
secreted from dead and dying cells and can be collected after high-speed
centrifugation (Hanspal et al., 2017; Silverman et al., 2019; Théry et al., 2018),
so it is possible that the SOD1-EGFP found in the fraction were produced from

overwhelmed, dying and dead cells.

Flotillin-1 is a protein found in cell membranes associated with EVs and lipid
rafts. Lipid rafts are microdomains found in the plasma membrane of cells that
are enriched in lipids (specifically cholesterol and sphingolipids) and various
proteins, including flotillin-1. Lipid rafts are involved with the physical
interactions between neurones and glia, the endosomal pathway and cellular
signalling (Zhai et al., 2009). This set of experiments appeared to show that
proteasome inhibition may have an impact, albeit mild, on the incorporation of
proteins (including flotillin-1) into lipid rafts/plasma membranes, so it could be
surmised that proteasome inhibition affects lipid rafts and this could
compromise the EV pathway. Lipid rafts are involved with the formation of
several vesicles including those of the endosome pathway and many subtypes of
EVs. Disruption to protein or lipid constituents of lipid rafts can affect the
secretion of vesicles (Sapon et al., 2023), so it is possible they play a role here.
One study in the ALS field discussed the impact of disruption to an ER chaperone
protein called SigR1 and found changes in ER morphology, induction of ER stress,
defective calcium regulation and cell death. Mutations in the SigR71 gene have
been found to worsen the progression of the ALS phenotype in SOD1 mutant mice
which was improved when treated with SigR1 agonists. Further, SigR1
distribution has been found to be altered in sALS and fALS cases. Downregulation
of SigR1 can lead to autophagosome accumulation and defective
autophagosome-lysosome fusion. Additionally, reduction of SigR1 can lead to
lipid raft disorganisation which can have a negative impact on vesicular
pathways causing aberrant accumulation of vesicles within MVBs, defects in the
transport of vesicles from the ER to Golgi apparatus, changes to endosomal
sorting, MVB formation and the movement of endosomes to lysosomes. In
addition to endosome pathway disruption, destabilisation of lipid rafts can have
negative effects on calcium regulation. Lipid rafts regulate many Ca%* channels

and knockdown of SigR1 was found to disrupt these rafts and caused disruption
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to Ca?* regulation. SigR1 normally interacts with BiP but when Ca?* levels are
reduced in the ER, the proteins dissociate from each other. This results in
increased Ca?* signalling to the mitochondria. Ca?* intracellular signalling within
neurones is perturbed in many neurodegenerative diseases including ALS.
Neurones are sensitive cells so even mild changes to Ca?* levels can lead to long

term cellular damage (Vollrath et al., 2014).

5.5.2 Widespread protein misfolding, ER stress and protein

processing

DTT is a reducing agent that disrupts protein processing by preventing the
formation of disulphide bonds inside and between proteins and has been used in
various studies to investigate protein folding and processing pathways after
nonspecific ER stress induction (Oslowski and Urano, 2011; Tiwari and Hayward,
2005). In the current study, DTT treatment increased the percentage of cells
with SOD1-EGFP aggregates significantly. As previously described (Section 1.4.1),
SOD1 has a disulphide bond that is integral to the proper folding of the protein,
thus DTT could have a direct impact on SOD1 folding and aggregation. DTT could
also have an indirect affect by causing mass protein misfolding and inducing ER
stress which also impacts protein processing. ER stress induction was confirmed
in treated cells therefore it is likely that DTT enhanced the misfolding and
aggregation of SOD1 in WT- and DM-SOD1-EGFP transfected cells and, combined
with the misfolding of other proteins, induced ER stress leading to apoptosis.
TUNEL assays were not carried out to confirm the presence of apoptosis,

however they would be of value to confirm this hypothesis in the future.

While there was an increase in the density of WT- and DM-SOD1-EGFP aggregates
after DTT treatment, WBs did not reflect this. This could be explained by the
insoluble nature of SOD1 aggregates: insoluble SOD1 aggregates may not be lysed
by lysis buffer and therefore may be restricted to the pellet fraction during
sample processing (Section 2.4.1.3). As the supernatant is the fraction used for
protein studies, it is possible soluble SOD1 was the main type investigated. Crisp
et al., (2013) found soluble SOD1 was comparable between control and DM
samples but insoluble SOD1 in the pellet fraction increased in DM samples.

Alternatively, it is possible that the same quantity of SOD1-EGFP was present in
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control and treated cells, but the misfolded conformation may be dominant in
treated cells whereas the native form may be the dominant form in untreated
cells (Onesto et al., 2011). Although SOD1 aggregation was significantly
enhanced in WT- and DM-SOD1-EGFP DTT treated cells compared to controls,
there were no significant differences in the number of SOD1-EGFP aggregates or
the level of the protein between WT- and DM-SOD1-EGFP transfected CLs, with

or without DTT treatment.

Flotillin-1 was reduced in CLs after DTT treatment, but only significantly in DM-
SOD1-EGFP CLs. This could suggest a change in the incorporation of flotillin-1
into the plasma membrane/lipid rafts and EVs, or it may reflect overall
disruption of lipid rafts, potentially because of direct disruption to proteins or
due to disruption to the pathways leading to lipid raft incorporation. SOD1 has
been associated with lipid rafts on multiple occasions and it has been suggested
that interactions between lipid rafts and aggregated mutant SOD1 could impact
the various pathways lipid rafts are involved in (Zhai et al., 2009). Further, post
translational modifications of flotillin-1 can affect the cellular location of the
protein: palmitoylation (addition of palmitic acid) is vital for the translocation of
flotillin-1 out of the ER to the plasma membrane while SUMOylation (addition of
SUMO proteins) translocate the protein from the ER to the nucleus. If
palmitoylation is deficient, flotillin-1 cannot leave the ER and therefore

accumulates (Jang et al., 2019).

The apparent reduction in EV production when ER stress is induced contrasts the
finding that stress is often associated with increased EV (specifically exosome)
production (Hessvik and Llorente, 2018). It is possible that, as a result of
disruption to the EV pathway, MVBs (containing ILVs which become exosomes)
fused with autophagosomes to form amphisomes that were subsequently
digested by lysosomes more than being fused to the plasma membrane and
released as exosomes (Jahangiri et al., 2022). Autophagy flux appeared to be
increased in the presence of DTT although it was only significantly upregulated
in DM-SOD1-EGFP transfected cells. As widespread protein misfolding, the UPR
and ER stress were present, it is likely autophagy was upregulated by several
mechanisms including the UPR, as suggested by the general upwards trend in
XBP1t (Jahangiri et al., 2022). SOD1-EGFP was reduced in the EV fraction after



188

treatment suggesting it was processed by alternative pathways, for example
autophagy. The resultant accumulation of WT- and DM-SOD1-EGFP aggregates
within cells indicate these pathways may have been overwhelmed and were not
able to process all misfolded SOD1/proteins before SOD1 aggregates formed.
SOD1 activity

Using the native gel SOD activity assay, ER stress appeared to be the main
contributor to reduced SOD activity in CLs while autophagy inhibition appeared
to increase activity in the fraction. Activity in WT-SOD1-EGFP transfected EVs
was generally maintained in untreated cells, however induction of ER stress
appeared to reduce activity while autophagy inhibition maintained it. DM-SOD1-
EGFP EVs were less consistent as on some occasions, activity was not observed in
untreated EVs, while on other occasions, it was present. It is possible that DM-
SOD1-EGFP levels were absent because it is not incorporated into EVs as easily as
WT-SOD1, as suggested in ALS studies (Gomes et al., 2007), so it is worth

pursuing this further.

The lack of SOD1-EGFP activity in EVs after ER stress induction may have several
explanations; 1) there was less SOD1 in treated EVs, 2) SOD1 in EVs was
dysfunctional due to changes in protein folding or 3) there were fewer SOD1
positive EVs being produced from treated cells. If extracellular SOD1 is
dysfunctional or reduced in vivo, this could have ramifications for pathology. For
example, human WT-S0D1 associated with exosomes has been found in the
extracellular space of MN cell culture, suggesting SOD1 may have a role in
protecting cells from free radicals in the extracellular environment (Gomes et
al., 2007). This implies that if SOD1 is dysfunctional outside of cells, this could
lead to an eventual build-up of free radicals, resulting in oxidative stress which
has been identified in DM (Ogawa et al., 2011). Further assessment is required to
confirm these speculations and could include the use of commercially available

SOD1 activity assays.

5.5.3 Considerations and future work

The findings reported in this chapter are relevant to neurones, but other cell

types may behave differently to these treatments. Neuronal ALS studies for
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example have found the expression of SOD1 mutations in neurones do not induce
ALS alone, so other cells must be involved in disease pathogenesis (Urushitani et
al., 2006). Studies with DTT, CQ and MG132 could be repeated in
oligodendrocytes, microglia and astrocytes to give a more complete picture of
the events occurring in the CNS environment. Further, mutant SOD1 present in
the extracellular environment is thought to contribute to microgliosis and MN
death in ALS (Urushitani et al., 2006), so further studies could utilise co-cultures
to understand the interaction between cells of the CNS. Primary mesenchymal
stem cells (MSCs) from the bone marrow of a DM case submitted to the UoGSAH
have recently been cultured by Mohammad Ghasemzadeh Hasankolaei and MM.
These cells have the potential to be differentiated into neuronal and glial cells
and express endogenous mutant SOD1. This will allow for better investigation of
pathways and SOD1 activity and would also allow for investigation of multiple
pathways concurrently. This would be beneficial to see if SOD1 aggregation and
SOD1/EV secretion is changed after the subsequent inhibition or activation of
other pathways. These studies would allow the investigation of the progression
of DM as current literature suggests multiple pathways interact to cause the

pathology and clinical signs, and it could help to develop treatment options.

Cellular stress is thought to play role in DM in vivo (Yokota et al., 2018) however
in the current study using the in vitro cell culture system, the DM Sod1 mutation
failed to induce ER stress independent of treatments implying that other factors
may be involved. The temporal relationship between specific pathway
disturbances and protein processing could have an impact on various aspects of
the study. Cells potentially needed to be exposed to pathway disrupting drugs
for a prolonged period of time to induce suspected ER stress, given that DM in
vivo can progress over a period of months or years. As MSCs already express the
mutant SOD1, this could potentially allow for longer term experiments as it

removes the need for a transfection step.
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5.6 Conclusions

The key changes in this chapter are presented in Table 5-1. Overall, inhibition of
the autophagy pathway appeared to have a more significant effect on the
processing of DM-SOD1-EGFP compared to WT-SOD1-EGFP. The endosomal
pathway appeared to be important for the processing and secretion of SOD1-
EGFP through flotillin-1 associated, LC3 associated and amphisome pathways,
however the presence of the DM associated Sod1 mutation appeared to interrupt
the efficiency of these pathways, potentially because of aberrant protein-

protein and/or protein-lipid interactions.

The general conclusion reached after proteasome inhibition was that SOD1-EGFP
appears to be released from cells, however the EV pathway may not be the main
means of secretion of the protein as it was generally downregulated after
proteasome inhibition. This may be a consequence of disruption to plasma
membranes/lipid rafts. Results further suggest that the autophagy pathway was
employed, however alternative pathways may have been predominantly utilised.
Alternative pathways may have been more functional in WT-SOD1-EGFP cells
compared to DM-SOD1-EGFP transfected cells as there were significantly more
aggregates in DM-SOD1-EGFP transfected cells compared to the WT-SOD1-EGFP
cells after proteasome inhibition. All of these factors may have contributed to

ER stress and the UPR appeared to be in the early stages of initiation.

Nonspecific induction of ER stress suggests widespread protein misfolding causes
disruption to plasma membranes or lipid rafts of cells expressing DM-SOD1-EGFP
and this may influence downstream processes including the formation and/or
production of EVs. This appears to impact the processing of DM-SOD1-EGFP as it
aggregates in cells and may not be incorporated well into EVs. The action of
widespread protein misfolding does not appear to impact WT-SOD1-EGFP
transfected cells as significantly thus indicating the Sod1 mutation makes cells

more susceptible to protein processing disruption, at least at the level of EVs.
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cQ

MG132

DTT

Action

SOD1 genotype

BiP expression

ER stress induced?

CL flotillin-1

CL SOD1-EGFP

EV flotillin-1

EV SOD1-EGFP

SOD1 aggregation

Autophagy inhibitor

WT DM

ns ns

No No

ns ns

ns (1) s (1)
1 ns

ns ns

ns 1+

Proteasome inhibitor

WT DM
1o o
Yes Yes

ns ns

T ™

- ns (1)
ns (1) 17

Reducing agent

WT DM
1o 1

Yes Yes

ns 1

ns ns

ns ns (1)
ns (1) s (L)

T** T**

Table 5-1: Summary of the effect of treatment in cell culture. Presented in the table are the
key findings in CLs and EVs after treatment of cells with CQ, MG132 and DTT. Only the changes
observed after two centrifugation steps are presented as all three treatments were used. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; T indicates changes were borderline significant.

Combined, this study highlights that multiple protein processing pathways are

likely to be influenced by the presence of the Sod1 mutation and progression of

DM is likely to reflect a cascade of changes to these pathways.
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6 Ex vivo assessment of DM spinal cord proteins

6.1 Background

As previously discussed, DM is presumptively diagnosed antemortem by ruling out
other causes of clinical signs using neurological examination, blood and CSF tests
and MRI. Genetic tests for mutations in the Sod1 gene are used to rule in DM as a
cause of clinical signs. DM is definitively diagnosed post-mortem by
histopathological examination of the spinal cord where lesions associated with
axon degeneration and demyelination are observed. Currently, there are no
specific biomarkers used for DM, but this is a common goal amongst many
researchers as biomarkers allow for reliable and early detection of disease and
the monitoring of disease progress. To identify reliable biomarkers, a greater
understanding of the disease mechanisms and processes is required, and this can
also advance treatment discovery. As the CNS is a heterogenous mixture of cells
and components which interact and contribute to DM, it is difficult to reproduce
the minutiae of the complex environment. Additionally, the CNS is difficult to
sample with CSF being the most direct means of assessment. Unfortunately, the
retrieval of a CSF sample is relatively invasive, so steps to find a marker from
blood is the goal (Pfeiffer et al., 2023).

Omics technologies including, but not limited to, proteomics, metabolomics and
lipidomics can help to understand different cells and pathways in cells as taken
together, they give a fuller picture. The genome, transcriptome, proteome and
metabolome interact to perform an array of biological processes, and this can be
referred to as the interactome. In addition to environmental factors, these
elements cooperate to form a phenotype (Tan et al., 2016). Omics technologies
are used to understand the structure and dynamics of the different cellular
biomes and provide an avenue to quantify different components including
transcripts, proteins, metabolites and lipids (Addepalli and Mullangi, 2020). For
example, a faulty enzyme (protein) can influence the metabolism or formation
of metabolites and lipids. Many proteins and lipids are vital for the normal
functioning of the CNS as they make up a significant proportion of the system.

Hundreds of proteins, metabolites and lipids can be highlighted by omics
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technologies so sophisticated bioinformatic techniques are used to give a
thorough understanding of how the different products link. In this thesis, basic
investigations were carried out on selected proteins that had relevance to CNS
cells, clearance and toxicity pathways and EVs. Some non-cell type specific
markers have already been discussed in previous chapters, but additional cell

type specific and neurodegenerative markers will be introduced in this section.

6.1.1 The proteome

The proteome is a vast network of proteins that interact with each other and
other molecules to ensure homeostasis is maintained within cells and organisms.
As discussed extensively in other chapters, proteins have various roles including,
but not limited to, intra- and extracellular signalling, the transport of molecules
across the plasma membrane and the maintenance of functional proteins. The
study of complex proteomes has become more accessible as technology has
improved the resolution and timescale of results from samples. In addition to
protein identification and quantification, proteomics can be used to investigate
interactions between various proteins. A further benefit of proteomics is that it
allows for investigation of post translational modifications (PTMs) of proteins
including phosphorylation, acetylation, methylation and ubiquitination,
modifications that can increase the number of functions associated with proteins
(Hedl et al., 2019). Mass spectrometry (MS) is often used as it can analyse
samples quickly with high specificity and sensitivity while using a minimal
amount of sample. The limitations of using MS for omics studies are that it is
expensive and generates large datasets that often need expert guidance (Yang
et al., 2019).

6.1.2 Summary of common omics techniques

Many proteomics techniques can be used to assess proteins in a sample. As liquid
chromatography-MS (LC-MS) was the main method used here, it will be further
described. Initially, proteins are enzymatically digested into peptides by
proteases then separated by LC. Peptides are separated in liquid conditions
which allow all peptides in a sample to migrate at different velocities, meaning

each component will take a different amount of time to travel from the inlet to
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the detector of the machine. This is termed the retention time and is unique to
each component of a sample. Chromatography is utilised for its sensitivity and
results in better molecule identification. Peptides are eluted from the LC
membrane, then ionised by adding or removing protons into a MS and analysed.
MS uses the mass-to-charge ratio (m/z) of ions in a sample which is converted to
peaks to determine the molecular weight of peptides in a sample. Peptides can
be further assessed by additional fragmentation in tandem MS (MS/MS).
Sequenced peptides are compared to protein databases to identify corresponding
proteins (Hedl et al., 2019; Tan et al., 2016).

To undertake a quantitative analysis of proteins within samples, peptides can be
labelled after protease digestion with stable isotopes using the Tandem Mass Tag
(TMT) system. Multiple samples to be compared are labelled separately, then
pooled together and fractionated before being analysed by MS. TMT allows MS to
compare identical peptides from the various samples as reporter ions present in
the system allow conversion of TMT signal intensity to peptide quantity (Hedl et
al., 2019).

6.1.3 Cell specific markers

Neurone specific enolase (NSE), specifically y-enolase, is an enzyme involved in
glycolysis that can be used as a maker for all neurones in the CNS and PNS. NSE
can also provide information on the metabolism within neurones and is used as a
serum and CSF biomarker for several cancers and other brain related diseases
and injuries (Isgro, Bottoni and Scatena, 2015). Neurofilaments are structural
proteins found in neurones and are conserved between humans and dogs. Two
subunits, neurofilament heavy chain (NfH) and neurofilament light chain (NfL),
are abundant in axons and their presence in the CSF, serum or plasma has been
associated with injury and disease in the CNS and are likely to result from
neurone degeneration and axonal damage (Panek et al., 2020; Toedebusch et
al., 2017). Phosphorylated NfH is being investigated as a serum and CSF
biomarker of canine spinal cord injury and human ALS and has been reported to
be elevated in DM CSF compared to age matched controls (Toedebusch et al.,
2017). NfL in plasma is associated with aging and has shown promise as a

biomarker for ALS. In DM and other neurodegenerative diseases, NfL levels have
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been reported to be even higher compared to age matched controls (Panek et
al., 2020).

Myelin is a lipid rich component produced by oligodendrocytes in the CNS and is
composed of multiple proteins including proteolipid protein (PLP) and its smaller
DM20 isoform, myelin basic protein (MBP), myelin oligodendrocyte glycoprotein
(MOG) and myelin associated glycoprotein (MAG) (Traiffort et al., 2021).
PLP/DM20 is a major myelin protein that accounts for approximately 50% of
proteins in the structure. DM20 is the dominant isoform present in the early
stages of myelin formation while PLP is the dominant isoform later in
development. The main function of the PLP/DM20 transmembrane protein is
thought to be maintenance of the integrity of compact myelin. MBP constitutes
approximately 30% of myelin and has multiple isoforms, several of which can be
grouped into the abundant classic MBP proteins and the less abundant Golli-MBP
proteins. Classic MBP proteins are associated primarily with maintenance of
myelin structure while Golli-MBP proteins can be found in oligodendrocytes and
neurones and have many roles in the immune system and can help to facilitate
process/neurite outgrowth (Campagnoni and Skoff, 2001). Oligodendrocyte
processes extend to and wrap around axons while leaving unmyelinated areas
called nodes of Ranvier to facilitate saltatory conduction of electrical impulses
(Traiffort et al., 2021). Myelin interacts with axons at the paranodal region of
axons where the myelin protein neurofascin 155 interacts with axonal contactin-
associated protein (Caspr) and contactin-1 (Pan and Chan, 2017). In addition to
their role in conduction of electrical signals, oligodendrocytes are important for
maintaining axons by ensuring components essential for metabolic processes
reach the axon (Traiffort et al., 2021). The myelin protein 2’,3’-cyclic-nucleotide
3’-phosphodiesterase (CNP) disrupts the compact nature of myelin at the
membrane to allow the diffusion of metabolites through the myelin sheath to
the axon. The sources of energy, pyruvate and lactate for example, diffuse

across the myelin sheath to the axon (Traiffort et al., 2021).

Astrocytes also interact with axons and provide structural and metabolic
support. These glial cells interact with other cells in the CNS including blood
vessels, facilitating the transfer of nutrients to and from neurones. Astrocytes

consist of multiple proteins including glial fibrillary acidic protein (GFAP), 5100



196

calcium binding protein B (51008) and vimentin. GFAP and vimentin are
structural proteins while S1008 is a cytoplasmic protein. GFAP has various
isoforms and is often found in astrocytes in the white matter while S1008 is
often associated with those in the grey matter. Vimentin can be used to
differentiate astrocytes in the CNS, however it can also be found in other cell
types including fibroblasts, macrophages and some immune cells. GFAP and
vimentin are known to increase in the CNS when neurodegeneration is present
and can indicate astrocyte activation. S1008B is secreted from astrocytes and
become downregulated within cells in times of cellular stress. In patients with
brain injuries, this protein has been found to be elevated in the serum and may
be indicative of injury severity (Jurga et al., 2021). Another important function
of astrocytes is to remove the excitatory neurotransmitter glutamate from the
extracellular environment using excitatory amino acid transporters (EAATs) to

prevent excitotoxicity in neurones as previously discussed (Section 1.4.7.2).

Microglia are the resident immune cells of the CNS and can be identified by the
ionised calcium binding adaptor molecule (Iba-1) protein. This cell type has
neuroprotective functions but can become neurotoxic and they have been linked
to disease progression in ALS (Toedebusch et al., 2018). It is therefore possible

that many cell types may be involved in the disease process associated with DM.
6.2 Hypothesis and aims

This chapter was primarily focussed on validating the in vitro findings of this
thesis using tissues from control and DM spinal cord tissue and generating future
hypotheses. The specific aims of this chapter were based on the hypothesis that
protein processing pathways, including autophagy and the UPS, are negatively
impacted by the Sod1 mutation and SOD1 aggregation in DM. Furthermore,
investigating changes to these pathways and cell specific markers in the cervical
and thoracic spinal cord regions will help to better understand the temporal

changes and disease progression in DM.
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The main aims of this chapter were to:

1. Recruit, genotype and histopathologically confirm DM cases.

2. Conduct proteomic analysis on spinal cord tissues to understand the
proteome in control and DM spinal cord segments and validate the in vitro
findings regarding protein processing changes.

3. Conduct biochemical analysis on control and DM spinal cord tissue to
validate and complement proteomic results.

4. Use biochemistry and proteomics to compare protein markers in cervical
and thoracic spinal cord segments of control and DM dogs to determine if
the segments may represent different timepoints in the DM disease

process.

6.3 Materials and Methods

6.3.1 Case recruitment, diagnosis and collection

6.3.1.1 Summary of case recruitment process

An advertisement in the form of a poster/leaflet (produced by LEB; Appendix
8.2.5.1) was distributed to clients of the UoGSAH, other veterinary practices and
the dog unit at Police Scotland by Catherine Stalin (CES). A webpage was also in
initial stages of development by LEB but this was ultimately not published due to

time constraints.

When DM was suspected after a neurological examination, owners were offered
a standard clinical work-up at a significantly reduced cost. This included
haematology, biochemistry of blood and CSF, a spinal MRI and out-sourced Sod1
genotyping (Laboklin, UK). Owner consent was imperative for any involvement in
the study (Appendix 8.2.5.2) and ethical approval from The School of Veterinary
Medicine Ethics and Welfare Committee was granted (application number
EA10/20). If DM was presumptively diagnosed, dogs were recruited to the study
and had regular check-ups at a reduced clinic fee on the condition that animals
were submitted for post-mortem when euthanised. After euthanasia, several

tissues were collected for histopathological, biochemical and omics
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investigation. Histopathological examination was conducted before further
biochemical and omics investigation to officially confirm DM. Non-neurological
controls were provided by the UoGSAH and the Scottish Society for Prevention of
Cruelty to Animals (SSPCA) after owner consent was obtained. The SSPCA were
the legal owners of controls CON1, CON2 and CON3. Due to confidentiality
procedures, specific information related to age and medical history were not

provided.

6.3.1.2 Neurological examination

Neurological examinations to assess posture, gait, reflexes and responses were
carried out by specialists in veterinary neurology at the UoGSAH. Motor function
was assessed by walking the canine back and forth and postural reactions were
investigated using the paw replacement and hopping tests. Spinal reflexes were
assessed using a reflex hammer on the muscles of the limbs near joints, and by
testing the withdrawal reflex in the limbs. Further, the perineal and cutaneous
trunci reflexes provided more information regarding the function of the spinal
nerves. These reflexes test different segments of the spinal cord and are
therefore able to locate where lesions may be present. Cranial nerve function
was also examined. Dogs were evaluated for pain by palpation of the spine and
muscles along the back and neck. Pain was indicated if there was vocalisation or
whining by the dog, if the dog turned its head in the direction of touch or tried
to bite the clinician or were licking their lips and had dilated pupils. The scale

used in Griffiths (1982) was used to grade the severity of findings.

6.3.1.3 Haematology and biochemistry

Routine diagnostic testing was carried out by the University of Glasgow’s
Veterinary Diagnostic Services (VDS). These tests are used to rule out other
causes of peripheral neuropathy including meningitis, diabetes mellitus, and
Cushing’s disease. Blood samples were also sent to an external organisation for
Sod1 genotyping for diagnostic purposes (Laboklin, UK). Controls were genotyped

inhouse and DM cases were included to confirm the result from Laboklin.
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6.3.1.4 MRI

MRIs were performed by clinicians at the UoGSAH to visualise the brain and
spinal cord of dogs using the 1.5 Tesla scanner (Siemens Magnetom Essenza,
Siemens Healthcare Ltd, UK). This imaging was used to exclude disc diseases and

compressive lesions although these may be present concurrently with DM.

6.3.1.5 Collection of DM and control case material

Control cases were either euthanised at the UoGSAH after owner consent or they
were donated from the SSPCA after euthanasia (Table 6-1). Blood samples were
only collected from DM cases, not control cases. Aliquots of uncoagulated whole
blood were made and used for further Sod1 genotyping (see 6.3.2). Cadavers
were transported to the University of Glasgow post-mortem rooms and all tissues
were collected within five hours of death by MM with assistance from LEB in
some cases (3/4 DM cases, 2/8 controls), PM room technicians and often

pathologists.
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Table 6-1: List of cases used in this study.

Study Date Breed Age Sex Official diagnosis
no. collected (years)
DM1 24/10/2019 GSD 9.6 F DM (pelvic limbs non-ambulatory at

euthanasia)

DM2  21/09/2020 GSD 10.0 M DM (pelvic limbs non-ambulatory at
euthanasia)

DM3  26/04/2022 GSD 9.3 F DM (pelvic limbs non-ambulatory at
euthanasia)

DM4  31/07/2017 GSD 8.0 M DM (pelvic limbs non-ambulatory at
euthanasia)

CON1 06/05/2022 PBD UKN M No known medical issues. *
CON2 27/06/2022 PBM UKN M No known medical issues. *
CON3 03/10/2022 AC UKN M No known medical issues. *
CON5 19/08/2022 CSP 10.0 M Degenerative encephalopathy

suspected (clear thoracolumbar MRI)

CON6 08/09/2022 SBT 9.5 F Suspected thromboembolic event (brain
or lungs)

Listed in the table are the clinical cases that were used in this study. All DM cases were
submitted to UoGSAH. The official diagnosis is the primary cause of death or euthanasia. *Dogs
were donated from the SSPCA with no known medical issues. Age, breed and sex information was
not provided due to confidentiality arrangements and is thus an approximation based on post-
mortem observations. UKN= unknown. PBD= Pitbull type breed; PBM= Pitbull mastiff mix; AC=
Akita cross; SBT= Staffordshire bull terrier; CSP= Cocker Spaniel.

Spinal cord material was collected from DM and control dogs based on the
following protocol. In some control cases, there was variation in segments
collected. The spinal cord was exposed by shearing off the dorsal surface of the
vertebral column. The spinal cord segments were distinguished by suturing the
transition between the cervical and thoracic regions and the thoracic and lumbar
regions. Several segments were removed from the spinal cord dura mater and
snap-frozen in an ethanol ice bath. Care was taken to ensure part of the dura
stayed intact so the remaining cord could be suspended in 10% formalin (3.7%
formaldehyde, 1% methanol in water), a fixative that preserves tissue and cell
morphology and composition so they can be visualised downstream (Thavarajah

et al., 2012). After fixation of the spinal cord, segments C3/C4 (cervical) and
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T12 (thoracic) were removed and trimmed in the transverse and longitudinal
planes before being loaded into cassettes for tissue processing. LEB contributed
to trimming tissue from DM1 to DM3 under the guidance of various staff from

VDS. DM4 was from a previous study and fixed material was not available.

6.3.1.6 Histopathology

All stages of histology were performed by VDS and DM was confirmed in cases by
pathology residents supervised by accredited veterinary pathologists (DM1 and
DM2) or Pamela Johnston (PJ; DM3) and further assessed for this thesis by LEB

with help from PJ. DM4 was assessed previously.

Tissues were routinely processed in an automated tissue processor machine
(Excelsior™ AS Tissue Processor, Thermo Scientific, UK) for 17 hours after being
fixed in formalin. Briefly, tissues were dehydrated in solutions with increasing
concentrations of ethanol. Alcohol and paraffin wax are immiscible, so tissues
were cycled through xylene to clear the tissue of alcohol, then cycled through
paraffin wax. Tissues were embedded in paraffin wax and cut into 2 pm thick
sections using a microtome (Shandon™, Thermo Scientific, UK). Sections were
attached to charged glass slides and baked at 60°C for 1 hour. Sections were
stained using a standard procedure for haematoxylin and eosin (HE) staining and
most reagents were made in house by VDS. Briefly, slides were submerged in
Histo-Clear (National Diagnostics, USA) to deparaffinise sections, then hydrated
though a series of decreasing alcohol solutions. Sections were stained with Gill’s
haematoxylin for 5 minutes then differentiated in 1% acid alcohol and blued in
Scott’s tap water substitute (STWS). Sections were counterstained with Putts
eosin then dehydrated through increasing alcohol concentrations and returned to
Histo-Clear. Sections were mounted with glass coverslips before being scanned
with a Motic EasyScan Infinity 60 Slide Scanner up to 40X magnification. Scans
were investigated and imaged using the Leica Aperio Image Scope software
(v12.4.6.5003).
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6.3.2 Nucleic acid analysis

6.3.2.1 Extraction of genomic DNA from blood samples

gDNA was extracted from whole blood samples using the DNeasy ™ Blood and
Tissue Kit (Qiagen, Germany) as per manufacturer’s instructions. Briefly, 100 pl
of blood was lysed with proteinase K (activity 40 mAU/mg protein) then
incubated in a buffer containing guanidine hydrochloride at 56°C for 10 minutes.
Absolute ethanol was added to the mixture before it was transferred into a
DNeasy™ Mini spin column and centrifuged at 6000 xg for 1 minute. The DNA
was washed in 2 steps using 2 buffers with a 1 minute 6000 xg centrifugation in
between them, then centrifuged for 3 minutes at 20,000 xg. DNA was eluted
from the membrane by applying an elution buffer (containing 10 mM Tris-
hydrochloride, 0.5 mM EDTA, pH 9), incubating the mixture for 1 minute at RT,
then centrifuging it for 1 minute at 6000 xg. The concentration (ng/ul) and
purity (260/280 ratio) of gDNA was determined using the Nucleic Acid DNA-50
program with the NanoDrop. gDNA from controls was extracted from tissue using

the same Qiagen kit following the manufacturer’s protocol by MM.
6.3.2.2 Sod1 genotyping

The inhouse assay developed and reported in Shafie, Anderson and McLaughlin
(2013) was used to determine the Sod1 genotype of controls and to confirm the
DM genotypes in cases. The method is an RFLP assay based on the presence or
absence of the HypAV enzyme restriction site. Genotyping was primarily
conducted by MM with assistance from LEB. RT-PCR (Section 2.x) was carried out
with DM cases using the following Sod1 primers designed by Shafie, Anderson and
McLaughlin (2013): forward 5-GCC TGT TGT GGT ATC AGG AAC CA-3’; reverse 5’
AGA GTC AAA AAC CGG C TT TGT GGA-3' (Eurofins, Germany). The Sod1 primers
produce a DNA fragment 236 bps long that contains both the Sod1:c.118G>A
mutation and the HpyAV restriction site which is only present in WT Sod1. Each
PCR reaction had a final volume of 25 pl made up of REDTaq™ ReadyMix™ PCR
Reaction Mix, 5 pmol per reaction of forward and reverse primers and 100 ng of
gDNA. Where the volume of gDNA was under 11 ul, MQ water was added. DNA

was denatured at 94°C for 5 minutes then 94°C for 1 minute, primer annealing
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occurred at 58°C for 1 minute then DNA strands were extended at 72°C for 1
minute then 72°C for 10 minutes. This cycle was repeated 32 times in total
before the PCR products were visualised using SYBR Safe DNA-stained gels
(Section 0) with a 100 bp DNA ladder.

PCR products were purified (Section 2.5.5) then digested at the HpyAV
restriction enzyme site using the protocol described by Shafie, Anderson and
McLaughlin (2013). Each reaction mixture with a total volume of 25 pl contained
the HpyAV enzyme (2 U/pl), 2.5 pl 10X CutSmart™ BSA Buffer (New England
BioLabs, UK), 2.5 pl 10X NEBuffer™ 4 (New England BioLabs, UK) and 200 ng PCR
product. The buffers added ensure the HpyAV enzyme works at 100% activity.
Samples were incubated at 37°C for 30 minutes then incubated at 65°C for 15
minutes to stop the reaction. The digested products were separated on a 2.5%
agarose gel with 1X TBE and 1X SYBR Safe DNA stain after adding loading buffer
(final 1X concentration) to each sample. When samples produced bands at 204
bp and 32 bps under UV light, they were assighed WT (Sod1:c.118G/G) status as
the nucleotide sequence had been cleaved. A single band at 236 bp indicated
the sample was a homozygous mutant (Sod1:c.118A/A) because the nucleotide
sequence was not cleaved. Bands at 236 bp, 204 bp and 32 bp indicated the
sample was heterozygous (Sod1:c.118A/G).

6.3.2.3 Extraction of RNA from spinal cord tissue

Powdered cervical and thoracic segments of the spinal cord used for protein
investigation (Section 6.3.3.1) were weighed to approximately 50 mg before 1 ml
of TRIzol™ reagent was added along with a 5 mm diameter stainless-steel ball.
Samples were homogenised in a ball mill (Retsch Mixer Mill MM 400, Germany)
for 2 minutes at 30 Hz. Samples became significantly frothy, and had a high lipid
content (due to myelin), so the optional centrifugation step in the
manufacture’s protocol was followed. After centrifugation at 16,060 xg for 5
minutes at 4°C, the translucent SNs were transferred to fresh tubes, then
samples were incubated on ice for 5 minutes. Chloroform (200 pl) was added,
and samples were vortexed for approximately 30 seconds. Samples were
incubated on ice for 3 minutes and centrifuged for 15 minutes at 16,060 xg (4°C)

to separate the sample into the 3 phases. The top aqueous layer containing RNA
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was collected and 4 pl of glycogen was added. RNA was precipitated with 500 pl
of isopropanol for 10 minutes on ice. The RNA was precipitated after
centrifugation at 16,060 xg for 10 minutes and the SN was removed. The RNA
precipitate was washed by vortexing the samples with 1 ml of 75% ethanol, the
RNA was pelleted again by centrifugation at 12,298 xg (10,000 rpm on Biofuge)
for 8 minutes. Most of the SN was removed before the samples were centrifuged
for a further 2 minutes. The remaining SN was removed and the RNA pellet was
air dried for 10 minutes. RNA was resuspended in 50 pl of RNAse free water and
a NanoDrop was used to measure the RNA content. Using 500 ng of RNA, a 1.5%
agarose gel with SYBR safe stain was used to separate the samples to determine
the integrity of RNA (Section 2.5.2). cDNA was generated using the method

described in Section 2.5.3.
6.3.2.4 Investigation of stress primers in control and DM samples

Using the method described in 2.5, ATF3, BiP, Cyc and XBP1 primers (Table 2-4)
were characterised with pooled samples of cervical control, cervical DM,
thoracic control and thoracic DM cDNA, murine rsh cDNA and control and DTT
treated human SK-N-SH cDNA (results presented in Appendix 8.3.2).
Subsequently, all cervical and thoracic samples were run individually and SK-N-
SH control and DTT treated samples were present as controls. For tissue sample
PCRs, there were no multiplex PCRs. PCR products were visualised in 2% agarose
gels with TAE buffer. XBP1 PCR products were further purified and digested with
Pst1-HF as described in Sections 2.5.5 and 2.5.6. Digested products were

visualised in 2% agarose gels with TBE buffer.

6.3.3 Protein analysis

6.3.3.1 Initial spinal cord tissue processing

Five control cases out of a pool of eight and four DM cases were used for
proteomics and biochemistry. Due to equipment restraints, only five controls
(CON1, CON2, CON3, CON5 and CON6) were used and were selected based on
the lack of neurological signs and presence of the homozygous WT Sod1

genotype. Available cervical spinal cord segments from C3 to Cé and thoracic
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spinal cord segments T9 to T13 from control and DM cases were further
processed for biochemical and omics analysis. All segments were powdered in

liquid nitrogen using a mortar and pestle then stored at -70°C.

6.3.3.2 Protein extraction for biochemistry and investigative proteomics

Protein extraction was based on methods described in Hesse et al., (2019) and
Nelvagal et al., (2020) and was optimised as described in Appendix 8.3.4.1.
Aliquots of powdered samples were made to roughly 50 mg (precise range= 52
mg to 60 mg). Chilled extraction buffer (1 ml; 2% SDS and 100 mM Tris-HCl) and
a 5 mm stainless-steel ball was added to each powdered sample for
homogenisation in a ball mill (Retsch Mixer Mill MM 400, Germany) at 30 Hz for 2
minutes. Samples were centrifuged at 380 xg for 3 minutes then 200 ul and 600
ul of the SN was removed and put into fresh tubes. The 200 pl aliquot was used
for proteomics and the 600 pl aliquot was used for protein biochemistry. In the
600 pl tubes, 6 pl of protease inhibitor cocktail (Sigma Aldrich, USA) was added,
this was excluded from the smaller aliquot to ensure there was no interference
with downstream trypsin digestion. All samples were vortexed then incubated on
ice for 20 minutes with an additional vortex at 10 minutes and 20 minutes. After
incubation, samples were centrifuged for 20 minutes at 16,060 xg at 4°C. The SN
was removed, assayed (Section 2.4.3) and stored at -20°C (working biochemistry

stock) or -70°C (proteomics and biochemistry stock).

6.3.3.3 Sample processing for peptides

The following protocol is based on a standard method used at GP and was
conducted by LEB under the supervision of Suzanne McGill (SM; GP). Individual
samples were made to 2 ug/pl with SDT-lysis buffer (4% SDS, 100 mM Tris-HCl at
pH 7.6 and 0.1M DTT) to denature proteins. A pooled sample with control and

DM cervical and thoracic samples was made to 1 pg/ul in SDT-lysis buffer.

Before being added to a Microcon-30kDa Centrifugal Filter Unit with Ultracel-30
membrane (Millipore, USA), 200 ul of urea UA buffer (8 M urea (Sigma Aldrich,
USA), in 0.1 M Tris-HCl at pH 8.5) was added to each sample, then vortexed.

Once in the filter unit, the samples were centrifuged at 16,100 xg for 15
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minutes, then the flowthrough was discarded. A further 200 pl of UA buffer was
added to all samples and the pool and centrifuged at 16,100 xg for 15 minutes.
To prevent the reformation of disulphide bonds and alkylate samples for optimal
enzymatic conditions, 100 yl 0.05 M iodoacetamide was added to all samples and
the pool. After a short vortex, samples were incubated for 20 minutes at RT in
the dark. Samples were centrifuged at 16,100 xg for 10 minutes then proteins in
the column were washed 3 times in 100 pl UA buffer and centrifuged at 16,100
xg for 10 minutes each time. Proteins were further washed 3 times in 50 mM
ammonium bicarbonate (ABC) buffer and centrifuged at 16,100 xg for 10 minutes

after each wash.

For enzyme digestion of proteins, samples in the columns were incubated
overnight at 37°C with 120 pl of 50 mM ABC and Trypsin (enzyme to protein ratio
1:100). The next day, columns were transferred to clean tubes and samples were
centrifuged at 16,100 xg for 10 minutes to pull down peptides present in the
solution, so flowthrough was retained. To ensure all peptides were washed
through the filter, 50 pl of 10% acetonitrile (ACN) was added before the samples
were centrifuged again at 16,100 xg for 10 minutes. Some samples were further
centrifuged to ensure all solutions were passed through the filter. Samples were
acidified with 50% trifluoracetic acid (TFA) to make a final 1% concentration of
TFA. Samples were then dried in a vacuum centrifuge for 90 minutes and
resuspended in 100 mM TEAB. Peptide concentrations were determined using a
Nanodrop (DeNovix DS 11). Values returned were within the range of 0.36 pg/ul
and 0.92 pg/ul.

6.3.3.4 TMT labelling

The following protocol was provided and performed by SM. To summarise, two
10plex TMT experiments were carried out; one for cervical samples and another
for thoracic samples. TMT 10plex Label Reagents (Thermo Scientific, UK) were
equilibrated to RT, then 8 pl of anhydrous ACN was dissolved in each vial (one
for each sample) for 5 minutes. Protein digests (16 pg in 25 pl) from each sample
were added to the TMT Label Reagent vials then incubated for an hour at RT.
Each sample (2 pyl) was pooled in a fresh tube, 3 pg of this added to a 96-well

plate and dried down using a SpeedVac in preparation for nanoflow HPLC
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electrospray tandem mass spectrometry (nLC-ESI-MS/MS). The remainder was
stored at -80°C.

6.3.3.5 nLC-ESI-MS/MS

The following protocol was provided and performed by SM. Using the auto-
sampler from the nanoflow uHPLC system RSLCnhano (Thermo Scientific, UK), the
dried pool of labelled peptides was solubilised in 20 pl of 5% ACN and 0.5%
formic acid. Online detection of peptide ions was by electrospray ionisation MS
with an Orbitrap Fusion mass spectrometer (Thermo Scientific, UK). The LC
eluent was ionised by interfacing the LC coupling device to a NonoMate Triversa
(Advion Bioscience, US) using an electrospray voltage of 1.7 kV. With an
injection volume of 5 pl, the reconstituted protein digest was desalted and
concentrated for 10 minutes on a 0.3 mm x 5 mm trap column at a flow rate of
25 pl/minute using 1% ACN and 0.1% formic acid.

Peptides were separated on a Pepmap C18 reversed phase column (50 cm x 75
um, 2 pm particle size and 100 A pore size; Thermo Scientific, UK) using a
solvent gradient at a fixed solvent flow rate of 0.3 pl/minute. The solvent
gradient was composed of reagents A and B which were 0.1% formic acid in
water and 0.08% formic acid in 80% ACN respectively. The solvent gradient was
as follows: 4% reagent B for 1.5 minutes, 4 to 60% reagent B for 178.5 minutes,
60 to 99% reagent B for 15 minutes then it was held at 99% reagent B for 5
minutes. The column was equilibrated for 10 minutes in initial conditions before

the next injection.

The Orbitrap fusion MS performed a high-resolution precursor scan at 120,000 RP
(over a mass range of 400 to 1600 m/z) followed by top speed CID fragmentation
and detection of the top precursor ions from the MS scan in the linear ion trap
using turbo scan speed. HCD was performed on the top precursor ions with up to
10 SPS precursor scans isolated with the precursor ion and any TMT loss ions
excluded from the selection. Orbitrap detection of the TMT quantitation label
from the fragmentation was acquired at a resolution of 50,000 with a mass range
100-500 m/z.
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6.3.3.6 Protein identification

Proteome Discoverer (version 2.4; Thermo Fisher Scientific, UK) was used to
identify, quantify and statistically assess proteins from nLC-ESI-MS/MS data.
Proteins were assigned using the Sequest HT search engine to interrogate protein
sequences from the NCBI Canis lupus familiaris taxonomy. The threshold of
precursor mass tolerance was 10 ppm and the fragment mass tolerance was 0.6
Da. Proteins containing less than two unique peptides that matched the NCBI
database were excluded from analysis as they could not be confidently
identified. Some proteins were identified as low-quality proteins so the
sequence associated with the accession number was processed with a FASTA

search using the EMBL-EBI service (https://www.ebi.ac.uk/Tools/sss/fasta/).

The scaled abundances were used to assess proteins of interest in individual
samples and the p value of each fold change (FC) was calculated using a one-way
ANOVA model with Tukey as the post-hoc test. The adjusted p values were
calculated using the Benjamini-Hochberg correction to account for the false

discovery rate.

Functional and Gene Ontology (GO) analysis was performed using DAVID
(https://david.ncifcrf.gov/; Huang da, Sherman and Lempicki (2009a) and Huang
da, Sherman and Lempicki (2009b)). Volcano plots were created using R Studio
(R version 4.3.1 (2023-06-16 ucrt)). GraphPad Prism was used to plot functional
and GO analysis data and to plot and statistically reassess individual scaled

abundances for proteins of interest.

6.3.3.7 Western Blot

The samples containing protease inhibitor cocktail were used for WB. Samples
were made to 10 pg then proteins were separated by SDS-PAGE (Section 2.4.5.1)
and processed for WB (Section 2.4.7). All antibody information is available in
Table 2-2. In addition to actin, flotillin-1, LC3, CuZnSOD and ubiquitin
antibodies, antibodies were included for markers of CNS cells and were anti-NSE

(neurones), anti-PLP (myelin/oligodendrocytes) and GFAP (astrocytes). Proteins
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of interest raised in proteomic analysis were probed for and were vimentin and

lactate dehydrogenase (LDH).
6.3.3.8 Native gel with NBT staining

Protein samples used for biochemical analysis were diluted by a factor of five
then processed and separated in a native gel (Section 2.4.5.2). The NBT staining
procedure was followed as normal (Section 2.4.6.3), but incubation times for

riboflavin and NBT were increased to 30 minutes.

6.3.4 Data and statistical analysis

WBs and PCR product gels were quantified as previously described using ImageJ.
GraphPad Prism was used for graphical and statistical analysis of WB and PCR
data. All groups were tested for normal distribution of residuals using the
Royston Shapiro-Wilk normality test. For nucleic acid and basic protein
investigations, comparisons made between control and DM groups were assessed
using unpaired t-tests (parametric) or Mann-Whitney tests (nonparametric).
When spinal cord segments were included in analysis, ordinary one-way ANOVA
with Bonferroni’s multiple comparisons tests or Kruskal-Wallis with Dunn’s
multiple comparisons tests were used for normally or abnormally distributed

residuals respectively.

6.4 Results

6.4.1 Diagnosis of DM

DM cases recruited to this study initially presented as ambulatory, ataxic and
paretic and were euthanised when they became non-ambulatory, usually with
some movement still present. All suspected DM cases were genotyped using the
outsourced company (Laboklin, UK) and this was confirmed with an inhouse Sod1
genotyping method (Figure 6-1). All control dogs were genotyped inhouse only
(Figure 6-1A). For Sod1 homozygous WT, an intense band was seen at 204 bps
due to digestion by the HpyAV restriction enzyme. Sometimes faint bands were

present at 236 bps due to incomplete digestion of some fractions (likely due to
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method rather than DNA sequence). For cases homozygous for the Sod1
mutation, only one intense band was visible at 236 bps as the DNA was not
digested by the restriction enzyme. For heterozygous cases, intense bands were

seen at 204 bps and 236 bps as both WT and mutant Sod1 alleles were present.

1 2 3 4 5 6 7 8 9

WT Mut

A) bps Hom Het Hom C1 C2 C3 C4 C5 Cé

X

B) 1 2 3 4 5 0 12 3 4 5 6
WT  Mut WT UD WT Mut  Mut
bps Het  pom Hom PM' Hom  bps W Hom " Hom Hom M2
500 —
500 —
400 — 400 —| *
300 — 300 — p——— ——
e
200— 200 —
100 — 100 —
D) 1 2 3 4 E) 1.2 3 4
WT  Mut WT Mut
bps Hom Het  DM3 bps Hom HE Hom PM4
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8= %
300 — 300
200 — 200
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Figure 6-1: Sod1 genotyping for all dogs used in this study. Purified Sod1 PCR products were
digested with HpyAV, then products were separated in an agarose gel. As the cases were actively
recruited throughout the duration of this project, they were genotyped as the samples became
available. Every run contained control samples for WT homozygotes (WT Hom), heterozygotes
(Het) and DM/mutant homozygotes (Mut Hom). In some cases, there was an undigested WT
control (UD WT). Only WT Sod1 was cut by the enzyme and this was visualised by a lower band
when compared to the undigested product. Homozygous mutant Sod1 cannot be cut by the
enzyme, so Sod1 remains undigested and appears the same as the undigested WT sample.
Heterozygous animals have one WT and mutant copy of Sod1, so HpyAV digestion results in a
double band pattern. A) contains the genotypes for all control (C1-6) samples used in this study
and they all matched the WT homozygous control. C4 (lane 7) was not used for proteomics and is
denoted with an X. The signal was weak in the gel, so the contrast of the image was adjusted to
allow visualisation of the bands. B) contains DM1 (lane 4) and controls. This was performed by
MM and LEB early in the project. The migration pattern is slightly different from normal due to
an error when making the gel, however the banding patterns were as expected. C) contains DM2
(land 6) and controls. D) contains DM3 (lane 4) and controls. E) contains DM4 (lane 4) and
controls. A), C), D) and E) were provided by MM.

All DM cases were assessed for evidence of pathology associated with the
disease, but only DM1 to 3 were available for investigation in this study. Control
material from a previous study was included from a Sod1:c. 118G homozygous

eight-year-old male GSD.
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At high magnification (40X), the white matter of cervical and thoracic sections
from control cases appeared within normal limits (Figure 6-2A), while in DM,
white matter of the dorsal, lateral and ventral funiculi had occasional vacuoles
containing degenerate axonal material and macrophages (Gitter cells).
Degenerating axons swell before being digested and were visible as axonal
spheroids (Figure 6-2B) which are subsequently digested by Gitter cells in
digestion chambers (Figure 6-2C). Both lesions were found at varying degrees in
DM cases and were observed in transverse and longitudinal sections. In
longitudinal sections, the axonal spheroids and digestion chambers were often
seen extending along a significant length of each affected axon (Figure 6-2D and
E). Lesions appeared asymmetrically in all funiculi but were most abundant in
the dorsal and dorsolateral funiculi, particularly in the fasciculus gracilis and
corticorubrospinal tracts. The lesions described are typical of DM and suggest

Wallerian degeneration was present.

In the grey matter of all sections, pyramidal neurones with large cell bodies
were clear (Figure 6-2F). Lipofuscin, a yellow-brown pigment, was found in most
sections from all cases and is considered a “wear and tear” pigment which
accumulates in the neurones of older dogs. Given that the age range of dogs
assessed in this study was eight to ten years old, this finding is age related. Most
neurones were observed to be within normal limits, but the occasional swollen
neurone was seen in DM cases (Figure 6-2G). Chromatolytic neurones (Figure
6-2H) were observed at varying numbers in the grey matter of DM cervical and
thoracic cords only. Mild gliosis was present in the grey and white matter of

some DM spinal cords but not the control.

Overall, pathology was most severe in the thoracic region of the spinal cord in
all DM cases. DM1 appeared to be the most pathologically affected while DM2
and DM3 had mild to moderate pathology.
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Figure 6-2: Examples of normal and DM spinal cord histology. A) Normal appearance of axons
within the white matter (WM) in the transverse plane from a control case; one example is
highlighted with an arrowhead, but they are abundant in the image. B) Axonal spheroid
(arrowhead) in the DM white matter; transverse plane. C) Digestion chamber consisting of axonal
debris and a Gitter cell (arrowhead) found in the DM white matter; transverse plane. D)
Longitudinal section showing the length of a swollen axon (arrowheads). E) Longitudinal section
containing multiple digestion chambers (arrowheads), which are likely to be along the same
axon. F) Typical pyramidal neurone (arrowhead) found in the grey matter (GM); transverse plane
from a control case. G) Swollen neurone in the grey matter of a DM section (arrowhead);
transverse plane. H) Chromatolytic neurone (arrow) in the DM grey matter; longitudinal section.
All images were captured at 40X magnification and the scale bar= 60 pm.

6.4.2 Nucleic acid analysis

Analysis of RNA integrity and primer characterisation for tissue derived samples
are presented in Appendix 8.3.2. PCR reactions with ATF3, BiP, XBP1t and cyc
(housekeeping) primers were used for canine samples (Figure 6-3). No significant
changes were observed in DM cervical or thoracic spinal cord segments compared
to controls for any of the primers, and there were no significant changes
between spinal cord segments within control and DM groups. Further Pst1-HF
digestion of XBP1t PCR products showed XBP1t was unspliced in all control and
DM samples, indicating ER stress was not induced. The assay worked correctly as
the product from SK-N-SH cells treated with dithiothreitol (DTT; ER stress
inducer), was spliced and therefore undigested, as is the case when ER stress is

induced.
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BiP 45.2 £ 35.6% 42.0 £ 6.5% 36.0 + 9.4% 28.8 +5.0%
ATF3 59.0 + 37.7% 52.3 +19.0% 51.2 +10.9% 54.5 + 9.3%
XBP1t 95.8 £ 65.9% 63.5 £ 7.6% 59.8 + 2.6% 53.8+9.2%

Figure 6-3: Comparison of RNA markers in canine spinal cord segments. cDNA from control
and DTT treated SK-N-SH cells and control and DM cervical and thoracic spinal cord were used in
PCR reactions with primers for Cyc, ATF3, BiP and XBP1t. PCR products were separated in 2%
agarose gels for each spinal region (CV in A, TH in B) and quantified. XBP1t PCR products were
further purified and digested with the Pst1-HF enzyme to check for the splicing of XBP1t (C). The
quantity of PCR products for ATF3, BiP and XBP1t primers were expressed as a percentage of the
quantity of Cyc and are presented in the table (mean % SD) in D). Control n= 5 and DM n= 4,
except for ATF3 C.TH where n= 4. Ordinary one-way ANOVA with Bonferroni’s multiple
comparisons tests were used to compare values of each primer between control and treated
spinal cord segments and spinal cord region. There were no significant changes found for any
group using the current primers.

6.4.3 Protein overview in spinal cord samples

6.4.3.1 Total protein profile

The total protein profiles of control and DM spinal cords appeared similar when
stained with Coomassie Blue (Figure 6-4). Further, the general profiles appeared
similar between cervical and thoracic segments. There was potential enrichment
of proteins in the thoracic region of DM spinal cords around 50 kDa compared to
other segments from DM and control cases. Additionally, in the control samples,
there was marginal enrichment of proteins at around 20 kDa compared to some

DM cases.
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Figure 6-4: Total protein profile for control and DM spinal cord regions. Proteins were
separated in a gel then stained with Coomassie blue stain. After destaining and rehydrating the
gel, images were captured. Overall, the protein profiles were similar between cervical and
thoracic segments and between control and DM cases, but there was variation in the
concentration of staining around 20 kDa and 50 kDa (arrowheads).

6.4.3.2 Proteomics overview

A total of 693 proteins were identified with two or more unique peptides in
canine spinal cords using TMT nLC-ESI-MS/MS. This accounted for 77% of peptides
being quantified and the general distribution of log,FC with respective p values

are plotted in Figure 6-5 for all comparisons.

Between the spinal regions within control and DM cases, 287 and 267 proteins
respectively had a p value < 0.05. Differences in protein expression between
spinal cord regions may occur because of functional and size differences, for
example the thoracic region was often slimmer than the cervical region. Adding
a log,FC threshold (+0.5) further reduced the number of proteins and provided

an insight into the differentially expressed proteins (Figure 6-5E).
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Differentially expressed?

‘ No . Down . Up

A) . B)
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Q) ) D) :

-logo(p value)
logo(p value)

Log,(DM.CV/C.CV) Log,(DM.TH/C.TH)

E) Differentially expressed?
L
Comparison . No ' Down . Up Missing log,FC
C.TH vs C.CV 421 52 69 151
DM.TH vs DM.CV 431 41 7 150
DM.CV vs C.CV 598 1 3 91
DM.TH vs C.TH 550 8 36 99

Figure 6-5: Volcano plot assessment of TMT proteomics data. The log,FC and p values for every
speculative protein identified was plotted in a graph. The p value was plotted as -log10 for
better distribution of points. A) Control thoracic versus cervical region. B) DM thoracic versus
cervical region. C) DM versus control cervical region. D) DM versus control thoracic region. The
horizontal dotted line indicates where p= 0.05 and the vertical lines indicate -0.5 and 0.5 log,FC.
Red and blue dots indicate proteins which could be considered differentially expressed (red=
down; blue= up) while black dots indicate proteins which are less likely to be differentially
expressed. Proteins missing a log,FC value were not plotted as it is not possible to determine if
they were not present in the sample due to biology, or they were below detectible limits, or
there was an issue with the method. Values are listed in the table (E).

Comparison of cervical spinal cord segments from control and DM cases
highlighted ten proteins found to be significantly different between groups (p <
0.05) and these are listed in Table 6-2. One protein, sterol carrier protein 2, was
labelled as a low-quality protein, so a FASTA search was carried out with the

protein sequence to check it was correct. The sequence was between 77% and
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88% similar to sterol carrier protein 2 from other species, so this result was

accepted.

Table 6-2: Differentially expressed proteins in the cervical spinal cord.

Protein ':: ng‘gob'; 32;2?;95 log;(DM.CV/C.CV)  p value ;cg:ls::d
L-lactate dehydrogenase A chain isoform X1 XP_035559651.2 7 0.38 0.002 1.000
Cathepsin D XP_025277475.1 5 0.77 0.003 1.000
Sterol carrier protein 2* XP_035571784.1 3 0.29 0.009 1.000
ATP synthase subunit g, mitochondrial-like XP_038527460.1 2 0.44 0.024 1.000
Neuromodulin isoform X1 XP_025332627.1 9 0.82 0.026 1.000
Calmodulin-2 isoform X2 XP_048971829.1 7 0.39 0.038 1.000
Vimentin XP_025301333.1 39 1.00 0.042 1.000
Proteolipid protein (PLP) CAA39025.1 8 -0.53 0.042 1.000
BTB/POZ domain-containing protein KCTD12 XP_038287136.1 11 0.45 0.046 1.000
Tenascin isoform X6 XP_038536899.1 8 -0.42 0.047 1.000

*NCBI database indicated “low quality protein” in protein name. A FASTA search was conducted
for the protein sequence corresponding to the accession number to confirm the sequence
matched the protein name.

In the thoracic spinal cord, 62 proteins had different expression levels in control
and DM groups (p < 0.05) and are shown in Table 6-3. In addition to sterol carrier
protein 2, NfL was labelled as a low-quality protein, so a FASTA search was
carried out with the protein sequence. The NfL sequence was around 98% aligned
to the human form of the protein, so it was accepted as an identified protein in

the canine samples.
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Table 6-3: Differentially expressed proteins in the thoracic spinal cord.

Protein ?ﬁggfgg? E:;::J;es log,(DM.TH/C.TH)  p value :‘?:lzt:d
L-lactate dehydrogenase A chain isoform X1 XP_035559651.2 7 0.68 1.00E-06 0.001
Vimentin XP_025301333.1 39 2.04 4.41E-06 0.003
Filamin-c isoform X1 XP_038542119.1 38 1.46 1.44E-04 0.029
Galectin-3 P38486.3 2 1.39 1.70E-04 0.029
Annexin A1 XP_025279092.1 12 1.38 1.83E-04 0.030
Glial fibrillary acidic protein isoform X2 XP_025296567.3 3 0.67 0.001 0.051
Neurofilament heavy polypeptide isoform X12 XP_048958020.1 50 -0.66 0.001 0.051
Alpha-actinin-1 isoform X5 XP_853103.1 11 1.08 0.001 0.062
Cathepsin D XP_025277475.1 5 0.75 0.001 0.066
Bg chain bg, 60S acidic ribosomal protein PO 4V57 4 0.77 0.001 0.066
Heterogeneous nuclear ribonucleoprotein H isoform X1 XP_025302540.1 2 1.12 0.001 0.069
Proteolipid protein (PLP) CAA39025.1 8 -0.78 0.001 0.072
Cadherin-2 precursor NP_001274085.2 2 0.75 0.001 0.072
Neurofilament medium polypeptide isoform X1 XP_543237.3 64 -0.64 0.002 0.090
Vip21 CAA78151.1 2 1.12 0.002 0.096
60S acidic ribosomal protein P2 XP_038279466.1 2 0.85 0.002 0.101
Calponin-3 isoform X6 XP_038410567.1 4 0.9 0.002 0.105
Neurofilament light polypeptide* XP_003639928.2 48 -0.83 0.003 0.122
Heat shock-related 70 kda protein 2 XP_038529770.1 10 0.93 0.003 0.123
2',3'-cyclic-nucleotide 3'-phosphodiesterase isoform  XP_005624533.1 32 -0.46 0.003 0.129
Myosin-9 Q258K2.1 9 0.84 0.003 0.138
Protein S100-A10 XP_038309276.1 2 1.12 0.003 0.140
BTB/POZ domain-containing protein KCTD12 XP_038287136.1 11 0.86 0.004 0.158
Apolipoprotein E XP_533644.1 9 1.51 0.005 0.163
Breast carcinoma-amplified sequence 1 isoform X3 XP_038290045.1 2 0.67 0.005 0.163
)(é){tosolic acyl coenzyme A thioester hydrolase isoform XP_038379156.1 7 0.51 0.005 0.169
Ras suppressor protein 1 isoform X1 XP_038514263.1 3 0.65 0.006 0.170
Chloride intracellular channel protein 1 NP_001239067.1 2 1.42 0.006 0.181
Angiotensinogen XP_025304321.1 4 0.68 0.007 0.197
Four and a half LIM domains protein 1 isoform X1 XP_038306890.1 2 0.49 0.009 0.197
Plectin isoform X22 XP_005628109.1 79 0.41 0.009 0.197

*NCBI database indicated “low quality protein” in protein name.
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Protein (ANC ng‘gg;‘ s:pi:z?:es log;(DM.TH/C.TH)  p value :cij:lzt:d
Heat shock 70 kda protein 4L isoform X1 XP_025276349.1 6 * 0.009 0.197
Moesin isoform X1 XP_025321840.1 8 0.84 0.009 0.197
Phosphate carrier protein, mitochondrial isoform X1 XP_038544248.1 6 0.69 0.010 0.197
Ezrin isoform X1 XP_038509437.1 8 0.32 0.010 0.197
Adenosine kinase isoform X1 XP_025290656.1 2 1.03 0.011 0.197
Vinculin isoform X14 XP_038347906.1 12 0.86 0.013 0.225
Thioredoxin XP_025288383.1 4 0.67 0.015 0.255
Protein $S100-A6 XP_038428821.1 4 0.82 0.020 0.292
Ubiquitin-conjugating enzyme E2 N XP_025294578.1 4 0.51 0.020 0.292
Aldehyde dehydrogenase, mitochondrial isoform X1 XP_048957770.1 11 0.39 0.021 0.292
Neuroblast differentiation-associated protein AHNAK isoform X22 XP_048952464.1 2 1.32 0.024 0.292
Annexin 2 AAR00321.1 10 0.95 0.024 0.292
Mimecan XP_025279468.1 4 2.64 0.024 0.292
Tropomyosin alpha-3 chain NP_001239140.1 2 0.38 0.025 0.292
40S ribosomal protein s2-like XP_038528879.1 3 0.45 0.025 0.292
Secernin-1 XP_038542766.1 7 -0.42 0.027 0.292
Ankyrin-2 isoform X5 XP_013965380.1 12 0.5 0.027 0.292
Ubiquitin carboxyl-terminal hydrolase isozyme L1 XP_025293476.1 11 -0.33 0.028 0.298
Gamma-enolase isoform X2 XP_003639985.1 13 0.28 0.031 0.325
Myelin-associated glycoprotein isoform X1 XP_038513383.1 9 0.52 0.032 0.334
Peroxiredoxin-6 XP_537190.5 1 0.33 0.033 0.343
Pyruvate kinase PKM isoform X2 XP_038298794.1 3 -0.3 0.034 0.344
Grp%94 AAA17708.1 12 0.48 0.034 0.344
Sterol carrier protein 2* XP_035571784.1 3 0.37 0.034 0.346
Dihydropyrimidinase-related protein 5 XP_038309117.1 11 0.44 0.038 0.372
Prolargin XP_025276998.1 5 1.63 0.039 0.383
Acylphosphatase-2 isoform X1 XP_025322840.1 2 1.21 0.043 0.404
Histone H3.1 isoform X1 XP_038302066.1 6 0.31 0.047 0.421
Fibroblast growth factor 1 isoform X2 XP_013963577.1 2 1.08 0.049 0.421
Capping protein (actin filament) muscle z-line, alpha 2 AAR16268.1 2 0.53 0.049 0.421
Alcohol dehydrogenase class-3 NP_001239084.1 2 0.15 0.049 0.421

*NCBI database indicated “low quality protein” in protein name. Note, gamma-enolase is the

NCBI database name for NSE. **log,FC was absent for “heat shock protein 70 kda protein 4L

isoform X1” due to an incomplete dataset.
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6.4.3.3 Functional and GO analysis

GO is a form of gene annotation that allows investigation of genes and their
products at the level of their molecular function, biological process and location
in cells (cellular component). This can help to understand the function of genes
in a dataset and help to understand the biological significance of the up- or
downregulation in expression (Gene Ontology Consortium, 2006). Kyoto
Encyclopedia of Genes and Genomes (KEGG) is another gene annotation service
that allows interrogation of gene function in relation to specific biological
pathways. It is able to flag pathways that contain several genes of interest when
inputted (Kanehisa and Goto, 2000).

Only KEGG pathway analysis returned hits in the cervical cord and this is likely
due to the small number of genes associated with the differentially expressed
proteins. Three KEGG pathways were highlighted, and these were “Glucagon
signalling pathway”, “Estrogen signalling pathway” and “Tuberculosis” (Figure
6-6A). Further assessment found that the genes were linked to the pathways at

the level of glycolysis, cell signalling and the endosome respectively.

KEGG pathway (Figure 6-6B) and GO (Figure 6-6C-E) analyses were conducted
with the genes that corresponded to the proteins that were significantly
different between the control and DM thoracic cords. KEGG pathways were
related to energy metabolism, cell structure, adhesion and signalling. Further
GO analysis of molecular function, cellular components and biological processes
showed genes were important for calcium ion and ion channel binding, neuronal

and axonal development, energy metabolism and cell signalling.
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A) Cervical KEGG pathway analysis C) GO: Molecular function

Glucagon signalling pathway Calcium ion binding

Estrogen signalling pathway Calcium-dependent phospholipid binding

Tuberculosis ion channel binding

0 1 2 3 0o 1 2 3 4 5
Number of genes Number of genes

B) Thoracic KEGG pathway analysis D) GO: Cellular components

Pyruvate metabolism Cell cortex

Glycolysis/Gluconeogenesis Melanosome
Regulation of actin skeleton Exocytic vesicle
Salmonella infection Extracellular space

Leukocyte transendothelial migration Focal adhesion

0 2 4 6 8
Number of genes

T T T 1
Proteoglycans in cancer

Tight junction

Focal adhesion—{ |

I T I 1
0 2 4 6 8

Number of genes
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Figure 6-6: KEGG pathway and GO analysis of the spinal cord. The genes correlating to each
protein that was significantly different between control and DM groups in the cervical and
thoracic regions of the spinal cord were copied into DAVID for assessment. Hits in the KEGG
pathway section were found in cervical (A) and thoracic regions (B). GO hits were only available
for the thoracic region. GO was separated into molecular function (C), cellular components (D)
and biological processes (E).

6.4.4 Analysis of specific protein markers

6.4.4.1 Neurone specific markers

Specific neurone associated proteins were examined to assess neuronal integrity
in the cervical and thoracic segments. The number of unique peptides, log.FC,
FC p value and adjusted p values are found in Figure 6-7A. Abundance values of
proteins of interest were plotted into graphs and each protein was compared
between control and DM cords for cervical (Figure 6-7B) and thoracic (Figure
6-7C) cords separately. There were no statistically significant changes between

control and DM groups in the cervical region for any of the selected proteins. In
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the thoracic cord, NSE, NfL, NfM and NfH were significantly downregulated in
the DM cords compared to controls (NSE, NfL and NfM p < 0.01; NfH p < 0.001).
These changes are likely to reflect a reduction in axons/neurones. Further
assessment between spinal cord regions within each group showed NfL and NfH
were statistically lower in DM thoracic segments compared to cervical segments
(NfL p < 0.05; NfH p < 0.01), but there were no changes between the segments
in the control group. This suggests there was a significant loss of axons/neurones
between segments in the DM cases. Contactin-1 was significantly higher in the
thoracic segment of control and DM spinal cords compared to the cervical region
(both p < 0.001). As the changes were present in both groups, it is likely to

reflect a normal difference in the protein.

NSE was validated with WB (Figure 6-7D) and was statistically similar between
control and DM cervical cords but significantly reduced in the thoracic cord of
DM cases compared to controls (p < 0.05). This may indicate there was
axonal/neuronal loss in the DM thoracic cord, but not the cervical cord or in the
control cases. Further assessment showed in controls, there was significantly
more NSE present in the thoracic region compared to the cervical region (p <
0.05). The lack of statistical significance between segments in the DM cases may
further suggest there is axonal/neuronal loss in the thoracic region but not the
cervical region. CL controls were positive for NSE as expected due to their

neuroblastoma origin.
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: Accession Unique Adjusted Adjusted
A)  Protein (NCBI Db) peptides log,(DM.CV/C.CV)  p value p value log2(DM.TH/C.TH)  p value p value
NSE XP_003639985.1 13 -0.02 1.000 1.000 -0.28 0.031 0.325
NfL* XP_003639928.2 48 -0.26 0.732 1.000 -0.83 0.003 0.122
NfM XP_543237.3 64 -0.08 0.925 1.000 -0.64 0.002 0.090
NfH XP_048958020.1 50 -0.32 0.484 1.000 -0.66 0.001 0.051
Contactin-1 XP_025333060.1 13 0.05 1.000 1.000 -0.01 1.000 1.000
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