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Abstract

The neurodegenerative disease amyotrophic lateral sclerosis (ALS) is characteristically
heterogeneous in both genetic causality and cellular pathology. In ALS, the upper and lower motor
neurons that mediate voluntary movement degenerate and die. The associated clinical phenotype
presents as loss of control of movement, resulting in gradual paralysis, with a predicted survival time
of only three to five years. Multiple genetic mutations have been associated with disease onset, and
mutations in the gene ANXA11 were recently shown to cause a subset of ALS cases. Neuronal
functions of the corresponding protein, Annexin All, are not well defined, and the cellular

phenotypes associated with ANXA11 ALS mutations are poorly understood.

Utilisation of induced pluripotent derived stem cells (iPSCs) to generate disease relevant cell types
enables the comparison of dysregulated cellular pathways in patient and heathy cells, however iPSC
models of many ALS associated genes do not exist, including for ANXA11. To address this, iPSCs were
generated from five ALS patients with previously identified non-synonymous single nucleotide
polymorphisms in ANXA11, and five sex-matched control individuals. Novel iPSC lines were subject
to quality control analysis to ensure that they were pluripotent in nature and had maintained
genomic stability in the reprogramming process. Efficient differentiation of iPSCs into motor neurons
was established, alongside optimisation of motor neuron-astrocyte co-culture to generate a disease

relevant platform for subsequent analyses.

Initial characterisation of ANXA11 patient and control neuronal cultures included high-throughput
protein localisation analysis of Annexin Al1l, as well as disease hallmark TDP-43 and phosphorylated
TDP-43. This was completed in motor neuron monocultures and motor neuron-astrocyte co-cultures
at two time points. Protein characteristics varied across culture conditions, however did not indicate
any striking disease associated protein phenotype in ANXA11 patient motor neurons. Spontaneous
calcium activity in motor neuron-astrocyte co-cultures was shown at two time points and indicated
an increased calcium fluctuation propensity in some ANXA11 patient-derived lines, which was not

mirrored by any change in electrophysiological readout. Neurite outgrowth analysis revealed
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comparable neurite characteristics in young motor neurons, however utilisation of microfluidic

devices indicated reduced integrity of distal axons in ANXA11 ALS motor neurons.

Annexin A1l localises to stress granules and has a role in tethering RNA binding proteins (RBPs) to
lysosomes to enable RBP transport along axons. To interrogate RNA dynamics in ANXA11 patient
motor neurons, stress granule analysis was completed. Annexin A1l localised to G3BP1 positive
stress granules in motor neurons, and reduced stress granule formation propensity was seen in
ANXA11 R235Q motor neurons compared to control. Global axonal RNA transport velocity was
assessed, revealing an increase in RNA transport velocity in patient motor neurons. A role of Annexin
A1l in local translation was hypothesised due to its function in tethering RBPs to membrane bound
vesicles, and the distal axon phenotype identified in microfluidic devices. Annexin A11 was shown to
localise to focal points of translation in ribopuromycylation analysis, and Annexin A1l and the ALS
associated protein FUS localised to overlapping sites of local translation in motor neurons. Using
microfluidics to compartmentalise distal axons, Annexin A11 and FUS protein were assessed at sites
of local translation in control and ANXA11 patient motor neurons. This highlighted increased Annexin
A11 signal and decreased FUS signal at sites of local translation in patient lines, and a potential

reduction in co-localisation.

Collectively these data implicate ANXA11 ALS mutations in a multilevel pathology, whereby
dysregulation of overlapping cellular pathways collectively lead to motor neuron vulnerability. Many
of the implicated pathways are associated with other genetic forms of ALS, highlighting overlapping

cellular perturbations across the ALS spectrum.
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Chapter 1 Introduction

1.1 Amyotrophic lateral sclerosis

In the late 1860s, the condition known today as amyotrophic lateral sclerosis (ALS) was described in
lectures by Jean-Martin Charcot, who is often credited with formally recognising ALS as a distinct
disease (Katz et al., 2015). Charcot was not the first clinician to describe diseases of muscle wasting
and paralysis but is responsible for unifying prior research into progressive muscular weakness to
form a foundation for classification of ALS as a unique pathology. Since then, our understanding of
the disease has progressed enormously, however successful therapeutics remain elusive. ALS causes
gradual paralysis, with an average prognosis of 3-5 years from diagnosis (Traxinger et al., 2013), and
is currently untreatable and incurable. ALS is characteristically heterogeneous in clinical
presentation, cellular phenotype, and genetic causation. Such complex aetiology has contributed to
an overriding failure to treat disease, as incomplete understanding of pathology renders accurate
drug-targeting impossible. With the global incidence set to increase over the coming years (Feigin et
al., 2017; Logroscino & Piccininni, 2019) the need for further understanding of the disease pathology

and subsequent development of viable therapeutics is of great importance.

1.2 Epidemiology

ALS onset is most common between ages 50-65 years (Logroscino et al., 2008), however young
(onset before age 45) and juvenile (onset before age 25) cases are also reported (Turner et al., 2012).
It affects more males than females, and the ratio of sex difference is affected by the age and location
of the patient cohort. A U.K. based study found the male to female ratio to drop from 2.5 in young
patients to 1.4 in the older patient population (Manjaly et al., 2010). Mean disease duration from
symptom onset to death is 20-48 months (Chio et al., 2009), and only 20% of patients survive

between 5-10 years after the onset of symptoms (Talbot, 2009). Meta-analysis suggests that the
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global incidence is 1.68 cases per 100,000 people, with higher incidence in North Europe
(1.89/100,000) and lower incidence in East Asia (0.83/100,000) (Marin et al., 2017). When
considering age-specific incidence, the incidence peaks at 6.98-8.17/100,000 in North American and
European populations, representing an age group of 71.6-77.4 years. The peak incidence in Asia is
lower at 2.20/100,000, which represents an age group of approximately 75 years (Marin et al., 2018).
Global cases have been predicted to increase to over 370,000 by 2040, which represents an increase
of 69% in the number of cases over 25 years (Arthur et al., 2016). Indeed, the global number of
incidences increased by 72.4% from 1990 to 2015, with the number of motor neuron disease deaths
due to ALS increasing by 97.3% in the same period (Feigin et al., 2017). The aging population is a
global phenomenon, where advances in medicine and quality of life are resulting in a higher average
age of death. This results in a larger population and increased numbers of neurological disorder
cases. It has been noted that ALS and other neurodegenerative diseases that are currently of higher
incidence in developed countries will become more prevalent in developing countries, where

average life span is also increasing (Logroscino & Piccininni, 2019).

In addition to the huge suffering caused by the ALS, the economic impact of the disease is large;
estimated at 279-472 million USD in 2015 in the U.S. alone (Gladman & Zinman, 2015). The cost for
each patients’ care is high and increases as disability progresses (Meng et al., 2018), and many
considerations must be made for the costs for affected individuals, such as costs of caregiving and
early retirement (Lopez-Bastida et al., 2009). It should be recognised that these effects will vary
depending on each patients’ country of residence, influenced by the standard of healthcare and
other socioeconomic factors. The additional burden of healthcare costs to individuals suffering with
the disease is an unsettling and important consideration for patients and carers. The tragedy of ALS
is highlighted by evidence that in The Netherlands one in five patients with ALS ultimately die by
euthanasia or physician assisted suicide, which is not as a result of unmet palliative care needs

(Maessen et al., 2014; Veldink et al., 2002).
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1.3 Clinical presentation

Both the upper motor neuron and lower motor neuron tracts are affected in ALS (Cleveland &
Rothstein, 2001). The associated phenotype is characterised by gradual paralysis as motor neurons
governing voluntary movement degenerate, which leads to muscle wasting as tissues are rendered
inactivated. Limb onset occurs in ~70% of patients and often presents as foot drop or loss of hand
coordination. Bulbar onset displays as difficulty with swallowing or speech and accounts for ~25% of
patients. The remaining 5% of patients have onset in the trunk or respiratory system (Kiernan et al.,
2011). Symptoms become progressively worse with time, and eventually respiratory innervation is
depleted which results in reliance on ventilator support. The most common cause of death in ALS
patients is respiratory failure, or diseases affecting the respiratory system such as pneumonia (Corcia
et al., 2008). Symptoms can include muscle twitching, which arise from abnormal electrical activity
as surviving motor axons attempt to re-innervate orphan muscle fibres whose motor neuron input
has degenerated. This leads to large and sustained axon potentials, which present as uncontrollable
muscle twitching (Bashford et al., 2020). Patients can also experience symptoms including, but not
limited to; dyspnoea (shortness of breath), disturbed sleep, anorexia, cramps, spasticity, and fatigue
(Zarei et al., 2015). Notably, ocular motor neurons are spared until the end stage of disease and have
been shown to harbour different gene expression profiles to spinal motor neurons (Patel & Mathew,

2020).

Although motor neurons are predominantly affected in disease, other brain regions have been
implicated: Cerebellar pathology is present in ALS associated with specific genetic profiles (Bede et
al., 2021), brain stem pathology has been linked with pseudobulbar affect (Tu et al., 2021), and loss
of taste has been associated with central white matter loss (Ashary et al., 2020). Some non-central
nervous system (CNS) systems have also been implicated, including the peripheral immune

(McCombe et al., 2020).
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1.4 The ALS-FTD spectrum

There is significant co-morbidity across ALS and frontotemporal dementia (FTD), such that the two
are considered to constitute a disease spectrum. FTD is characterised by degeneration of the frontal
and temporal lobes and commonly manifests as changes in behaviour, difficulty with language, and
loss of executive function. Behavioural changes can be particularly challenging for family members,
friends, and carers, as patients may exhibit antisocial and irresponsible behaviours that lead to
financial and reputable damage. Diagnosis often takes years, and establishing the level of patient

autonomy over their actions and behaviours can be difficult (Seelaar et al., 2011).

The ALS-FTD spectrum is both symptomatic and genetic. Disease can manifest as “pure” ALS or FTD,
however an overlap of clinical phenotypes is common. Cognitive impairment is seen in approximately
50% of ALS patients, with 15% meeting the criteria for FTD diagnosis (Portet et al., 2001; Ringholz et
al., 2005), and 50% of patients with FTD show symptoms of probable or definite ALS (Lomen-Hoerth
et al., 2002). It has been noted that even if cognitive symptoms are not present at the time of ALS
diagnosis, they can manifest as the disease progresses, and evidence of cognitive decline can be
predictive of shorter survival time (Bersano et al., 2020). Multiple genes have been associated with
both ALS and FTD, including C90RF72 (Delesus-Hernandez et al., 2011), VCP (Bersano et al., 2009;
Johnson et al., 2010), UBQLN2 (Deng et al., 2011; Synofzik et al., 2012), and CHMP2B (Parkinson et

al., 2006; Skibinski et al., 2005).

1.5 Diagnosis and neuropathology

No imaging or laboratory test can confirm ALS diagnosis, which is currently based on clinical
diagnostic criteria. The El Escorial criteria are often used in clinical trials (Brooks et al., 2000), and
questionnaire-based diagnostic tools are being updated and improved (Fournier et al., 2020). The
time from symptom onset to formal diagnosis takes an average of 13-18 months, and includes a

range of imaging, electrophysiological, and lab tests to rule out other diseases with similar clinical
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presentation (Zarei et al., 2015). Screening for known genetic mutations can also aid diagnosis,

particularly in cases where multiple family members are affected.

Post-mortem analysis of spinal cord and brain tissue can reveal presence of typical ALS cellular
pathologies to confirm diagnosis after death. TDP-43 aggregates are often associated with loss of
nuclear TDP-43, can be hyper-phosphorylated, ubiquitinated, include cleaved forms of the full-length
protein, and are present in ~97% of ALS cases (Neumann et al., 2006). Additional p62-positive
ubiquitinated inclusions are often present in neurons and glia (Mizuno et al., 2006), and loss of
myelin sheath in white matter tracts, loss of spinal motor neurons in the anterior horn of the spinal
cord and motor cortex, shrinkage of surviving neurons, vacuolization of motor cortex, and microglial
activation are commonly observed (Saberi et al., 2015). In cases with known genetic causes,
additional neuropathology might be observed, for example aggregation or mislocalisation of FUS
(Kwiatkowski et al., 2009; Vance et al., 2009) or Annexin A11 (Smith et al., 2017; Teyssou et al., 2020),
and presence of RNA foci and dipeptide repeat proteins (DPRs) in C9ORF72 ALS (Delesus-Hernandez

et al., 2011; Mizielinska et al., 2013).

Efforts to develop biomarkers for ALS are ongoing and will be essential for reliable diagnosis at early
or prodromal time-points as well as for monitoring disease progression, including in clinical trials.
The neurofilament proteins NF-L and pNF-H are increased in ALS patient cerebrospinal fluid (CSF)
and plasma compared to control and other motor neuron disease samples (Behzadi et al., 2021).
MicroRNAs are being explored as potential biomarkers (Joilin et al., 2019; Laneve et al., 2021),
including in extracts from blood vesicles (Sproviero et al., 2021). FGF23 has been identified as a
muscle biomarker and is upregulated in ALS patient skeletal muscle and mouse models of ALS (Si et
al., 2021). Despite the identification of these biomarkers, a single test for confirmation of ALS is yet
to be discovered, and it may be necessary to employ multiple analyses to achieve concrete diagnosis.
Development of imaging biomarkers such as PET ligands will enable non-invasive monitoring of ALS

progression (Chew & Atassi, 2019), and analysis of fasiculations, which often occur prior to the onset
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of other symptoms, is being developed as a means to aid diagnosis and monitor disease progression

(Bashford et al., 2019).

1.6 Genetics

1.6.1 Genetic heterogeneity in ALS

Approximately 90% of the ALS patient population are categorised as sporadic ALS (sALS), with the
remaining 10% accounting for familial ALS (fALS). In cases of fALS, genetic mutations can show
autosomal dominant, autosomal recessive, or X-linked inheritance (Chen et al., 2013). Genes
associated with fALS are often also implicated in sALS, and so identification of candidate genes in
affected families frequently leads to the detection of additional mutations in sALS cases. Genetic
association in ALS has spanned the last 30 years of research, with multiple methods of genetic
association leading to the identification of ALS-associated variants. To date, more than 50 genes have
been published in association with ALS, and additional genes are associated with FTD. In the absence
of functional studies, the true causality of multiple published genes is subject to debate, highlighting
the necessity of functional characterisation in addition to robust genetic analysis of newly implicated
genes. ldentification of ALS-associated genes has improved our understanding of the disease and
enables opportunities for genetic counselling which in some instances can benefit patient
understanding and autonomy (Turner et al., 2017). Development of therapeutics which act against
specific mutations, such as gene therapies, is further reason to screen patient cohorts for
identification of novel and known mutations. Similarly, the large disease heterogeneity seen in ALS
might warrant patient stratification for the development of new therapeutics. A “one-drug-fits-all”
approach may be reductive, and one way of stratifying patients, for example in clinical trials, is

through the identification and grouping of genetic mutations.

The gene that accounts for the highest proportion of known genetic cases of ALS is C9ORF72, which

accounts for 4-20% and 20-40% of sALS and fALS cases, respectively (DelJesus-Hernandez et al., 2011;
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Majounie et al., 2012; Renton et al., 2011). This is followed by SOD1 (2% sALS, 20% fALS), TARDBP
(1% sALS, 5% fALS), and FUS (1% sALS, 5% fALS) (Sreedharan et al., 2008; Taylor et al., 2016). In
addition to these, there are many ALS associated genes that each account for a small percentage of

ALS cases.

1.6.2 C90RF72 (chromosome 9 open reading frame 72)

A (G4C3)n hexanucleotide repeat region in the first intron of the C9ORF72 gene usually comprises 2-
19 repeats, however this is expanded to 250-2100 repeats in patients with C90RF72 mutations
(Delesus-Hernandez et al., 2011; Renton et al., 2011). There is significant variability with repeat
length, with some ALS patients having between only 24-30 repeats (lacoangeli et al., 2019). Some
repeat carriers show no symptoms of disease, however this observed incomplete penetrance might
be due to variable age of onset. At 58 years of age 50% of expansion carriers show disease
characteristics, however this increases to almost 100% by 80 years (Majounie et al., 2012). C9ORF72
repeat expansions account for 11.7% of familial FTD (Delesus-Hernandez et al., 2011), with as few
as 20-22 repeats being associated with FTD onset (Gomez-Tortosa et al., 2013). The relationship
between repeat length, disease severity, and age of onset is complicated, and conflicting data mean
that no clear predictions for disease status can be made based on repeat length (Van Mossevelde et

al., 2017).

The cellular pathology of C9ORF72 is unique. Aberrant transcription of the repeat expansion results
in MRNA species in the sense and antisense directions, and foci comprised of this RNA are detectable
in the nuclei and cytoplasm of patient neurons (Delesus-Hernandez et al., 2011; Zu et al., 2013).
Expansion specific repeat associated non-ATG (RAN) translation also occurs: In the absence of typical
start codons, RAN translation of the repeat RNA gives rise to five poly-peptide species as the sense
and antisense mRNA is translated from different starting points (Ash et al., 2013; Mori, Weng, et al.,

2013). The resulting DPRs; GA, GP, GR, PR, and PA, are detailed in Figure 1.1.
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A. 12 1 2 12 12 12 12 Codon location

..GGGGCC CCG CCGGGGLCGEGGGLC GCC CcC CcC... C90RF72 expansion RNA
Gly-Ala Gly-Pro Gly-Arg Ala-Gly Pro-Gly Arg-Gly Resulting RAN-peptide
B. 1 2 1 2 1 2 1 2 1 2 1 2 Codon location

LLCCCCGGLCCCGGLCCCGLLCCCGGLCCCEECCCCGGLCCCEGGLCCCGa... CIORF72 expansion RNA

Pro-Arg Pro-Gly Pro-Ala Arg-Pro Gly-Pro Ala-Pro Resulting RAN-peptide

Figure 1.1 C90RF72 expansion associated dipeptide species
Multiple reading frames in (A) sense and (B) antisense mRNA from transcription of the C9ORF72
repeat expansion undergo RAN translation, giving rise to five dipeptide species; glycine-alanine (GA),

glycine-proline (GP), glycine-arginine (GR), proline-arginine (PR), and proline-alanine (PA).

RNA-foci comprised of C9ORF72 repeat sense and antisense RNA bind to and sequester RNA binding
proteins (RBPs) (Donnelly et al.,, 2013; Lee et al.,, 2013; Mori, Lammich, et al.,, 2013). The
sequestration of RBPs by repeat expansion foci results in upregulated transcription of genes
encoding these RBPs, including an enriched population of RNA splicing proteins, which then leads to
splicing inconsistencies in patients (Cooper-Knock et al., 2015). RNA foci co-localise with p62-positive
protein inclusions, indicating that they have a role in seeding or upholding disease-associated protein
aggregates (Mori et al., 2013). Sense and antisense foci display different tissue specific staining
patterns within the CNS, however bind to an overlapping group of interacting proteins. The presence
of antisense foci in motor neurons correlates with TDP-43 mislocalisation, indicating that the

antisense RNA might be more toxic (Cooper-Knock et al., 2015).

The functional consequences of DPR species include compromised nucleocytoplasmic transport
(Freibaum et al., 2015; Zhang et al., 2015), inhibition of DNA repair mechanisms (Andrade et al.,
2020), nucleolar stress and interference with stress granule dynamics (Tao et al., 2015), altered

calcium influx and synaptic vesicle release (Jensen et al., 2020), and perturbed transport dynamics
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and neuronal branching defects (Burguete et al., 2015; Fumagalli et al., 2021). Additional features of
C90RF72 disease include altered neuronal excitability (Burley et al., 2022), altered mitochondria-
endoplasmic reticulum (ER) tethering (Gomez-Suaga et al.,, 2022), and endosomal-lysosomal
dysfunction (Lorenzini et al., 2020). There is some evidence that haploinsufficiency of the C9ORF72
protein contributes to pathology, although little is known about the protein function. The protein
has a role in vesicle trafficking and lysosomal biogenesis in induced pluripotent stem cell (iPSC)-
derived motor neurons, and reduced expression of C90ORF72 protein results in excitotoxicity and
impaired protein clearance (Shi et al., 2018). C90RF72 loss of function animal models mainly indicate
immune dysfunction (Burberry et al., 2016; O’Rourke et al., 2016) with some evidence of motor

abnormality (Ciura et al., 2013).

1.6.3 SOD1 (Cu/Zn superoxide dismutase 1)

The first genetic loci to be associated with ALS was identified in 1991 through linkage analysis
(Siddique et al., 1991). The specific gene was subsequently identified as SOD1 in 1993 (Rosen et al.,
1993). SOD1 is an antioxidant which converts highly reactive superoxide into hydrogen peroxide and
molecular oxygen through the reduction and reoxidation of the copper ion in its active site (Fridovich,
1981; McCord & Fridovich, 1969). For many years SOD1 was the only known genetic contributor to
ALS, and so extensive characterisation of SOD1 mutations was achieved in the absence of other ALS
disease models. SOD1 pathology is typically associated with SOD1 protein misfolding and
aggregation (Bosco et al., 2010; Khare et al., 2006; Minch et al., 2011; Rakhit et al., 2002). Pathology
is also associated with neurofilament imbalance (Chen et al., 2014), aberrant RNA binding (Li et al.,
2009), and altered TGF-f signalling (Namboori et al., 2021), to name a few. Hallmark TDP-43
pathology is not consistently observed in SOD1 ALS, suggesting the pathology is somewhat disparate
from other instances of ALS, however a handful of reports suggest there may be some TDP-43
pathology in SOD1 ALS (Feneberg et al., 2020; Jeon et al., 2019; Okamoto et al., 2011; Sumi et al.,

2009).
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1.6.4 TARDBP (transactive response DNA binding protein)

The search for mutations in TARDBP began when the corresponding protein, TDP-43, was identified
in aggregated and ubiquitinated protein inclusions in post-mortem spinal cord tissue in over 97% of
ALS patients (Arai et al., 2006; Neumann et al., 2006). Mutations in TARDBP were identified two years
later, solidifying the importance of TDP-43 in ALS pathogenesis (Kabashi et al., 2008; Sreedharan et
al., 2008). TDP-43 is a DNA/RNA binding protein with multiple functions in RNA metabolism. The
majority of TARDBP mutations reside in the glycine rich C-terminal domain which is the site of many
protein-protein interactions, and can affect liquid-liquid phase-separation (Conicella et al., 2016;
Prasad et al., 2019). Instances of mutations near or within the RNA recognition motifs have been
reported, resulting in perturbed RNA recognition and splicing (Chen et al., 2019) and altered RNA
stability (Chiang et al., 2016). Evidence of TDP-43 pathology in both TARDBP mutation carriers and

other ALS cases are discussed in detail in 1.9.

1.6.5 FUS (fused in sarcoma)

Much like TDP-43, FUS is a DNA/RNA binding protein which functions in DNA repair, transcription
regulation, splicing, and translation (Ishigaki et al., 2012; Rogelj et al., 2012; Sévigny et al., 2020;
Yasuda et al., 2013). Mutations in the FUS gene were identified in ALS patients by two independent
studies in 2009 (Kwiatkowski et al., 2009; Vance et al., 2009), and FUS aggregates define a subset of
FTD cases (Neumann et al., 2009). FUS is predominantly nuclear, although it shuttles in and out of
the cytoplasm, and typical pathology includes cytoplasmic accumulation and aggregation of FUS. FUS
inclusions or mislocalisation are being recognised in non-mutant FUS cases (Tyzack et al., 2019), and
are associated with downregulation of the retrograde transport protein dynactin 1 in sALS spinal
motor neurons (lkenaka et al., 2020). However, FUS mislocalisation is not consistently observed as
an early phenotype in non-FUS mutant ALS iPSC-derived spinal motor neurons (Szewczyk et al.,

2021).
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FUS belongs to a family collectively termed the FET proteins, which also includes EWSR1 and TAF15.
These proteins possess similar structures, harbouring low-complexity domains, RNA binding regions,
and a zinc-finger motif, and all three FET proteins and genes are implicated in ALS pathology (lko et
al., 2004; Lee et al., 2019; Svetoni et al., 2016). A novel coding sequence within the FUS gene, which
encodes an alternative protein in addition to the annotated sequence, was recently shown to
contribute to autophagy mediated toxicity, and may explain how some ALS associated synonymous
single nucleotide polymorphisms (SNPs) that are present in the annotated sequence influence
pathology by exerting a missense effect on the alternative FUS protein (Brunet et al., 2020).
Mutations in the nuclear localisation signal of FUS affect its interaction with Transportin, which
results in cytoplasmic accumulation in disease (Dormann et al.,, 2010), and notably, many ALS-
associated FUS mutations are located near this domain. FUS binds mRNA to regulate splicing and
translation, and mutant FUS strongly binds to and sequesters mRNA involved in membrane
trafficking and cytoskeletal dynamics, as well as targets that are associated with ALS, such as VCP

(Garone et al., 2020).

FUS pathology includes aberrant neuronal branching and axon growth (Akiyama et al., 2019; Garone
etal., 2021), dysregulated stress granule response (An et al., 2021), altered splicing (Jutzi et al., 2020;
Reber et al., 2016), disrupted autophagy and lysosome function (Baskoylu et al., 2022; Ling et al.,
2019; Trnka et al., 2021), impaired DNA damage repair (Fortuna et al., 2021), aberrant transcription
and translation (Birsa et al., 2021; Gadgil et al., 2021; Kamelgarn et al., 2018; Kerk et al., 2022),
defective nucleocytoplasmic transport (Lin et al., 2021), altered neuromuscular junction (NMJ) and
synaptic integrity (Markert et al., 2020; Sahadevan et al., 2021; Salam et al., 2021; Sephton et al.,
2014), altered excitability and transport (Guo et al., 2017), altered microtubule stability (Yasuda et
al,, 2017), and dysfunctional nonsense mediated decay, mitochondrial dysfunction, altered
proteostasis, and brain connectivity (Ho et al., 2021). Some of the functional consequences of mutant
FUS protein are associated with altered interaction with binding partners such as SFPQ (Ishigaki et

al.,, 2020). Inhibition of HDAC6, which has a role in histone modification and therefore gene
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expression, alleviates pathology in mutant FUS iPSC derived neurons (Guo et al., 2017). Increased
methylation of an upstream FUS promoter, and an associated increase in DNA methyltransferase
levels, were identified specifically in mutant FUS motor neurons (Hartung et al., 2021), collectively
suggesting that DNA modification might be a therapeutic target in FUS ALS. FUS has a further role in
DNA replication, which may be of reduced relevance for post-mitotic motor neurons, however could

impact supportive cells that undergo mitosis to maintain proper neuronal support (Jia et al., 2021).

1.6.6 Functional grouping of ALS genes

The vast heterogeneity of ALS is often simplified by grouping risk genes into functional categories,
although classification of these groups varies amongst the literature to some degree. Broadly, ALS
genes can be segregated into those involved in DNA/RNA metabolism; genes involved in protein
homeostasis (proteostasis) including protein folding, trafficking, and degradation; genes associated
with oxidative stress and mitochondria; and genes implicated in cytoskeletal dynamics. Genes that
do not fit neatly into these categories have been associated with ALS, and varying degrees of
functional evidence for associated genes exist, rendering the complete genetic landscape of ALS
undetermined. In addition to the genes mentioned here, publications implicating additional genes
exist, and directories such as ALSoD (https://alsod.ac.uk/) aim to consolidate these. It should be
noted that many of the genes typically assigned to one functional group have influence over other
cellular mechanisms, and it would be reductive to suggest that the functions of different groups of

genes are mutually exclusive.

Multiple stages of DNA and RNA metabolism are affected by genetic mutations associated with ALS
(Zaepfel & Rothstein, 2021). As alluded to above, the four most characterised ALS-associated genes,
C90RF72, SOD1, TARDBP, and FUS, are all implicated in DNA or RNA metabolism in some capacity.
In addition, several genes with functions in transcription regulation, pre-mRNA splicing, mRNA
transport, stress granule dynamics, and mRNA translation have been associated with ALS. Implicated

genes with functions in DNA/RNA metabolism include ATXN2 (Daoud et al., 2011; Elden et al., 2010),
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hnRNPA1 (Kim et al., 2013; Liu et al., 2016), hnRNPA2B1 (Kim et al., 2013), MATR3 (Johnson et al.,
2014), SETX (Ma et al., 2018), TBK1 (Cirulli et al., 2015; Lu et al., 2022), SS18L1 (Chesi et al., 2013),
TIA1 (Mackenzie et al., 2017), TAF15 (Ticozzi et al., 2011), SETX (Ma et al., 2018; McCann et al., 2021),
and ELP3 (Simpson et al., 2009). Many of the corresponding proteins interact directly with RNA, and

the functional consequences of altered RNA dynamics in ALS are discussed in 1.10.

Protein homeostasis, or proteostasis, describes the many converging cellular pathways that mediate
the biogenesis, folding, trafficking, and degradation of proteins. Genes involved in proteostatic
pathways that are implicated in ALS include VAPB (Nishimura et al., 2004), CHMP2B (Parkinson et
al., 2006), UBQLN2 (Daoud et al., 2012; Deng et al., 2011; Synofzik et al., 2012; Williams et al., 2012),
FIG4 (Chow et al., 2009), SQSTM1 (Fecto et al., 2011), SIGMAR1 (Al-Saif et al., 2011), OPTN
(Maruyama et al., 2010), VCP (Al Khleifat et al., 2022; Johnson et al., 2010; Koppers et al., 2012),
LRP10 (Ni et al., 2021), and CCNF (Williams et al., 2016). The functional implications of such
mutations include protein aggregation, perturbed endosomal signalling, dysfunctional synapses, and

inefficient protein degradation.

Cytoskeletal and transport dynamics are dysregulated in ALS, and mutations have been identified in
multiple associated genes including DCTN1 (Puls et al., 2003), PFN1 (Wu et al., 2012), SPG11 (Daoud
etal.,2012), TUBA4A (Pensato et al., 2015; Smith et al., 2014), NEFH (Al-Chalabi et al., 1999; Figlewicz
et al., 1994; Tomkins et al., 1998), ALS2 (Hadano et al., 2001; Yang et al., 2001), PRPH (Corrado et al.,
2011), NEK1 (Kenna et al., 2016), SPAST (Brugman et al., 2005; Miinch et al., 2008), and KIF5A (Faruq

et al., 2019; Nicolas et al., 2018). The impact of cytoskeletal dysfunction in ALS is discussed in 1.15.

Mitochondrial dysfunction is highly implicated in ALS, including inefficient response to oxidative
stress and altered tethering to the ER. Mutations in genes associated with mitochondrial function
include CHCHD10 (Bannwarth et al., 2014; Johnson et al., 2014), DAO (Mitchell et al., 2010), and
PON1-3 (Ticozzi et al., 2010), and mitochondrial and metabolomic disturbances in ALS are discussed

in 1.14.
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Mutations in ANXA11 were recently identified as causative of ALS (Smith et al., 2017), and are the
subject of this thesis. Multiple non-synonymous point mutations in ANXA11 have been identified in
the ALS population, and the functions of the corresponding protein Annexin A1l are discussed in
detail in 1.18-1.22. Annexin Al11 binds to ribonucleoproteins (RNPs) and interacts with membrane-
bound vesicles (Liao et al., 2019), indicating a role in both RNA biology and proteostasis via vesicle
processing or function. It is noteworthy that the functions of Annexin A11 span multiple groups when

considering ALS genetics as mechanistic categories.

Many of the genetic mutations discussed here are associated with protein coding changes, namely
missense SNPs that alter the protein sequence and are sometimes associated with the introduction
of an early stop codon. In addition to these genetic changes, diverse genetic perturbations are
recognised in ALS. ERBB4 encodes a receptor tyrosine kinase with enzymatic activity, and an insertion
in this gene was recently associated with ALS; >70% of patients with respiratory onset were found
to harbour this genotype (Al Khleifat et al., 2022), and the same study identified an ALS-associated
inversion in VCP. Genome wide association studies (GWAS) highlight risk genes that influence disease
progression; UNC13A, which encodes a synaptic protein, is often identified in ALS GWAS (van Es et
al., 2009; van Rheenen et al., 2016). Additionally, SNPs have been identified as disease modifiers,
including a homozygous SNP in TMEM106B, which encodes an endosome/lysosome membrane
protein, and exacerbates TDP-43 pathology (Mao et al., 2021), and a homozygous SNP in the

serotonin receptor gene HTR2B is associated with longer survival (El Oussini et al., 2016).

1.6.7 Limitations of genetic studies

Despite extensive efforts to determine the genetic causes of ALS, most cases remain without an
identified genetic component. It remains to be determined whether cases exist where disease onset
is entirely caused by environmental factors, however the vast array of genetic evidence and
associated functional analyses suggest that this is not the case. An explanation for why such a large
proportion of the patient population remain without a known genetic cause therefore depends on
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limitations of current genetic analysis techniques. There are multiple methods that have contributed
to identification of ALS mutations including exome sequencing, linkage analysis, and GWAS. Linkage
analysis is based on the tendency of groups of genes to be inherited together due to their proximity
within chromosomes. Utilising such analysis as a means for identification of disease-causing
mutations is dependent on large pedigrees with multiple generations, including family members that
are affected and unaffected, which describes only a small subset of the ALS population. Linkage
analysis can also be complicated by late disease onset and unavailability of DNA from some family
members for laboratory analysis. Many ALS mutations display reduced penetrance, which is often
confounded by the age of mutation carriers, with incidence of mutation-specific disease increasing
with age (Volk et al., 2018). It may be the case that the statistical filtration necessary for identification
of candidate genes excludes genes with incomplete penetrance by necessity of excluding common

variants.

Exome sequencing is efficient for the identification of mutations in coding region of genes, and many
ALS-associated mutations have been discovered this way. Intronic mutations can have consequences
for transcription or splicing and may confer genetic vulnerability in addition to protein coding
mutations. As an example, multiple ALS-associated intronic mutations in TBK1 result in inefficient
mMRNA splicing factor binding, as well as introduction of premature stop codons, resulting in
haploinsufficiency (Lu et al., 2022). Identification of intronic mutations may be possible with whole
genome sequencing, which is much costlier and more time consuming compared to exome
sequencing. A common limitation with whole genome sequencing is the absence of large control
cohorts, which are necessary for elimination of non-disease associated variants. Further, the
filtration analysis is computationally huge, and has not been viable in historic studies. Recent studies
have utilised whole genome sequencing for discovery of novel ALS mutations, resulting in
identification an inversion in VCP and an expansion in ERBB4 as associated with increased risk of ALS
(Al Khleifat et al., 2022), and recognition of 3’UTR variants in IL18RAP mRNA as protective in ALS

(Eitan et al., 2022). Next generation long-read sequencing platforms will also be useful in future
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studies for identification of de novo mutations that might be missed with current protocols, and as
data for the reference human genome increases, identification of disease associated changes will
become more efficient (Noyes et al., 2022). Polygenic risk is largely unexplored in ALS but may be
important. Compounding low risk SNPs may be individually harmless, but collectively result in
increased disease susceptibility. Some evidence of polygenic risk in ALS has been reported (McCann
et al., 2021) and this may be an important avenue for understanding the complex nature of ALS

genetics.

1.7 Environmental factors

Twin studies indicate that ALS heritability is ~60%, suggesting that although there is an overriding
genetic component, environmental factors also contribute to the disease aetiology (Al-Chalabi et al.,
2010; Goutman et al., 2022). A role of infectious and endogenous viruses in ALS has been posited,
and previous exposure to viral infection is implicated in development of other motor neuron
diseases, such as multiple sclerosis (Bjornevik et al., 2022). Human endogenous retroviruses (HERVS)
are ancient viral DNA fragments that have retrovirally inserted into the human genome throughout
evolution, and up to 8% of the human genome is comprised of these viral genes (Douville & Nath,
2017). They usually lie dormant and silenced in the genome, however specific HERV mRNA
(HML6_3p21.31c) is increased in post-mortem motor cortex tissue from ALS patients (Jones et al.,
2021). Forced expression of HERV-K leads to motor neuron degeneration in mice, alongside dendrite
abnormalities, DNA damage, and loss of motor cortex volume (Li et al., 2015). Retrotransposons are
transposable elements that replicate themselves throughout the genome and they include, but are
not limited to, HERVs. Retrotransposon expression was implicated in an unbiased machine learning
algorithm which stratified the molecular signatures of a large sample (148) of ALS post-mortem
cortex tissue: 20% of the cohort showed high expression of retrotransposon transcripts, alongside
signatures of TDP-43 dysfunction. Importantly, TDP-43 was shown to silence retrotransposon

transcripts in vivo, and aggregation of TDP-43 correlated with viral transcript “de-silencing” (Tam et
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al., 2019). Additionally, motor neurons derived from patients with FUS mutations show exacerbated
ALS phenotype in culture when exposed to insult by various single stranded RNA viruses (Bellmann
et al., 2019). Collectively these data indicate a role of viral gene expression and/or viral protein

translation in exacerbating or contributing to disease progression.

The impact of environmental toxins on ALS pathogenesis could explain some of the gene-
environment interaction that is indicated by low penetrance genetics. Incorporation of the non-
protein coding amino acid BMAA into proteins results in protein misfolding and aggregation, is
associated with several neurodegenerative diseases, and has been associated with causing ALS-
parkinsonian type neurodegeneration (Bradley & Mash, 2009, 2009; Fiore et al., 2020; Murch et al.,
2004). Despite epidemiological data linking the presence of BMAA with ALS, BMAA was not detected
in CSF from patients with ALS, suggesting more research is needed to solidify this relationship
(Bereman et al., 2020). A meta-analysis identified an association between onset of ALS and exposure
to some heavy metals, agricultural chemicals, organic solvents, and formaldehyde, with varying
degrees of impact. The same study found no association between ALS and recreational sports,
however some association was seen between ALS incidence and professional athleticism, high school
or college/University level sports, and a history of having had an electric shock showed a strong

association with ALS onset (Wang et al., 2017).

The role of the gut microbiome is well established in neurodegeneration, particularly in Parkinson’s
disease (Sampson et al., 2016), however the contribution of gut microbiome health to ALS is less well
understood. C9ORF72 mice were shown to have a more severe phenotype when housed in
environments with abundant immunologically challenging bacteria, which was reversed by the

addition of microflora from mice housed in a protective environment (Burberry et al., 2020).

1.8 Multi-level cellular dysfunction in ALS

Multiple overlapping cellular pathways have been implicated in ALS, contributing to a “multi-hit”

pathology, and are summarised in Figure 1.2. It is important to emphasise that cellular pathways are
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not mutually exclusive, that multiple pathologies occur and influence one another in the same cell,
and that evidence for one disease mechanism does not negate the involvement of another. The
initial driving force for such a range of pathologies is undetermined, if indeed one universal disease-
inducing event exists. It might be more likely that separate pathological events are causing the same
clinical phenotype, perhaps due to a specific vulnerability of motor neurons to stress, yet are
mechanistically separate. Understanding the range of cellular pathologies linked to motor neuron
degeneration is important for understanding how misregulated pathways link together, or
alternatively how individual cases of ALS are segregated, and is vital for development of viable
therapeutics. Some key findings are discussed in the following sections, however are not exhaustive,
and literature describing cellular pathologies in ALS encompasses a huge amount of data. As more
evidence is produced, untangling the predominant pathways affected in ALS is paramount, and
consideration of how separate data link together will be essential for understanding disease

aetiology.
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Figure 1.2 Cellular pathologies in ALS

Multiple cellular pathways are implicated in ALS. (A) Pathways and/or cellular components
implicated in motor neuron pathology include; (i) excitotoxicity, (ii) transcription and splicing, (iii)
RNA binding proteins, (iv) stress granule response, (v) protein translation, (vi) autophagy, (vii)

lysosome function, (viii) protein aggregation, (ix) mitochondria including production of reactive
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oxygen species, (x) vesicle biogenesis and processing, (xi) nucleocytoplasmic transport, and (xii) DNA
damage and repair. (B) Axonal processes implicated in ALS include; (i) axonal transport, (ii) local
protein translation, (iii) and microtubule dynamics. (C) Dysregulated NMJ components include; (i)
mitochondrial defects, (ii) synaptic vesicle maintenance and release, and (iii) dendritic spine
abnormalities (throughout the axon; not exclusive to the NMJ), (iv) NMJ degeneration is implicated
in the “dying back” hypothesis. (D) Astrocyte pathology in ALS includes (i) contribution to
excitotoxicity, (ii) protein aggregation, (iii) and secretion of toxic species. (E) Oligodendrocytes might
release toxic factors in some ALS cases. (F) Microglia are implicated in excessive neuroinflammation

in ALS. Figure created in BioRender.com.

1.9 TDP-43

TDP-43 pathology is present in >97% of ALS cases and is the hallmark of a subset of non-tau mediated
FTD cases (Arai et al., 2006; Ling et al., 2013; Mackenzie et al., 2007; Neumann et al., 2006). Faster
disease progression and decreased survival is associated with TDP-43 burden in the spinal cord
(Cathcart et al., 2021), and mutant TDP-43 affects an array of cellular pathways. Ubiquitinated
protein aggregates were identified in motor neurons of ALS patients in 1991 (Leigh et al., 1991),
however it wasn’t until 2006 that this aggregated protein was identified as TDP-43. Full-length TDP-
43 is predominantly nuclear in histological analysis however it frequently shuttles between the
nucleus and cytoplasm. Characteristic TDP-43 pathology includes accumulation of TDP-43 in the
cytoplasm, which co-insides with loss of nuclear TDP-43 (Neumann et al., 2006). Interestingly, the
RBP ELAVL3 is downregulated across many types of ALS including sALS, and the corresponding
protein mislocalises in models of ALS prior to TDP-43 mislocalisation (Diaz-Garcia et al., 2021). This

suggests that TDP-43 pathology is downstream of other cellular disturbances.

TDP-43 contains a nuclear import signal (NIS), and until recently was assumed to harbour a nuclear
export signal (NES). The true functional relevance of this domain is uncertain, with data suggesting
that the predicted NES is non-functional, and that nuclear export occurs independently of Exportin-
1 (Ederle et al., 2018). TDP-43 proteinopathies are multifactorial, and a plethora of reviews highlight

the complexity and abundance of TDP-43 dysregulation in neurodegeneration (Aikio et al., 2021;
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Berning & Walker, 2019; Bright et al., 2021; Buratti, 2018; Chen & Mitchell, 2021; Chhangani et al.,
2021; Eck et al., 2021; Jo et al., 2020; Keating et al., 2022; Prasad et al., 2019; Suk & Rousseaux, 2020;
Tziortzouda et al., 2021; Wood et al., 2021). These emphasise the influence of post-translational
modifications in TDP-43 pathology, including phosphorylation, truncation, ubiquitination,

acetylation, methylation, SUMOQylation, and nitrosylaiton.

TDP-43 aggregates often co-localise with p62, a ubiquitin binding protein which functions in
autophagy and often associates with pathological protein inclusions (Neumann et al., 2006). Two
distinct mechanisms for TDP-43 aggregation have been identified; one relying on microtubule
proteins, HDAC6, and aggresomes, and another mediated by liquid phase-separation-dependent
interaction with RBPs (Watanabe et al., 2020). The same study identified that half of the skein-like
inclusions in sALS spinal cord tissue associate with HDAC6, whereas round granular aggregates do
not, highlighting diversity in TDP-43 aggregates and implicating multiple pathways for inclusion
formation. Misfolded cytoplasmic TDP-43 can self-propagate and induce further misfolding in a
prion-like manner, leading to progressive spreading of pathology (Jo et al., 2020; March et al., 2016;
McAlary et al., 2019). TDP-43 spread can occur via direct cell-to-cell transmission mediated by the
protein N-terminal (Sackmann et al., 2020), and TDP-43 and other ALS-associated proteins are found
in extracellular vesicles in sALS patient plasma, indicating that disease may also spread through
vesicle-mediated transmission (Sproviero et al., 2018). Further, treating iPSC derived cerebral
organoids with ALS spinal cord extracts can induce TDP-43 pathology, indicating that intercellular

toxic species can induce and spread disease (Tamaki et al., 2022).

RNA processing functions of TDP-43 include pre-mRNA splicing (Polymenidou et al., 2011), axonal
MRNA transport (Alami et al., 2014), mRNA translation (Neelagandan et al., 2019), maintaining RNA
transcript stability (Izumikawa et al., 2017), and regulation of non-coding RNA (Lourenco et al., 2015).
The RNA recognition motifs (RMM) in TDP-43 — RRM1 and RRM2 — facilitate interactions between
TDP-43 and RNA. Many interacting partners of TDP-43 are themselves involved in RNA metabolism,
including roles in splicing and translation. Some of these TDP-43 protein interactions do not require
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RNA, however other interactions are mediated by the presence of RNA (Freibaum et al., 2010).
Depletion of mRNA by inhibition of transcription leads to loss of nuclear TDP-43, suggesting that RNA
binding has a role in retaining normal nucleocytoplasmic ratios of TDP-43 (Ederle et al., 2018). The
presence of a K181E mutation adjacent to RRM1 inhibits TDP-43 binding to RNA and reduces TDP-43
solubility and phosphorylation, suggesting that RNA binding has a role in preventing TDP-43
aggregation (Chen et al., 2019). TDP-43 interacts with G-quadruplex mRNA via its glycine-rich region
(Ishiguro et al., 2020), recognises RNA through both (TG), and (TG),TA(TG) binding sites (Bhardwaj
et al,, 2013; Sephton et al., 2011; Tollervey et al., 2011), and homodimerized TDP-43 can bind TG-
and UG-rich sequences (Kuo et al.,, 2014), highlighting the complex nature of TDP-43 RNA
recognition. Unpublished data indicate that RNA methylation also influences TDP-43 binding, which
may be dysregulated in ALS (McMillan et al., 2022). Many of the TDP-43 RNA binding targets encode
proteins that are implicated in ALS and FTD pathology, including FUS, progranulin, Tau, Ataxin 1, and

Ataxin 2 (Sephton et al., 2011).

Multiple TDP-43 RNA isoforms and protein species exist; the namesake major western blot band of
43kDa is the predominant isoform, however various fragments are now acknowledged. The presence
of a C-terminally truncated short TDP-43 (sTDP-43) isoform was recently described (Weskamp et al.,
2020). The truncation introduces a new NES, and hyperexcitability results in upregulation and
aggregation of sTDP-43 in the cytoplasm. Importantly, sTDP-43 accumulation is seen in neurons and
glia in ALS patient tissue (Weskamp et al., 2020). Additional C-terminally truncated TDP-43 splice
isoforms have been identified, sharing a unique 18AA region in the N-terminal of the truncated
proteins, which includes the novel NES as demonstrated in sTDP-43, and TDP-43 species containing
this 18AA sequence are upregulated in ALS patient spinal motor neurons (Shenouda et al., 2022). C-
terminal fragments have been shown to mediate toxicity (Kitamura et al., 2016; Wang et al., 2013),
however it has been noted that not all TDP-43 fragments detected in murine models of ALS faithfully

recapitulate human disease (D’Alton et al., 2014).
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TDP-43 autoregulation is disrupted in ALS: In healthy cells, when nuclear levels of TDP-43 are
increased, TDP-43 protein binds to a 3'UTR region within its own pre-mRNA, resulting in splicing
changes that result in nonsense mediated mRNA decay (Ayala et al., 2011; Polymenidou et al., 2011).
This is disrupted in ALS, leading to a breakdown of the negative feedback loop and a gradual increase
in total TDP-43. The phase-separation and oligomerisation properties of TDP-43 are necessary for
autoregulation (Koehler et al., 2022), and inhibition of the cryptic exon splicing that causes TARDBP
mRNA degradation causes an increase in fragmented and insoluble TDP-43, leading to motor neuron
degeneration (Sugai et al., 2019). DNA demethylation in the 3’UTR region that is associated with
autoregulation reduces alternative splicing, leading to an increase in expression of TARDBP mRNA,
and demethylation of this region increases with age in the motor cortex (Koike et al., 2021). The
importance of tight TDP-43 regulation is emphasised by evidence from mouse models that either
lack or overexpress TDP-43. Homozygous TDP-43 null mice are non-viable (Kraemer et al., 2010;
Sephton et al., 2010; Wu et al., 2010), and inducible post-natal knockout of TDP-43 causes motor
neuron degeneration adult mice (lguchi et al., 2013). Conversely, overexpression of wildtype (WT)
TDP-43 causes neurodegenerative phenotypes in mice (Xu et al., 2010; Yang et al., 2022). Misbalance

of TDP-43, whether it is up- or down- regulated, is pathogenic.

1.10 DNA, RNA, and ALS

1.10.1 DNA damage

Many genes encoding DNA/RNA binding proteins have been linked to ALS, as discussed in 1.6.6. DNA
damage describes several genomic aberrations that occur in response to stressful events, and an
inability to properly repair damaged DNA can lead to genomic instability, alterations to transcription
and replication, and ultimately cell death (Chatterjee & Walker, 2017). Both TDP-43 and FUS have a
role in sensing DNA damage and promoting repair, and multiple lines of evidence for ALS associated

proteins in DNA damage response exist, including in in C9ORF72, SOD1, VCP, p62, NEK1, and CCNF
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associated ALS (Konopka & Atkin, 2022). FUS mediated DNA repair is dependent on phase-separation
(Levone et al., 2021), and PARP mediated DNA damage response is impaired in mutant FUS models
of ALS, leading to downstream cytoplasmic aggregation (Naumann et al., 2018). Further, C9ORF72

associated DPRs can inhibit homology directed repair (Andrade et al., 2020).

1.10.2 Liquid-liquid phase-separation in RNA and RBP function

In addition to direct interaction with DNA, many ALS proteins bind to and regulate RNA. The
transcriptomic signature of axons and dendrites varies from that of the soma, which is vital for
cellular compartmentalisation. mMRNA repression and expression are spatially and temporally
regulated and change in response to various intracellular and extracellular cues. One of the main
governing forces over such highly controlled and dynamic gene expression is RBPs. Many ALS
associated RBPs have been shown to phase-separate, including TDP-43, FUS, TIA1 (Levone et al.,
2021; Mackenzie et al., 2017; Murakami et al., 2015; Reber et al., 2016), Matrin 3 (Iradi et al., 2018),
and Annexin A1l (Nahm et al., 2020), and phase-separating protein condensates can seed
pathological inclusions (Fernandopulle et al., 2019). Phase-separation is associated with low-
complexity domains, sometimes referred to as prion-like domains. In specific instances, for example
in FUS, amino acid motifs outside of the low-complexity domain have been shown to regulate low-
complexity mediated phase-separation (Bogaert et al., 2018), highlighting how protein folding and
3D structure impact phase-separation. Phase-separation of ALS associated proteins including FUS,
TDP-43, and Annexin A1l is dependent on hydrophobic and non-ionic interactions (Krainer et al.,

2021), and phase-transition of proteins is mediated by RNA (Mann & Donnelly, 2021).

1.10.3 RNA transcription and splicing

Broad changes to splicing regulation can result in huge changes in protein expression and may have
major implications for cell organisation and function. Many genes implicated in ALS encode splicing

factors, including TARDBP, FUS, and hnRNPAL1. Depletion of TDP-43 in the adult mouse brain led to
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965 detectable splicing changes, with the most striking dysregulation occurring in mRNA whose
corresponding genes contain long introns and are involved in synaptic function (Polymenidou et al.,
2011). TDP-43 represses splicing of non-conserved cryptic exons, thus maintaining intron integrity.
In the absence of normal TDP-43 function, cryptic exons are retained leading to nonsense mediated
decay of mRNA transcripts, and such cryptic exon repression is impaired in ALS/FTD (Ling et al.,
2015). An important example of ALS-associated splicing disturbance is that TDP-43 nuclear depletion
is associated with inclusion of a cryptic exon in UNC13A, leading to mRNA nonsense mediated decay
and loss of the corresponding synaptic protein UNC13A (Brown et al., 2022; Ma et al., 2022). UNC13A
is often highlighted in ALS GWAS (Nicolas et al., 2018; Shatunov et al., 2010; van Es et al., 2009; van
Rheenen et al., 2016), and prior to the discovery of TDP-43 mediated cryptic exon splicing, the

functional relevance of these genetic associations was undetermined.

FUS also regulates splicing events that are involved in neuron survival and maintenance (Fortuna et
al., 2021; Orozco et al., 2012), however FUS knockdown results in splicing changes predominantly
different to those seen when TDP-43 is knocked-down (Lagier-Tourenne et al., 2012). Notably, a
subset of RNA whose corresponding genes have long introns and are essential for neuronal integrity
are altered in response to either FUS or TDP-43 knockdown (Lagier-Tourenne et al., 2012). Similarly,
RNA binding sites and target exons for regulation by FUS do not consistently overlap with TDP-43
targets, however both proteins regulate transcripts involved in neuronal development (Rogelj et al.,
2012). Small nuclear riboproteins (snRNPs) form the minor spliceosome and are enriched in FUS-
interacting protein fractions detected by mass-spectrometry, and knockdown of- or mutations in-
FUS results in dysregulation of many minor-intron containing mRNAs (Gadgil et al., 2021; Reber et

al., 2016).

C90RF72 repeat expansions result in dynamic splicing inconsistencies in patient-derived
lymphoblastoid cell lines (LCLs) and iPSC-neurons due to sequestration of RNA processing proteins
by RNA foci (Cooper-Knock et al., 2015). SOD1 is occasionally implicated in RNA or DNA metabolism,
and ALS mutant SOD1 protein was shown to bind with increased affinity to mRNAs, including VEGF,
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which is essential for motor neuron maintenance, leading to dysregulation of the mRNA in disease
models (Li et al., 2009). Additionally, RNA sequencing of isogenic iPSC-derived neurons harbouring a
heterozygous SOD1 point mutation revealed altered levels of transcripts of genes involved in signal
transduction, extracellular matrix organisation, calcium homeostasis, and neurogenesis. Notably this

included downregulation of ANXA11, which is the subject of this thesis (Wang et al., 2017).

General splicing defects have been identified in multiple instances of ALS, and abnormal intron
retention is observed in multiple ALS subtypes including sALS, VCP, SOD1, and FUS (Luisier et al.,
2018; Tyzack et al., 2021). One of the most marked cases of intron retention is in the SFPQ transcript,
which is splicing factor itself, and whose protein binds strongly to the retained intron within its own
MRNA (Luisier et al., 2018). Loss of SFPQ protein due to intron retention leads to activation of
multiple cryptic exons which leads to premature loss of multiple transcripts, and multiple SFPQ
cryptic exon targets are found aberrantly expressed in ALS iPSC-derived neurons (Gordon et al.,
2021). Patients can be stratified based on the dysregulation of specific splicing factors, suggesting
splicing abnormalities might be important for patient segregation in development of new

therapeutics (La Cognata et al., 2020).

1.10.4 Translation

In addition to transcription and splicing abnormalities in ALS, the subsequent translation of proteins
is also affected. Alterations to global protein translation have been demonstrated in multiple forms
of ALS including TARDBP (Charif et al., 2020; Russo et al., 2017), ANXA11 (Nahm et al., 2020), and
FUS (Kamelgarn et al., 2018). Local translation is an essential process for the longevity of neurons,
and the unique structure of neurons necessitates local translation of mRNAs that have been
transported away from the soma along axons and dendrites, allowing plasticity and
compartmentalisation of neuronal regions. Multiple isoforms of many mRNA species exist,
sometimes differentiated by 3’ UTR length. Interestingly, longer 3’UTR isoforms are enriched in

subcellular regions of neurons and have increased half-life compared with their short 3’UTR
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counterparts, and long 3’UTR isoforms enriched in neurons are associated with axons, dendrites, and
synapses (Tushev et al., 2018). In retinal ganglion cells, Rab7-positive late endosomes act as
platforms for local protein synthesis, and disruption of Rab7a results in impaired local protein
synthesis and axon integrity (Cioni et al., 2019). Local translation is dysregulated in ALS associated
with FUS (Birsa et al., 2021; Kamelgarn et al., 2018; Lopez-Erauskin et al., 2018; Murakami et al.,
2015; Yasuda et al., 2013), and TDP-43 (Altman et al., 2021; Briese et al., 2020; Gao et al., 2021;
Majumder et al., 2016). Non-canonical translation of C9ORF72 repeat expansion RNA to form disease
associated DPRs further hints towards abnormal translation events in ALS (Ash et al., 2013). Axonal
protein synthesis is regulated by TORC1 (Campbell & Holt, 2001), linking autophagy with altered local
protein synthesis. Additionally, the role of local translation in non-neuronal cells is largely
underexplored and has been proffered as an important avenue for further investigation (Barton et

al., 2019).

1.10.5 Stress granules

Stress granules are transient membraneless organelles comprised of mRNAs and RBPs that form in
response to cellular stress. Sequestration of mRNA into stress granules via interaction with stress
granule proteins proposedly halts translation of non-essential mRNA, which is then reversed as
cellular homeostasis rebalances once the stressor is removed (Wheeler et al., 2016). Post-
translational modifications can affect stress granule dissolution; TIA1 is a stress granule protein
whose corresponding gene harbours mutations associated with ALS (Mackenzie et al., 2017), and the
C. elegans homologue TIAR-2 retains axonal mRNA in response to axon injury, which is dependent
on TIAR-2 phosphorylation (Andrusiak et al., 2019). Similarly, the well-characterised stress granule
protein G3BP1 forms axonal stress granules in response to axonal damage, which disassemble as
G3BP1 is phosphorylated (Sahoo et al., 2018). G3BP1 stress granules can be degraded by the
ubiquitin pathway or in the ER, depending on the stress inducing event (Gwon et al., 2021; Takahashi

et al., 2022). Small ubiquitin-like modifier (SUMO) modification to stress granules regulates their
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disassembly (Keiten-Schmitz et al., 2020; Marmor-Kollet et al., 2020): SUMOylation of the stress
granule protein senataxin is required for proper stress granule disassembly (Bennett & La Spada,
2021), and SUMOylation control of stress granule dynamics is dysregulated in C9ORF72 ALS
(Marmor-Kollet et al., 2020). Stress granules can also be targeted by autophagy, and ALS associated

mutations in VCP can affect disassembly of stress granules (Gwon et al., 2021).

Genetic mutations affecting the phase-separation of the stress granule protein TIA1 results in
abnormal stress granule kinetics (Ding et al., 2021; Mackenzie et al., 2017), and ALS associated
proteins with low-complexity domains often localise to stress granules. TDP-43 localises to inclusions
positive for stress granule proteins in ALS and FTD brain tissue (Liu-Yesucevitz et al., 2010) and
cellular models (Ratti et al., 2020), and TDP-43 is required for efficient stress granule dynamics
(Khalfallah et al., 2018; McDonald et al., 2011). Additionally, some evidence suggests that increased
abundance of TDP-43 in the cytoplasm leads to impaired formation of stress granules (Besnard-
Guérin, 2020; Orru et al., 2016). Small molecule mediated reduction of TDP-43, FUS, and hnRNPA2B1
localisation to stress granules reduces cytoplasmic TDP-43 accumulation induced by transient stress
granule formation (Fang et al., 2019). Mutant FUS incorporates into stress granules (Bosco et al.,
2010; Gal et al., 2011), and stress granule alterations have been demonstrated in the context of
mutations In ANXA11 (Liao et al.,, 2019; Nahm et al., 2020), hnRNPA2B1 (Martinez et al., 2016),
C90RF72 (McGurk et al., 2014), and SOD1 (Lee et al., 2020), to name a few, but by no means all,

examples.

In addition to the extensive evidence that processing of protein encoding mRNA is disrupted in ALS,
recent evidence implicates non-coding RNA in disease. These include long non-coding RNA (Chen &
Chen, 2020) and microRNAs (Rizzuti et al., 2018, 2022), and specific microRNA signatures have been

identified in ALS skeletal muscle (Aksu-Menges et al., 2021).
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1.11 Excitotoxicity

Exitotoxicity is mediated by altered calcium and glutamate metabolism, and has been linked with
mitochondrial impairment, induction of autophagy, reactive oxygen species (ROS) production, and
dysfunctional calcium homeostasis, to name a few (Armada-Moreira et al., 2020). L-glutamate is the
most abundant free amino acid in the brain, it functions as an excitatory neurotransmitter and is
involved in many metabolic pathways. In glutamatergic neurons, L-glutamate is highly concentrated
at synaptic terminals in order that it can be rapidly released into the synaptic cleft, where it
stimulates the post-synaptic neuron (Zhou & Danbolt, 2014). Free glutamate in the extracellular
space is tightly regulated by glial cells to avoid over stimulation of neurons, which can lead to cell
death, a process known as excitotoxicity. Defective glutamate transport in ALS has been
acknowledged for 30 years (Rothstein et al., 1992), and evidence for excitotoxicity in ALS includes a
high abundance of L-glutamate receptors on motor neurons, and the current reliance on Riluzole, an

anti-excitatory drug, in the treatment of ALS.

1.11.1 Excitatory transmission and calcium homeostasis

Many aspects of excitotoxicity are associated with calcium dysregulation, and loss of calcium
homeostasis links receptor and channel mediated neuronal activity with altered intracellular
organelle function, including ER and mitochondrial dysfunction (Tedeschi et al., 2021). Neuronal
excitability can be detected in the cortex and peripheral axons of ALS patients (Higashihara et al.,
2021; Park et al., 2017; Vucic & Kiernan, 2006; Wainger et al., 2021), and multiple disease models
implicate excitability as an important factor in pathology. However, whether excitability is causal or

consequential in disease remains elusive.

Glutamate AMPA receptors are comprised of subunits including GIuR2, which is dysregulated in sALS.
GluR2 deficient AMPA receptors are more permeable to calcium, motor neurons derived from GluR2

deficient mice are more susceptible to AMPA mediated excitotoxicity, and crossbreeding GluR2
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deficient mice with SOD1 mice accelerates disease progression (Van Damme et al., 2005). GIuR2 Q/R
RNA editing is a common feature in the adult CNS, however this editing is incomplete or absent in
most sALS patients in specific CNS regions (Kawahara et al., 2004; Kwak & Kawahara, 2005; Takuma
et al., 2001). Altered GIuR2 Q/R RNA editing is associated with downregulation of the RNA editing
enzyme ADAR2 in ALS affected motor neurons (Hideyama et al.,, 2012), and AMPA receptor
antagonism reduces ALS progression and cellular pathology in a motor neuron-specific ADAR2
knockout ALS mouse model (Akamatsu et al., 2016, 2022). Astrocytes partially mediate neuronal
expression of GIuR2, indicating that non-cell autonomous mechanisms affect neuronal excitability

(Van Damme et al., 2007).

In addition, metabotropic glutamate receptors mGluR1 and mGIuR5 are increased in spinal cord axon
terminals in SOD1 mice (Bonifacino et al., 2019), and activation of presynaptic mGluR1 and mGIuR5
is associated with increased glutamate release upon mild stimulation in SOD1 mice (Giribaldi et al.,
2013). Interestingly, astrocytes are also vulnerable to metabotropic receptor mediated
excitotoxicity: Degeneration of motor neuron-adjacent astrocytes was associated with mGIuR5
activation in SOD1 mice, and mGIuR5 blockage slowed degeneration of astrocytes and delayed
disease onset (Rossi et al., 2008). Further, D-serine is a microglia-derived co-antagonist of the NMDA
receptor which enhances glutamate toxicity in ALS motor neurons, and D-serine levels are increased

in the spinal cord of fALS and sALS patients (Sasabe et al., 2007).

CALB1, GAD2, and GABRE are downregulated in ALS patient spinal tissue (Patel & Mathew, 2020).
CALB1 encodes calbindin 1, which has a role in calcium buffering upon stimulation of glutamate
receptors. GAD2 and GABRE are both involved in GABAergic signalling and so downregulation might
lead to reduced inhibitory regulation. In these instances, expression of these genes was unperturbed
in oculomotor neurons, which are largely spared from degeneration in ALS, suggesting disrupted
control over excitatory signalling in ALS sensitive neurons (Patel & Mathew, 2020). Altered levels of
calcium permeable receptor subunits have been identified in C9ORF72 and TARDBP motor neurons
(Dafinca et al., 2020; Selvaraj et al., 2018), and altered calcium influx, glutamate receptor changes,
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and evidence of excitotoxicity have been detected in models of C9ORF72 ALS (Jensen et al., 2020;
Shi et al., 2018). Comparison of multiple ALS associated mutations in iPSC-derived neurons revealed
gene specific perturbations to glutamate receptor and calcium dynamics: TARDBP mutants
harboured increased basal calcium and increased amplitude of AMPA mediated signal, C9ORF72
expansion neurons displayed increased spontaneous calcium transients and increased expression of
kainate receptors and voltage-gated calcium channels; mutant FUS was associated with increased
expression of AMPA and kainate receptors; and SOD1 mutations were associated with increased
expression of metabotropic glutamate receptors (Bursch et al., 2019). These data are important in
highlighting mutation specific cellular alterations that converge on an overlapping dysfunctional
pathway, perhaps providing an explanation for how heterogeneous ALS genetics can cause similar

pathology.

1.11.2 Glutamate homeostasis

EAAT2, one of the main glial glutamate transporters, maintains physiological levels of L-glutamate in
the extra cellular space, and has been implicated in ALS. EAAT2 levels are reduced in ALS patient
motor cortex and spinal cord (Jiang et al., 2019; Rothstein et al., 1995), and reduced expression of
EAAT2 correlates with severity of motor neuron loss in ALS spinal cord (Sasaki et al., 2000). Knockout
of the glial ER protein membralin resulted in TNF receptor-mediated reduced expression of EAAT2,
resulting in accumulation of extracellular glutamate and motor dysfunction in mice (Jiang et al.,,
2019). Additionally, astrocyte-specific expression of mutant TDP-43 in rats resulted in motor neuron
degeneration which was associated with gradual loss of EAAT2 (Tong et al., 2013). Increased
expression of EAAT2 in astrocytes in a mouse model of ALS delayed symptom onset and progression,
however did not ameliorate disease, indicating that inhibition of excitotoxicity might delay disease,
but may not be the root cause of degeneration (Guo et al.,, 2003). Gene delivery of EAAT2 to

astrocytes in symptomatic SOD1 mice did not rescue the ALS phenotype, despite inducing robust
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expression of EAAT2 in GFAP positive astrocytes, further indicating that targeting glutamate

homeostasis after disease onset may not be a viable solution in ALS (Li et al., 2015).

1.11.3 Neuronal vulnerability to excitotoxicity

Hyperexcitability in immature C9ORF72 iPSC-derived neurons is associated with increased release of
calcium from internal stores, with no alteration to membrane potential, with the phenotype reducing
with culture maturity, indicating a developmental perturbation or a vulnerability that is temporarily
mediated (Burley et al., 2022). Similarly, unpublished data indicate that TARDBP mutant neurons
initially display hyperexcitability, becoming hypoexcitable with further aging (Harley et al., 2022).
Analysis of intrinsic excitability of motor neurons innervating fast- and slow-twitch muscle fibres
found that disease-vulnerable fast-twitch innervating motor neurons were not hyper-excitable in
neonatal SOD1 mice, yet disease-spared slow-twitch innervating motor neurons were (Leroy et al.,
2014). This emphasises that delineation of motor neuron subtypes will be important for elucidating
the developmental and temporal effects of excitotoxicity. Additionally, some evidence from SOD1
mouse models indicates that early-postnatal increases in excitability are associated with neuronal
protection (Saxena et al., 2013), suggesting that hyperexcitability might initially be employed to
preserve neurons. Selective depletion of TDP-43 in pyramidal neurons in adult mice showed that loss
of TDP-43 function initially causes calcium hyperactivity, followed by activity decline alongside loss
of neurons (Liang et al., 2022). Longitudinal analysis of intrinsic excitability and transcriptomic
changes in C90RF72 iPSC-derived motor neurons revealed an early upregulation of synaptic proteins
alongside increased activity, and both culture activity and synapse expression diminished with
culture aging (Sommer et al., 2022). The consequences of increased excitability include cytoplasmic
increase of a sTDP-43, which subsequently aggregates and sequesters full length TDP-43 (Weskamp
et al.,, 2020). Spontaneous neuronal hyperexcitability has been associated with ER stress and
apoptosis, although in this instance was not investigated in the context of ALS (Chanaday et al.,

2021).
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1.11.4 The role of interneurons in excitotoxicity

Interneurons might influence excitotoxicity by exerting negative control over upregulated neuronal
firing, and loss of inhibitory input onto motor neurons could elevate post-synaptic activity. Post-
mortem analysis of sALS ventral and lumbar spinal cord revealed loss of motor neurons and
interneurons, and loss of both cell types increased with disease duration, however it was not clear
whether interneurons were lost before, concurrently with, or after motor neurons (Stephens et al.,
2006). The wobbler ALS mouse model displays cortical hyperexcitability, including increased
hippocampal synaptic excitation prior to symptom onset, and symptomatic mice show a reduced
number of parvalbumin interneurons compared to control and non-symptomatic mice (Thielsen et
al., 2013). Degeneration of interneurons before motor neuron death has been demonstrated in SOD1
ALS models (Allodi et al., 2021; Martin et al., 2007), and SOD1 zebrafish harbour interneuron stress
and reduced inhibitory input onto motor neurons prior to alterations at the NMJ (McGown et al.,
2013). Additionally, SOD1 mice show altered interneuron characteristics selectively in cortical
regions influencing motor control (Minciacchi et al., 2009) as well as in spinal regions (Salamatina et
al., 2020). Notably, investigation into interneuron loss has predominantly focused on models of SOD1
pathology, and it will be important to characterise interneurons in other ALS models. Some evidence
of reduced interneuron number in TARDBP ALS mice exists, however the authors imply this is due to
neurodevelopmental influence as opposed to degenerative loss of neurons (Lin et al., 2021). Age-
related poly-ubiquitinated protein aggregates were detected in the hippocampus in TARDBP mutant
mice, with some aggregates co-localising with the interneuron proteins parvalbumin and calretinin

(Tsuiji et al., 2017), indicating potential degeneration of interneurons across multiple ALS genes.

1.12 Protein aggregation and disrupted proteostasis

Protein aggregation is a common feature across ALS and FTD. In addition to TDP-43 inclusions, as

discussed in 1.9, many proteins are found aggregated in surviving motor neurons in ALS post-mortem
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tissue. Proteins whose corresponding genes are mutated in ALS often aggregate in disease including
Ubiquilin-2 (Deng et al., 2011), FUS (Vance et al., 2009), Annexin A11 (Smith et al., 2017; Teyssou et
al., 2020), PFN1 (Wu et al., 2012), and SOD1 (Bruijn et al., 1998). Proteinopathy varies between cases,
and alterations in aggregate burden and identification of aggregates in different brain/spinal cord
regions is genotype-specific (Nolan et al., 2020). Multiple mechanisms by which pathological protein
aggregates form have been recognised. Phase-separation of proteins might seed aggregates, and
phase-separating proteins can form fibrils which go on to form stable structures, mediated in part
by the cellular environment (Babinchak & Surewicz, 2020). Alternative protein aggregation pathways
are dependent on microtubule dynamics (Farrawell et al., 2015; Watanabe et al., 2020), suggesting

that multiple dysregulated pathways converge on pathological aggregation.

Protein quality control in the ER ensures that proteins are properly folded before they are released
into the cytoplasm. The ALS-associated protein VAPB is essential for proper protein quality control,
and ALS-associated mutations in VAPB can result in ER-stress and protein accumulation (Larroquette
et al.,, 2015; Moustagim-Barrette et al., 2014; Nishimura et al., 2004). Protein regulation is also
mediated by heat-shock proteins, which are implicated in TDP-43 processing (Chen et al., 2016;

Francois-Moutal et al., 2022).

Protein aggregates, including TDP-43 positive inclusions, are often ubiquitinated (Blokhuis et al.,
2013), and sequestration of ubiquitin by misfolded ALS-associated proteins, leading to disruption of
ubiquitin homeostasis, is a common feature across ALS (Farrawell et al., 2020). Ubiquitin is a major
factor in proteasome-mediated protein degradation, and ubiquitin binds to target proteins to the
end that poly-ubiquitinated proteins are recognised for degradation by the proteasome. ALS-
associated mutations in UBQLN2 (Williams et al., 2012) and CCNF (Williams et al., 2016), which
encode proteins involved in ubiquitin-proteasome degradation, reiterate the importance of this
system in motor neuron degeneration. Proteasome subunits or cofactors are often sequestered by

pathological protein species, including C9ORF72 associated DPRs (Guo et al., 2018; May et al., 2014).
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An alternative protein degradation pathway that is also disrupted in ALS is autophagy, which
describes the degradation of proteins sequestered into autophagosomes by fusion with lysosomes.
Ubiquilin-2 also has a role in autophagy, and mutations in UBQLN2 have been shown to impede
normal autophagy function, highlighting that the two protein degradation pathways are not mutually
exclusive (Wu et al., 2020). Interestingly, it has been suggested that separate TDP-43 species are
degraded by specific mechanisms; soluble TDP-43 is cleared by the proteasome system, and
autophagy is required to clear larger TDP-43 aggregates (Scotter et al., 2014). Autophagy has been
implicated in C9ORF72 (Nassif et al., 2017), and ALS associated genes often function in autophagy,
including OPTN (Maruyama et al., 2010), SQSTM1/p62 (Deng et al., 2020), TBK1 (Freischmidt et al.,
2015), and VCP (Ju et al., 2009). Induction of autophagy alleviates pathology in multiple models: In
mutant TARDBP mice, induction of autophagy with the novel small molecule IMS-088 ameliorates
TDP-43 mediated transcriptional changes, including restoration of neurofilament mRNA translation
(Kumar et al., 2021). Multiple studies utilizing iPSC-derived cultures with a variety of ALS-causing
mutations have shown phenotype rescue with autophagy enhancement (Barmada et al., 2014,
Imamura et al., 2017; Marrone et al., 2018), or have shown decreased cell viability with autophagy

inhibition (Almeida et al., 2013).

1.13 Nucleocytoplasmic transport

Nucleocytoplasmic transport is the mechanism by which cargos, including proteins and RNA species,
shuttle between the nucleus and cytoplasm. This includes both passive transport, where small
molecules diffuse through nuclear pores based on diffusion gradients, and active transport which is
ATP-dependent. Nucleocytoplasmic transport is dysregulated in C9ORF72 ALS (Freibaum et al., 2015;
Zhang et al., 2015), and DPRs have been shown to disrupt the nuclear membrane (Chien et al., 2021).
The frequent observation that the nucleocytoplasmic ratio of ALS associated proteins is unbalanced
in ALS, for example in cases with TDP-43 and FUS proteinopathy, suggest that nucleocytoplasmic

transport might be dysfunctional in ALS (Ederle & Dormann, 2017). An increase in the nuclear
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abundance of CHMP7 initiates injury to the nuclear pore, which is upstream of TDP-43
mislocalisation in iPSC-neurons derived from sALS and C9ORF72 patients (Coyne et al., 2021).
Impaired interaction of mutant FUS with the nucleocytoplasmic transport protein Karyopherinf32 has
been demonstrated (Basu et al., 2022), and mutant FUS interacts with nucleoporins resulting in
reduced nucleocytoplasmic transport and nucleoporin density on the nuclear membrane (Lin et al.,
2021). This highlights how nucleocytoplasmic transport can be affected by both breakdown of
transport channels and impaired transport protein function. Indeed, insoluble TDP-43 aggregates
sequester both nuclear pore proteins and transport factors, and nuclear pore pathology is present

in brain tissue from sALS, TARDBP, and C90RF72 patients (Chou et al., 2018).

Nuclear pore dysfunction is linked to autophagy, and C90RF72 pathology may be associated with
reduced nuclear import of the autophagy factors Mitf/TFEB, leading to improper control of
autophagy flux (Cunningham et al., 2020). Nuclear pore integrity can be impaired by ALS and FTD
associated microtubule abnormalities (Giampetruzzi et al., 2019; Paonessa et al., 2019), hinting that
divergent cellular dysfunctions might overlap in causing damage to the nuclear pore and transport
systems. Many proteins that make up the nuclear pore have a particularly long half-life, indicating
they might be sensitive to aging in post-mitotic neurons. Replenishment and protein turnover is
comparatively slow, leading to nuclear pore leakage in aged cells, which may be relevant for typically

late-onset ALS (D’Angelo et al., 2009).

1.14 Mitochondria, endoplasmic reticulum, and metabolism

Mitochondria have multiple functions including synthesis of ATP for bioenergetic transfer, mediation
of calcium homeostasis, signal transduction, lipid homeostasis, and activation of apoptosis. Neurons
are particularly energy-dependent and metabolically demanding, and, importantly, abnormal
mitochondria are detected in ALS post-mortem tissue (Sasaki & Iwata, 2007; Wang et al., 2019).
Increased mitochondrial demand leads to upregulation of ATP synthesis by oxidative

phosphorylation, which subsequently results in increased levels of ROS; noxious free radicals that
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are generated as an intrinsic by-product in ATP synthesis. ROS cause oxidative stress to multiple
organelles and molecules, including mitochondria, ER, lipids, DNA, and proteins; thus, under normal
conditions ROS are processed by multiple antioxidant enzymes, such as SOD1, to prevent ROS-
induced damage. Hence, ROS-mediated cellular stress may be indicative of a decrease in
antioxidative processing. A large-scale transcriptomic screen of post-mortem ALS cortex samples
revealed that 61% display evidence of oxidative- and ER-stress (Tam et al., 2019), highlighting the
prevalence of oxidative stress in ALS. Molecular profiling of subsets of vulnerable and resilient
neurons in the motor cortex of a SOD1 mouse model revealed improper handling of ROS in
vulnerable cells, which was likely associated with subsequent degeneration (Moya et al., 2022).
Accumulation of mutant SOD1 is associated with activation of apoptosis though sequestration of Bcl-
2, an anti-apoptotic protein, and by activating caspase-dependent cell death (Pasinelli et al., 2004,

Takeuchi et al., 2002, 2016).

Mitochondrial instability has been demonstrated at early time points in ALS models, and
mitochondrial destruction occurs as early as postnatal day 15 in upper motor neurons of mouse
models of TARDBP, PFN1, and SOD1 ALS (Gautam et al., 2022; Gautam, Jara, et al., 2019; Gautam,
Xie, et al., 2019), and as early as postnatal day 6 at the muscle pre-synapse in mutant FUS mice (So
et al., 2018). iPSC-derived motor neurons from sALS and fALS patients have increased ROS, impaired
oxidative phosphorylation, depolarized mitochondria, defective mitochondrial protein import, and
loss of ATP compared to control, and these features were absent in undifferentiated neural
precursors (Singh et al., 2021). ALS-associated mutations in CHCHD10 are associated with
disorganised mitochondria cristae, respiratory chain deficiency, fragmentation of the mitochondrial
network, and impaired mitochondrial genome maintenance (Bannwarth et al., 2014; Genin et al.,
2016). The importance of mitochondrial DNA in ALS pathology is becoming recognised, and analysis
of post-mortem pre-frontal cortex revealed a reduction in mitochondrial DNA copy number in
C90RF72 patients compared to control, which was most evident in ALS patients with abundant TDP-

43 aggregates (Alvarez-Mora et al., 2022).
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TDP-43 pathology is heavily implicated in mitochondrial dysfunction, including; impaired ER-calcium
uptake (Peggion et al., 2021); TDP-43 sequestration of mitochondrial genes and increased sensitivity
to oxidative stress (Zuo et al., 2021); decreased mitochondrial membrane potential, increased ROS
production, and mitochondrial unfolded protein response activation (Wang et al., 2019); and loss of
transcripts involved in mitochondrial energy metabolism alongside perturbed axonal mitochondrial
function (Briese et al., 2020). Full length TDP-43 localises to the mitochondrial matrix in cell models
(Salvatori et al., 2018), directly interacts with mitochondrial proteins (Davis et al., 2018), and causes
release of mitochondrial DNA into the cytoplasm (Yu et al.,, 2020). Suppression of TDP-43
mitochondrial localisation prevents mitochondrial damage and neuronal loss, and improves

symptoms in TARDBP transgenic mice (Wang et al., 2016).

Mitochondria-ER tethering occurs at distinct sites, and the ER membrane regions involved in these
connections are typically referred to as mitochondrial-associated ER membrane (MAM). VABP
localises to the ER and binds to the mitochondrial protein PTPIP51, allowing calcium exchange
between mitochondria and ER. VABP-PTPIP51 tethers are disrupted in C90ORF72 patient derived
motor neurons and transgenic mice, and disease associated DPRs disrupt VAPB-PTPIP51 interaction
resulting in perturbed transfer of calcium from the ER to mitochondria (Gomez-Suaga et al., 2022).
Impaired mitochondrial bioenergetic function and mitochondrial transport are also dysregulated in
C90RF72 iPSC-neurons, and transcriptomic profiling revealed reduced expression of genes involved
in the electron transport chain encoded by mitochondrial DNA (Mehta et al., 2021). In addition to
the influence of MAM integrity on disease progression, ER-stress has been demonstrated in ALS,
including in sALS (Sasaki, 2010), and models of TARDBP, SOD1, FUS, ATXN2, and VAPB associated ALS
(Larroquette et al., 2015; Matus et al., 2013; Moustagim-Barrette et al., 2014). The presence of ER
throughout the entire neuron, including in axons, has been linked to the control of
neurotransmission and synaptic function (Kuijpers et al., 2020; Oztiirk et al., 2020), indicating a
potential link between mitochondria/ER function and altered neuronal activity. Altered neuronal

excitability might also be associated with dysfunctional calcium homeostasis, which is affected by
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mitochondrial function: The mitochondrial calcium protein uniporter is an inner mitochondrial
membrane channel that prevents mitochondrial calcium overload, and an imbalance of the uniporter
regulators MICU1 and MICU2 is present in C90RF72 and TARDBP mutations (Dafinca et al., 2020).
These models also displayed upregulation of calcium permeable AMPA and NMDA receptors,
highlighting how calcium regulation is disrupted by inefficient inter- and intra- cellular calcium

regulation.

Mitochondrial dysfunction is the focus of a large branch of ALS research, and in addition to the
examples included here, the influence of mitochondria and ER function on pathology have been well
reported, encompassing a wealth of evidence for the role of metabolism in ALS (Chen et al., 2021;
Cheng et al., 2022; Jaiswal, 2014; Jankovic et al., 2021; Jurcau, 2021; Loncke et al., 2021; Madruga et
al., 2021; Matus et al., 2013; Zhao et al., 2022). Metabolic disturbance in ALS is also associated with
the co-enzyme NAD+, and extensive evidence indicates that manipulation of NAD+ pathways may

be beneficial in therapeutic targeting in ALS (Harlan et al., 2016, 2020; Obrador et al., 2021).

1.15 Cytoskeleton and axonal transport

The cytoskeleton physically and physiologically supports neurons, comprising a system of
microtubules and filaments that offer structural support and provide a network for transport and
subcellular organisation. The prevalence of ALS-associated mutations in multiple cytoskeletal genes
hints toward the importance of the cytoskeleton in motor neuron degeneration (1.6.6), and
transcriptomic profiling of sALS spinal motor neurons highlights downregulation of genes mediating
transport and microtubule-associated proteins (Jiang et al., 2005, 2007). Some cytoskeletal or
transport proteins aggregate in models of ALS (Levy et al., 2006; Smith et al., 2014), and axonal
swellings in post-mortem ALS patient corticospinal tracts contain neurofilaments (Okamoto et al.,
1990; Sasaki & Maruyama, 1992). The motor neuron cytoskeleton is comprised of microtubules,

which are made up of a- and $-actin subunits, and intermediate neurofilaments including NF-L, NF-

68



M, NF-H, a-internexin, and peripherin, which undergo various post-translational modifications

(Castellanos-Montiel et al., 2020).

Reduced axon integrity in ALS may be linked to TDP-43 accumulation, and TDP-43 mediates the
translation of cytoskeletal components, including MAP1B (Majumder et al., 2016). TDP-43 stabilises
NF-L mRNA by directly binding to its 3" UTR (Strong et al., 2007), and data from zebrafish models
implicates TDP-43 in NF-L splicing (Demy et al., 2020). FUS also regulates the splicing of genes
involved in axonal growth and cytoskeletal dynamics, including MAPT which encodes the
microtubule-associated protein Tau (Ishigaki et al., 2012; Orozco et al., 2012; Rogelj et al., 2012).
TDP-43 phosphorylation and insolubility are exacerbated by co-expression with mutant forms of
PFN1, highlighting bidirectional feedback whereby TDP-43 affects cytoskeletal function and
cytoskeletal proteins influence TDP-43 dynamics (Tanaka et al., 2016). ALS-associated mutations in
PFN1, whose corresponding protein polymerises actin from its globular to filamentous form to
enable filament elongation, result in reduced axon outgrowth and stability (Wu et al., 2012).
C90RF72 protein directly interacts with cofilin, which acts in opposition to PFN1 by severing actin
filaments, and C90ORF72 knockdown or repeat expansion perturb motor neuron axon branching
(Sivadasan et al., 2016). TUBA1A encodes an a-tubulin subunit, and ALS-associated mutations in
TUBA1A destabilise the microtubule network including impaired microtubule assembly resulting in
increased pausing of trafficked organelles and decreased tubulin acetylation (Buscaglia et al., 2020;
Smith et al., 2014). The enzyme HDAC6 has a role in actin deacetylation, and decreasing HDACE levels
by pharmacological intervention or by genetic knockdown in FUS patient-derived motor neurons
alleviates axonal transport deficits and increases a-tubulin acetylation (Guo et al.,, 2017).
Additionally, cellular models of UBQLN2 ALS display increased levels of total and acetylated tubulin,

in addition to decreased phosphorylation of FUS and upregulation of MAP1B (Strohm et al., 2022).

The polarised nature and sometimes extraordinary length of neurons means that many molecules
and organelles need to be efficiently transported, and axonal transport proteins are essential for
synaptic function and stability, including at the NMJ (Allen et al., 1999; Bercier et al., 2019; Eaton et
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al., 2002; Yu et al., 2018). Axonal transport of cellular cargos occurs in anterograde and retrograde
directions and relies on the motor protein complexes kinesin (anterograde) and dynactin
(retrograde). ALS-causative mutations in KIF5A, which encodes a kinesin associated motor protein,
lead to truncation of the protein, altered transport dynamics, and altered gene expression and
splicing, highlighting the importance of axonal transport in regulating the transcriptome (Baron et
al., 2022). Mutations-in or knockdown-of the retrograde transport factor DCTN1 are associated with
impaired transport of autophagosomes (lkenaka et al., 2013) and vesicles that have budded from
the ER and Golgi (Laird et al., 2008). Additionally, Dynactin subunit 1 depletion leads to
neuromuscular synapse instability and functional abnormalities independent of its role in axonal
transport, highlighting how ALS associated genes often influence multiple cellular functions (Bercier

et al., 2019).

Transport of RNPs is essential for neuronal function and multiple mechanisms for RNP transport
exist, including direct interaction of RNPs with transport machinery and interaction with
intermediate proteins. RNPs containing SFPQ interact directly with KIF5a and KCL1 containing kinesin
complexes in sensory neurons, and this interaction is essential for axon survival (Fukuda et al., 2021).
Although not ALS specific, the same study found that compensating for lost SFPQ RNA cargos at the
distal axon reverted disease phenotype in Charcot-Marie Tooth disease models, which mirror many
ALS cellular pathologies. Annexin A1l acts as a tether between RNPs and lysosomes that are being
transported along axons by motor proteins, such that RNPs “hitchhike” along axons (Liao et al.,
2019), and mutations in the corresponding gene ANXA11 are associated with ALS (Smith et al., 2017).
In addition to these examples, multiple RNP transport mechanisms exist, and it may be beneficial for

therapeutic targeting to identify specific transport pathways that are affected in disease.

Abnormal transport dynamics of various organelle and RNA cargos have been demonstrated in
multiple genetic forms of ALS including MATR3 (Zhao et al., 2020), SOD1 (Gibbs et al., 2018),
C90RF72 (Mehta et al., 2021), and TARDBP (Alami et al., 2014; Sleigh et al., 2020), highlighting
dynamic misregulation of axonal transport across ALS. Additionally, cytoskeletal abnormalities are
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associated with other cellular pathways that are implicated in ALS: Improper actin polymerization
can affect nuclear pore integrity and cause alterations to nuclear import and mRNA post-
transcriptional regulation, and nuclear pore defects induced by C90RF72 expansion or mutant PFN1
can be rescued by stabilizing actin homeostasis (Giampetruzzi et al., 2019). Additionally, FTD
associated MAPT mutations cause deformation of the nucleus which affects nucleocytoplasmic

transport (Paonessa et al., 2019).

1.16 Non-cell-autonomous mechanisms and neuroinflammation

Multiple lines of evidence exist for non-cell-autonomous toxicity in ALS, and motor neuron death has
been linked to impaired trophic support and damage to neurons caused by release of toxic species
by neighbouring cells. Molecular stratification of ALS subtypes revealed that 19% of a large cohort of
ALS post-mortem tissue samples (148) displayed predominant glial activation signatures, which
included upregulation of astrocytic, oligodendritic, and microglial genes, alongside upregulation of
microglia-associated innate immune pathways including interferon and antigen processing pathways

(Tam et al., 2019).

1.16.1 Astrocytes

Astrocytes collected from sALS and fALS patient post-mortem tissue are toxic to co-cultured motor
neurons (Haidet-Phillips et al., 2011), and healthy astrocytes can delay degeneration and extend
motor neuron survival in vivo (Clement et al., 2003). A meta-analysis including data from multiple
human iPSC- and mouse-derived astrocyte studies identified upregulation of genes involved in the
extracellular matrix, immune response, and ER-stress, and downregulation of genes involved with
neuronal support including synaptic integrity and uptake of glutamate (Ziff et al., 2021). Astrocytes
mirror some pathology seen in neurons in ALS, including altered intron retention (Ziff et al., 2021),
TDP-43 aggregation, and increased levels of insoluble proteins (Barton et al., 2020). In co-culture

models, ALS astrocytes cause toxicity to motor neurons, including in models of C9ORF72 (Birger et
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al., 2019), FUS (Kia et al., 2018), and sALS (Smethurst et al., 2020). miR-146a is reduced in SOD1
mutant astrocytes, and pharmacological replenishment in astrocytes prevents microglial activation
and neuronal damage when subsequently maintained in co-culture (Barbosa et al., 2021; Gomes et

al., 2020, 2022).

Astrocyte-mediated spread of disease has been shown to occur via Connexin 43 hemichannels
between astrocytes: Increased levels of Connexin 43 in ALS tissues correlate with accelerated ALS
progression, patient-derived astrocytes show enrichment of Connexin 43 at the membrane, and
blockage of these astrocytic hemichannels is neuroprotective of motor neurons (Almad et al., 2016,
2020). Transformation of astrocytes from a homeostatic/functional state to a reactive state has been
associated with a failure to support neurons and may explain why initially protective astrocytes can
exacerbate disease at later stages. Both control and SOD1 mutant reactive astrocytes reduce motor
neuron health when in co-culture, which is associated with increased release of TGF-f1 from reactive
astrocytes (Tripathi et al.,, 2017). A recent study identified increased levels of inorganic
polyphosphate as a robust feature of astrocytes from multiple ALS models and of ALS patient CSF
and post-mortem tissue, and in the context of various genetic mutations (Arredondo et al., 2022).
Additionally, reactive astrocytes were shown to cause neuronal toxicity via generation of saturated
lipids (Guttenplan et al., 2021), indicating that toxic astrocytic species include a range of metabolic
entities. In addition, the influence of astrocytes on neuronal excitotoxicity, namely through function

of the glutamate transporter EAAT2, is discussed in 1.11.

1.16.2 Microglia and neuroinflammation

C90RF72 haploinsufficient mouse models display neuroinflammation and immunity dysregulation
including in microglia (Burberry et al., 2016; O’Rourke et al., 2016), and C9ORF72 deficiency leads to
an inflammatory microglial state that results in increased synaptic pruning and loss (Lall et al., 2021).
Molecular characterisation of microglia from a SOD1 mouse model revealed upregulation of both
neuroprotective and toxic factors, and SOD1 microglia displayed a different molecular signature to
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WT microglia activated by lipopolysaccharide, indicating disease specific microglial changes (Chiu et
al., 2013). Patient-derived microglia-like-cells display defective phagocytosis and elevated
inflammatory response associated with abnormal actin polymerisation, implicating cytoskeletal
perturbations across multiple cell-types in ALS (Noh et al., 2020). Moreover, conditioned media from
iPSC-derived astrocytes and microglia altered neurofilament deposition in motor neurons,
highlighting the influence of glial function on neuronal cytoskeletal dynamics (Allison et al., 2022).
Mutant FUS iPSC-derived microglia displayed altered expression of chemoreceptor genes leading to
altered calcium signalling, in this instance release of cytokines and phagocytosis were not affected,
suggesting microglial abnormalities may be gene specific in ALS (Kerk et al., 2022). sALS patient
monocyte-derived microglia-like-cells harbour TDP-43 and pTDP-43 inclusions, and show impaired
phagocytosis, altered cytokine signatures, and neuroinflammatory morphology (Quek et al., 2022).
In addition to altered microglia function, some evidence suggests that CCR2-expressing monocytes
can infiltrate the CNS, increasing inflammation and accelerating ALS progression (Komiya et al.,
2020), and natural killer cells have been shown to infiltrate and accumulate in the motor cortex and

spinal cord in ALS tissue (Garofalo et al., 2020).

1.16.3 Other non-cell-autonomous mechanisms

In addition to the influence of astrocytes and microglia on motor neuron degeneration, patient
derived oligodendrocytes can induce motor neuron death via direct interaction with neurons or
application of conditioned media (Ferraiuolo et al., 2016). TDP-43 directly binds to SREBF2 RNA,
which is a master regulator of cholesterol, and thus myelin, and depletion of TDP-43 results in
reduced expression of SREBF2 and cholesterol (Ho et al., 2021). Derivation of skeletal myocytes from
ALS patient iPSCs revealed downregulation of BET1L, DCX, GPC3, and HNRNPK transcripts, and Bet1L
protein localises to the basal lamina of the NMJ and decreases in abundance with disease
progression (Lynch et al., 2021), indicating muscle cell dysfunction may influence loss of NMJ

integrity. Moreover, multiple lines of evidence for myoblast dysfunction in ALS have been reported
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(Manzano et al., 2013; Scaramozza et al., 2014; Tokutake et al., 2015). Muscle biopsy of SALS patients
revealed distinct microRNA signatures in subsets of the patient cohort, and dysregulated microRNAs
were enriched for ALS relevant pathways in gene ontology analysis, such as regulation of
transcription and dendrite morphogenesis (Aksu-Menges et al., 2021). Data yet to be peer reviewed
indicate that muscle cells secrete neurotoxic vesicles in sALS patients (Gall et al.,, 2021), and

intriguingly TDP-43 is implicated in several myopathies (Versluys et al., 2022).

1.17 Treatment strategies in ALS

Despite great research efforts being made, there are currently no curative treatment strategies for
ALS. The only drug that is licensed in the U.K., Riluzole, does not improve symptoms but prolongs
survival for 2-3 months (Lacomblez et al., 1996). A retrospective study found that Riluzole mediated
survival occurs in the last clinical stage of ALS, indicating that increased lifespan occurs during the
disease stage where symptoms are most severe (Fang et al., 2018). Edaravone was approved by the
U.S. FDA (United States Food and Drug Administration) after clinical trials indicated slower loss of
motor function over placebo, however, as with Riluzole, Edaravone does not halt disease entirely
nor improve symptoms, and only a small subset of ALS patients appears to be responsive to the drug
(Bhandari et al., 2018; Writing Group & Edaravone (MCI-186) ALS 19 Study Group, 2017).
Interestingly these drugs are understood to work via different mechanisms: Riluzole is widely
regarded as an anti-excitatory agent, although its precise mechanism is not fully understood. It has
been suggested to work by indirect antagonism of glutamate receptors, or by inactivation of
neuronal voltage-gated sodium channels (Cheah et al., 2010). There is some evidence that Riluzole
can affect the function of acetylcholine receptors on muscle fibres, however the consequences of
this interaction are unknown (Deflorio et al., 2012). Edaravone is a potent antioxidant, reducing
motor neuron toxicity by scavenging free radicals (Ohta et al., 2020). These contrasting mechanisms
of action emphasise how multiple cellular pathways are disrupted in ALS, and consequently how

challenging it has been to understand and cure the disease.
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Huge efforts are being made to establish more efficacious therapies. Gene therapy is an exciting
prospect and multiple targets have been posited. Gene therapy describes therapeutics that utilise
genetic material by delivering DNA or RNA into cells to correct misregulated pathways. In cases
where patients harbour genetic mutations known to cause loss of function of associated proteins, it
may be possible to supply correct copies of genes, thus enabling host cells to produce the
corresponding functional protein. An example is PGRN, where FTD-associated mutations result in
reduced progranulin protein (Arrant et al., 2018). In cases of toxic gain of function, development of
gene therapies may be more complicated, as functional protein might need to be introduced, as well
as the toxic species inhibited. In cases of functional redundancy knockdown of the mutant mRNA
may be sufficient. This might be achieved with microRNA or antisense oligonucleotides (ASO) that
are delivered in a viral vector. This is relevant to C90RF72 ALS, where aberrant repeat expansion
RNA species can be targeted (Sareen et al., 2013), and recent data indicates that targeting mutant
FUS with an ASO delays motor neuron degeneration (Korobeynikov et al., 2022). These targets are
applicable to small patient groups as single genetic mutations often account for <1% of the ALS
population, pointing towards the necessity for personalised medicine in ALS/FTD. Genes that either
positively or negatively mediate a broad spectrum of ALS cases are an attractive target as they could
be beneficial to a wider patient population. Examples might include ATXN2, which has been shown
to mediate TDP-43 toxicity which is present in the vast majority of ALS cases (Elden et al., 2010). An
ASO targeting the microRNA miR-129-5p was shown to improve survival and neuromuscular
phenotype in SOD1 mice, and the same microRNA is upregulated in peripheral blood in sALS patients,
suggesting that this could be a useful target in cases with no known genetic cause (Loffreda et al.,
2020). Additionally, regulation of genes involved in commonly affected pathways such as the stress
granule response or protein degradation pathways might be suitable targets. The main consideration
here is whether genetic interference with cellular pathways with broad influence throughout the
body can be appropriately targeted in the CNS, and with continued uncertainty about the driving
force of disease, selection of suitable targets is ongoing. The challenges faced with developing gene

therapy are broad: Avoiding toxicity, establishing viral load, and optimising delivery of therapies to
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target regions are all important. Delivery of therapeutics across the blood brain barrier is a limiting
step in the treatment of many neurological disorders, both degenerative and otherwise, and the
same is relevant for gene therapy. Development of vectors that deliver gene therapies in an optimal

spatiotemporal manner will be essential.

Cell replacement therapies are being explored as a means to replenish cells that are lost in disease.
A Phase 3 Clinical Trial transplanting NurOwn® MSC-NTF cells was recently completed: Autologous
bone marrow derived mesenchymal stem cells were collected from ALS patients and induced to
secrete neurotrophic factors, then re-implanted back into patients. The results are yet to be
disclosed (Brainstorm-Cell Therapeutics, 2021), however data from Phase 2 clinical trials indicate
that transplantation is safe, and indicated early signs of efficacy (Berry et al., 2019; Petrou et al.,
2016). In addition to transplantation of supportive cell types, stem cell therapies which aim to
replace dying motor neurons are being developed. iPSC derived neural progenitor cells (NPCs) were
injected into mutant SOD1 rats and caused increased survival and preservation of motor neurons,
but transplanted cells did not differentiate into motor neurons, indicating that any beneficial effect
was via alteration to the cellular environment as opposed to generation of new neurons (Forostyak
et al., 2020). Multiple studies have investigated the possibility of mesenchymal stem cell transplants
in ALS, broadly indicating that such therapies are non-toxic (Boucherie et al., 2009; Kim et al., 2010;
Mazzini et al., 2010, 2012; Vercelli et al., 2008; Zhao et al., 2007). Development of autologous
transplants, i.e. mesenchymal or iPSC-derived cells, aims to mitigate transplant rejection, and it will
be important to ensure that development of tumours and other toxicities are avoided. Further,
development of functional and appropriate connections between host and transplanted cells is
challenging, and further understanding of cellular integration into pre-existing systems will be
necessary. Generation of biomaterials to enhance stem cell differentiation and integration in the
host offer a promising development in cell replacement therapy, and may be essential for the future

success of cellular transplants (Kharbikar et al., 2022).
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In the absence of reliable therapeutics, much of the current management strategy for ALS is with
technology, such as access to eye-tracking devices, which do not slow the disease, but enable
patients to continue to communicate once they have lost the ability to speak. Research into brain-
computer interface technology is working towards improving patient communication and autonomy.
For example, companies such as Synchron© are making efforts to develop means for patients to
control robotic arms when they have lost all voluntary muscle control. In addition to development
of supportive technologies, research into caregiving practice and burden aims to improve the lives
of those living with ALS, and those that care for them. In some cases, caregiving falls to relatives and
even youth caregivers such as children (<19 years of age) of those affected, and support and
development in this area are an important aspect of current disease management (Kavanaugh et al.,

2018, 2020; Klavzar et al., 2020) .

As is the case for ALS, no curative treatments are currently available for FTD. Selective serotonin
reuptake inhibitors (SSRIs) are occasionally prescribed, and in rare cases anti-psychotics. This aims
to alleviate FTD symptoms but does not treat the underlying cause of disease (Kaye et al., 2010; Tsai
& Boxer, 2014). The lack of viable treatment strategies alludes to the complexity of ALS and FTD, and
the broad range of implicated cellular pathologies renders drug targeting ineffective: To better

develop therapies, we need to better understand the disease.

1.18 Annexins

Mutations in the protein coding gene ANXA11 cause ALS (Smith et al., 2017). The corresponding
protein, Annexin All, belongs to a family of calcium dependent phospholipid binding proteins
collectively termed the Annexins. Some of these proteins were independently studied prior to their
association with one another and invention of the Annexin nomenclature in 1987 (Geisow et al.,
1987). The vertebrate Annexins (A1-A11, A13) conduct a range of cellular functions and are identified
by a conserved tertiary structure of the C-terminal phospholipid binding domain. Each domain

usually includes four core domain repeats, with the exception of Annexin A6 which has eight repeats
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(Gerke & Moss, 2002). Each Annexin repeat is approximately 70AA in size and comprises five a-
helices, each containing a motif for calcium binding. These a-helices are wound into a super helix,
forming a flattened disk structure (Moss & Morgan, 2004). The N-terminals differ between each
Annexin and give rise to specific protein functions. Although these proteins are closely related and
display structural homology, the specific functions of Annexins are diverse. This is evidenced by
strikingly different phenotypes in Annexin knockout mice. These are summarised by Moss & Morgan,
who also note the disparity between cellular knockouts of Annexins compared with murine models,

perhaps an indication of the functional redundancy of some Annexins (Moss & Morgan, 2004).

1.19 Annexin A11 structure

The N-terminal of Annexin A1l is long (270AA), rich in proline, tyrosine, and glycine (Bances et al.,
2000), and disordered: It has been shown to enable liquid-liquid phase-separation of the protein
(Nahm et al., 2020), and prior to this discovery was identified as a prion-like domain with the
propensity to phase-separate (March et al., 2016). Annexin All interacts with RNPs via its low-
complexity domain (Liao et al., 2019), however RNA binding sites for ANXA11 have not been
determined, and it would be insightful to elucidate whether a direct interaction between Annexin
A11 and RNA occurs. The disordered N-terminal has not been crystallised due do its low complexity,
and Annexin A1l protein structure modelled in AlphaFold indicates very low model confidence of
the N-terminal (Jumper et al., 2021; The UniProt Consortium, 2019; Varadi et al., 2022), highlighting
the region disorder (Figure 1.3). Structural modelling of the Annexin A11 N-terminal using multiple
alignment of 30 mammalian orthologue sequences predicted two a-helices at residues 40-44 and

51-59 (Smith et al., 2017).

The structure of recombinant mouse Annexin A11 was the first Annexin A11 to be characterised and
was shown to contain a-helices in the C-terminal and random coils in the N-terminal, which
respectively increase and decrease when Annexin All is bound to calcium, and calcium induced

structural changes increased Annexin A1l thermal stability (Lecona et al., 2003). One of largest
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segments to be structurally resolved is rat A188AnnexinAll, which has sequence homology with
human Annexin A1l of 93.3% for the full-length protein and 96.5% for the core structure.
Crystallisation of rat A188AnnexinAll indicates classic Annexin C-terminal structure with four
subdomains each containing a-helices, and a trimeric assembly of monomeric proteins, with all
calcium binding sites on the same face to support membrane binding (Figure 1.3). Calcium binding
causes a localised conformational change that allows membrane binding but does not alter the gross
tertiary structure of the core Annexin domain (Lillebostad et al., 2020). Some evidence for post-
translational modification of Annexin All exists, including phosphorylation in multiple cellular

models (Furge et al., 1999; Mizutani et al., 1993)

ANXA11 contains 15 exons and 14 introns (Morgan et al., 1998). Three isoforms of ANXA11 mRNA
have been reported in humans, however it has been noted that there is only one known protein
product (Bances et al., 2000). Two isoforms are included in the protein database UniProt, which
indicates that alternative splicing at the N-terminal leads to the presence of two isoforms, with one
missing the first 33 amino acids (The UniProt Consortium, 2019). No characterisation of neuronal
ANXA11 isoforms have been reported, perhaps due to its relatively recent implication in
neurodegeneration and neuronal function as a whole. Although certain ANXA11 genetic regions,
including mutation hotspots which are discussed in the following section, are highly conserved
(Smith et al., 2017), there is some evidence that splicing patterns differ across species (Bances et al.,
2000). Elucidation of ANXA11 splicing patterns in motor neurons may be of significance, particularly

in light of evidence that splicing abnormalities are a common feature of ALS (1.10).
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Model Confidence:

.V('ry high (pLDDT > 90)

B Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

B Very low (pLDDT < 50)

AlphaFold produces a per-residue
confidence score (pLDDT) between 0 and
100. Some regions with low pLDOT may be
unstructured in isolation.

Figure 1.3 Structure of Annexin A11
(A) The most well-defined crystal structure of Annexin A11 is the C-terminal of rat A188AnnexinA1l1l,

which has four Annexin A1l core repeats that contain a-helices, calcium molecules are represented
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as pink spheres to indicate calcium binding sites. (B) Protein structure prediction in AlphaFold
indicates an a-helices rich C-terminal with very high model confidence and a long, disordered N-
terminal with very low model confidence (the same model is shown from different angles). (C) C-
terminal domains of rat A188AnnexinAl1l (in colour) likely create a tetrad with calcium binding
regions on the same face, which is similar to that of Annexin A5 (superimposed in grey). (A) and (C)

are from (Lillebostad et al., 2020), and (B) is taken from UniProt (The UniProt Consortium, 2019).

1.20 Mutations in ANXA11 cause ALS

Mutations in ANXA11 were associated with ALS through exome sequencing of 751 familial ALS cases
in a European population, leading to the recognition of ANXA11 missense mutationsin 12 individuals.
The D40G mutation was initially identified in two separate British kindreds, where multiple family
members were affected by disease, and the same mutation was subsequently identified in additional
unrelated fALS and sALS patients, alongside other non-synonymous point mutations (Smith et al.,
2017). Disease onset in the initial patient cohort occurred in the limb or bulbar region between the
ages of 50-83, with a mean age of onset of 67 years and disease duration of 12-181 months,
indicating a broad clinical presentation. None of these patients showed signs of FTD, however
ANXA11 mutations in patients presenting with ALS-FTD have since been recognised (Teyssou et al.,
2020; Wang et al., 2022; Zhang et al., 2018). Further evidence of ANXA11 mutations in ALS has been
reported in multiple populations, including in additional European, African, South American, and
Asian genetic cohorts, highlighting the global impact of ANXA11 mutations (Liu et al., 2019; Miiller
et al., 2018; Nagy et al., 2022; Nahm et al., 2020; Nel et al., 2022; Nunes Gongalves et al., 2021;
Sainouchi et al., 2021; Teyssou et al., 2020; Wang et al., 2022; Zhang et al., 2018). A summary of
published ALS associated genetic mutations in ANXA11 is included in Figure 1.4 and it should be

noted that functional confirmation of pathology has not been completed in every instance.

ALS associated ANXA11 mutations (from now collectively referred to as ANXA11lmut) predominantly
reside in the disordered N-terminal, perhaps suggesting an interference with protein-protein

interactions, or affectation to the phase-separation properties of Annexin A11. Mutations also occur
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in the core Annexin phospholipid binding domain of ANXA11, and elucidation of whether the same

cellular phenotype exists when mutations reside in different functional domains of the gene will be

necessary.
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Figure 1.4 ALS-associated genetic mutations in ANXA11

Multiple ALS-associated mutations in ANXA11 have been identified since 2017 and reside in both the

disordered N-terminal and the C-terminal core Annexin domain.
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1.21 Histopathology in ANXA11 ALS

Perhaps the most striking evidence for ANXA11 association with ALS pathology was the identification
of large inclusions positive for Annexin All in patient post-mortem tissue: Spinal motor neurons
from one sALS patient harbouring the ANXA11 D40G mutation showed basket-like and filamentous
Annexin Al11 inclusions, which were absent in control and non-ANXA11 ALS tissue (Smith et al.,
2017). Annexin A1l positive aggregates were seen alongside typical TDP-43 pathology, with
additional evidence of ubiquitin and pTDP-43 inclusions, and Annexin All aggregates were also
detected in the motor cortex (Smith et al., 2017). Annexin A1l aggregates were later detected in
post-mortem spinal cord, frontal cortex, motor cortex, dentate gyrus, caudate nucleus, and dentate
nucleus tissues from a sALS patient with an ANXA11 G38R mutation (Teyssou et al., 2020). Tissue
from a patient with an ANXA11 splice variant showed Annexin A1l positive aggregates in multiple
spinal cord and brain regions, and Annexin A1l and pTDP-43 were shown to partially co-localise in
some skien-like neuronal cytoplasmic inclusions (Sainouchi et al., 2021). Some of the histopathology
identified in these cases are included in Figure 1.5. In addition to these examples from ANXA11mut
ALS patients, Annexin A1l aggregation has been reported in brain tissue harbouring a mutation in

FUS (Nahm et al., 2020), and in a non-ANXA11 sALS case in rare neurons (Sainouchi et al., 2021).
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Figure 1.5 Post-mortem tissue analysis in ANXA11 ALS

Reported evidence of protein aggregation in post-mortem analysis includes spinal cord tissue from
a sALS patient with an ANXA11 D40G mutation, revealing (A) ALS typical pTDP-43 cytoplasmic
accumulation and (B-E) Annexin A11 positive inclusions in the spinal cord, as well as (F) Annexin A11
positive inclusions in the motor cortex. Annexin A1l inclusions were not detected in (G) sALS or (H)
control spinal cord. (1, J) Spinal cord tissue from a patient with an ANXA11 G38R mutation included
Annexin All positive aggregates. A patient with an ANXA11 splice mutation had Annexin All
positive aggregates in (K) the anterior horn and (L) hypoglossal nucleus. (A-H are taken from (Smith
et al., 2017); I-J are taken from (Teyssou et al., 2020); K-L are taken from (Sainouchi et al., 2021)).
Scale bars represent: 30um (A, E, G); 20um (B, C); 15um (D); 50um (F); 25um (H); 10um (I, J); 60um
(K, L).

1.22 Annexin A11 function in health and disease

Annexin Al1 is expressed throughout the body, with multiple cellular functions and varying patterns
of localisation dependent on cell-type and cell-cycle, as demonstrated by The Human Protein Atlas
(https://www.proteinatlas.org/ENSG00000122359-ANXA11/subcellular). Due to its ubiquitous
nature, the known functions of Annexin A11 have often been demonstrated in specific cell types,

and whether these functions translate to neuronal processes is not clear. Annexin A11 redistributes
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from the cytoplasm to the mitotic spindle during the cell cycle in HEp-2 cells (a cancerous cell line),
can fluctuate between nuclear and cytoplasmic localisation in response to calcium levels in COS-7
cells (monkey kidney-derived fibroblast-like cells), and localises to granules in neutrophils and
eosinophils (Farnaes & Ditzel, 2003). In cholangiocytes (liver cells), Annexin All localises to
membranes and mediates expression of the membrane chloride channel ANO1 (Herta et al., 2021),
and there is some evidence that Annexin Al1 is involved in release of insulin from pancreatic S-cells
(lino et al., 2000). These examples demonstrate the broad functions of Annexin Al11, and it will be
necessary to focus on CNS and ALS specific characteristics to understand why specific mutations

result in motor neuron degeneration.

Annexin All is present in both the nucleus and cytoplasm of multiple cell types, however the
mechanisms mediating its localisation are unknown. It has been demonstrated that the N-terminal
is necessary for nuclear localisation in COS-7 cells (Mizutani et al.,, 1995), and a potential
Karyopherinfs2 nuclear localisation signal recognition site has been identified in the N-terminal, but
functional evidence has not been reported (Lee et al., 2006). Overexpression of WT Annexin A1l in
mouse primary neurons reveals a punctate staining pattern throughout neurites, alluding to a
neuronal role in vesicle trafficking, and this punctate pattern was altered in the presence of ANXA11
G38R and R235Q, but not D40G, mutations (Smith et al., 2017). Annexin A1l binds to multiple
phospholipids (Lecona et al., 2003; Liao et al., 2019), strengthening the notion that it may be involved
in vesicle trafficking or metabolism. One of the primary interactors of Annexin A1l is S100A6, also
known as calcyclin. This interaction was first characterised alongside evidence that Annexin All
locates to the nucleus in response to changes in intracellular calcium. The same study found that
Annexin All is present at the midbody during cytokinesis, and at the regenerating nuclear
membrane after cellular fission (Tomas & Moss, 2003). Although this may be of reduced relevance
for post-mitotic neurons, it alludes to a role of Annexin A11 in nuclear membrane repair which may
be of relevance to nucleocytoplasmic transport dynamics in ALS (1.13). Additionally, RNA sequencing

data indicate that ANXA11 mRNA transcripts are more abundant in astrocytes and microglia than
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neurons (Zhang et al., 2014, 2016), indicating that mitotic functions of Annexin A11 could influence
neuronal health in a non-cell-autonomous manner. S100A6 is an EF-hand calcium-binding protein
expressed in multiple cell-types including some neurons and astrocytes, and it has functions in
proliferation, apoptosis, stress response, and cytoskeleton dynamics (Donato et al.,, 2017).
Expression of S100A6 is upregulated by species that evoke oxidative stress (Lesniak et al., 2005), and
S100A6 is overexpressed in a SOD1 mouse model of ALS (Hoyaux et al., 2000), in astrocytes
associated with impaired motor axons in both mouse and human ALS models (Hoyaux et al., 2002),
and in D40G ANXA11 ALS and sALS spinal cord (Smith et al., 2017). ANXA11 G38R and D40G reside
near the S100A6 binding domain (Sudo & Hidaka, 1998), and were anticipated to disrupt a predicted
a-helix structure (Smith et al.,, 2017). Functional characterisation showed that while ANXA11
mutations D40G, G189E, and R235Q resulted in reduced S100A6 binding compared to WT, binding
was markedly increased in the context of the G38R mutation (Smith et al., 2017). Knockdown of TDP-
43 can result in increased expression of S100A6 transcripts (Polymenidou et al., 2011), and TDP-43
aggregates are found in ANXA11 ALS post-mortem tissue (Figure 1.5), suggesting a link between TDP-

43 pathology, Annexin A1l, and S100A6.

Annexin A11 directly interacts with FUS, EWSR1, and hnRNPA1 in a calcium dependent manner, and
endogenous FUS becomes more cytoplasmic when mutant, but not WT, ANXA11-GFP is
overexpressed in NSC-34 cells (Nahm et al., 2020). Downregulation of ANXA11 mRNA was detected
in iPSC-derived motor neurons harbouring a mutation in VAPB, highlighting the potential relevance
of Annexin A11 across multiple ALS types, however this wasn’t consistent across all cell lines included
in this study (Oliveira et al., 2020). The binding of Annexin A11 to partners ALG-2 and sorcin was not
altered in functional studies investigating ALS-specific mutations (Smith et al., 2017), indicating
motor neuron pathology may be independent of these interactions. A reduction in Annexin A1l
protein stability has been suggested to result from G38R and D40G mutations in vitro, without
affecting protein solubility, indicating a potential loss of function (Liao et al., 2018). Expression of

ANXA11 constructsin HEK293 cells showed comparable solubility of ANXA11 G38R, D40G, and G189E
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compared to WT, but highlighted an increase in insolubility when ANXA11 R235Q was expressed
(Smith et al., 2017). Co-expression of ANXA11 R235Q and S100A6 constructs reduced insolubility of
the mutant Annexin A1l protein, which was restored on inhibition of proteasomal degradation,
indicating that S100A6 has a role in maintaining Annexin A11 solubility and that mutant Annexin A11
aggregates are processed by the ubiquitin proteasome pathway (Smith et al., 2017). Analysis of
Annexin A1l degradation in rat lung tissue suggests that it occurs independently of calpain activity
(Barnes & Gomes, 2002), however the proteolytic pathways that mediate Annexin A11 turnover are

poorly defined.

In transfected Hela cells, WT, G38R, and D40G Annexin A1l localise to the nuclear membrane in
response to ionomycin induced calcium increase, however mutations in the phospholipid membrane
binding domain result in ionomycin induced aggregation of Annexin A1l (Nahm et al., 2020). The
same study showed that ANXA11 ALS patient fibroblasts harbour increased basal calcium levels
compared to control, alongside reduced calcium release in response to thapsigargin treatment,
indicating disrupted calcium homeostasis in ANXA11 ALS. Annexin A1l interacts with phospholipids
in a calcium dependent manner, including PI(3,5)P; (Liao et al., 2019). Notably, mutations in FIG4
have been associated with ALS, and the corresponding FIG4 protein regulates this phospholipid
(Chow et al., 2009). PI(3,5)P,is expressed in Lamp1 positive lysosomes, and the interaction between
Annexin A1l and PI(3,5)P, was shown to enable RNP hitchhiking on lysosomes that are being
transported along axons, using Annexin All as a tether, and this interaction is impaired in the
context of ALS ANXA11 mutations (Liao et al., 2019). The Annexin A1l low-complexity N-terminal
interacts with RNPs including G3BP1, and the core Annexin domain interacts with phospholipid
membrane bound vesicles. The importance of RBPs in ALS pathology is discussed in 1.10, and
evidence of RNP regulation by Annexin A11 is intriguing. The function of Annexin A11 as a molecular
tether may extend beyond interactions between lysosomes and RNPs: Local protein translation in
retinal ganglion axons localises to membrane-bound late endosomes (Cioni et al., 2019), and it is

plausible that Annexin Al1l also stabilises this process through its unique two-part structure. In
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HT1080 (a fibrosarcoma cell line) and HEK293 cells, Annexin A11 stabilises the ER exit site (ERES), the
initial point at which vesicular cargos are released after processing within the ER, via the Golgi, for
transport within or from the cell (Shibata et al., 2015). Collectively these data suggest a possible role
of Annexin A11 in stabilising local translation at multiple points; by constituting connections between
vesicles and mRNA-bound RBPs, and by stabilising the site at which newly synthesised proteins are
released into the cell. Further, Annexin A1l has been shown to interact with the stress granule
protein G3BP1 (Liao et al., 2019; Markmiller et al., 2018), which has been shown to negatively
regulate translation in response to axonal injury (Sahoo et al., 2018). The importance of axonal local
protein synthesis in ALS is discussed in 1.10 and is an interesting point of investigation: It might
explain why specific mutations in ANXA11 can lead to motor neuron degeneration despite the

expression of Annexin A11 throughout the body.

Annexin A1l has been shown to localise to stress granules in multiple overexpression models. In
Hela cells, comparable Annexin A11-GFP inclusion to mCherry-TIA1 stress granules was seen across
WT, G38R, D40G, H390P, and R456H Annexin A11-GFP in response to sodium arsenite treatment,
however reduced stress granule disassembly was seen in the presence of ANXA11 ALS mutations
(Nahm et al., 2020). U20S cells expressing ANXA11 constructs showed Annexin A1l localisation to
stress granules when WT or D40G Annexin A1l was expressed, but Annexin A11 R235Q and R346C
localisation to stress granules was reduced (Liao et al., 2019). WT and mutant ANXA11-GFP encoded
proteins were shown to aggregate in the cytoplasm in NSC-34 cells in response to sorbitol treatment,
and D40G and H390P Annexin A11-GFP co-aggregated with FUS in the cytoplasm 30 minutes after
stress recovery, whereas WT Annexin Al1 stress granules dissolved (Nahm et al., 2020). In patient
fibroblasts, Annexin A1l inclusion into sodium arsenite induced stress granules was comparable
across control and patient-derived cells, however pre-treatment with the calcium chelator BAPTA
inhibited only WT Annexin Al1l inclusion to TIA1 positive stress granules, and did not affect the
inclusion of mutant Annexin A11, indicating that mutant Annexin A11 is not properly mediated by

calcium (Nahm et al., 2020).
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In addition to its role in ALS, genetic alterations in ANXA11 are associated with sarcoidosis,
autoimmune disease, neurofibromatosis type 1, and multiple cancers (He et al., 2022; Hua et al.,
2018; Hubers et al., 2018; Karakaya et al., 2022; Liu et al., 2015, 2016; Mirsaeidi et al., 2016; Song et
al., 2009; Wang et al., 2014). A D40Y ANXA11 mutation was detected in a kindred with multi-system
pathology including ALS/FTD and inclusion body myopathy, with evidence of cerebral white matter
damage in the corticospinal tracts, and TDP-43 and Annexin A1l pathology in muscle (Leoni et al.,
2021). The same D40Y mutation was recently identified in a Greek family affected by adult-onset
muscular dystrophy without ALS diagnosis (Johari et al., 2022). The ubiquitous expression of Annexin
A1l throughout the body, as well as association of ANXA11 mutations with multiple diseases, alludes
to a neuron-specific function that is selectively affected by ALS associated mutations. The recent
identification of mutations in ANXA11 as causative of ALS means that consequent cellular
pathologies are not well understood, and to develop viable targets for therapeutic intervention a
clearer characterisation of Annexin A11 motor neuron function is necessary. As with many genetic
mutations that cause disease in a small percentage of the total patient population, elucidation of
dysregulated pathways may shed light on pathogenesis that is applicable across many cases.
Investigation into the consequences of ANXA11 mutations in motor neurons is therefore of great

interest in the pursuit of treatment strategies for ALS.

1.23 Induced pluripotent stem cells — an important model for ALS research

Despite huge efforts in searching for viable treatments for ALS, the thousands of clinical trials that
have been conducted over the last 20 years have been largely unsuccessful (Petrov et al., 2017).
There are many variables contributing to the failure of clinical trials, and it has been posited that one
reason is the reliance on testing therapies in animal models that do not fully recapitulate human
disease. The use of human stem cells has circumvented some of these issues as differentiation of

stem cells into various cell types enables the assessment of live human-derived cells. There are
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limitations with cellular models when compared to the complexities of an entire organism, but they

fill an important role as human-derived research models.

Early studies utilising human stem cells relied on embryonic stem cells (hESCs) which are burdened
with ethical implications, and so the search for an alternative human stem cell model was prioritised.
This goal was realised in 2006 with the discovery of iPSC technology (Takahashi & Yamanaka, 2006).
iPSCs are stem cells that have been derived through forced expression of pluripotency genes in a
somatic cell, causing reversal of differentiation, which returns the cell to a naive stem cell fate. Prior
to this discovery, the success of cloning studies had demonstrated that the nucleus of an adult cell
has the potential to orchestrate the development of an entire animal, and therefore that epigenetic
silencing of stem cell and developmental genes is reversible (Campbell et al., 1996). It was 10 years
later that the successful reprogramming of mouse fibroblasts into cells that mimicked the
characteristics of ESCs was reported by Takahashi and Yamanaka. Through screening pluripotency
genes for the potential to induce a stem cell state, four key reprogramming genes were identified:
OCT-3/4, SOX2, C-MYC, and KLF4 (Takahashi & Yamanaka, 2006). One year later the same factors
were shown to successfully induce reprogramming of human fibroblasts into iPSCs — a milestone in
modern research (Takahashi et al., 2007). These cells were shown to behave as hESCs, mimicking
their morphology and differentiating into cells from the three germ layers of the blastocyst. Since
then, production of iPSCs from multiple somatic tissue-types has been reported, including
keratinocytes (Aasen et al., 2008), peripheral blood mononuclear cells (Quintana-Bustamante &
Segovia, 2014), immortalised LCLs (Barrett et al., 2014), and even renal tubular cells found in urine

(Zzhou et al., 2011).

The brilliance of iPSCs is that they can be derived from members of the healthy population, and from
those with disease. There is now a wealth of research that shows that iPSC models derived from
diseased patients recapitulate the human pathology in the laboratory. Optimisation of
differentiation protocols by multiple research groups has made it possible to produce cultures of
highly specified cell types from iPSCs, with relevance to tissue specific disease. In the case of ALS and
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FTD, protocols are readily available that produce cultures of spinal motor neurons, cortical neurons,

glial cells such as astrocytes, and skeletal muscle.

In addition to differentiation of iPSCs into desired cell types, some studies have utilised direct
conversion of patient fibroblasts into neurons and glia through forced expression of cell-fate specific
genes and transcription factors, bypassing the iPSC reprogramming process (Caiazzo et al., 2015;
Quist et al., 2022; Vierbuchen et al., 2010). The patient fibroblast source is more finite, and multiple
studies have recognised the necessity of low-passage fibroblasts for efficient conversion. However,
they have the benefit of epigenetic profile retention, and have been shown to display some added
age-associated gene expression effects when compared to iPSC-derived cells (Mertens et al., 2015,
2021). Notably, published conversion protocols utilise fibroblasts and no other somatic cell types,
and this could be due to the derivation of both neurons and fibroblasts from the neuroectoderm,
hinting toward some limitations of direct conversion. As an example of direct fibroblast conversion
in ALS research, astrocytes generated from sALS, SOD1, and C90ORF72 ALS patients exert non-cell

autonomous toxicity on motor neurons when in co-culture (Meyer et al., 2014).

1.23.1 CRISPR-Cas9

In addition to patient derived lines, it is possible to genome edit iPSCs with CRISPR-Cas9 technology.
CRISPR-Cas9 can be used to insert disease-causing mutations into WT iPSC lines, correct known
mutations to transform patient derived lines into their WT counterparts, and produce homogenous
and heterogeneous knockout lines. One utilisation of CRISPR-Cas9 edited lines is to confirm causality
of genes identified in genetic association studies. As many SNPs are inherited together in haplotypes,
confirmation that specific genes or variants within that loci are responsible for the associated
phenotype can be challenging. It is possible to target risk genes with CRISPR, for example by
“inserting” suspect SNP changes, and observing the consequences. This replaces the need for
overexpression constructs, which can result in phenotypic changes due to increased expression of
genes, and do not represent endogenous expression levels. The benefit of creating isogenic iPSC
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lines, where CRISPR-Cas9 is utilised to create a pair of cell lines that differ only in the target mutation,

is that the influence of genetic background on cellular phenotypes is removed.

Once iPSCs have been genome edited, it is vital to undertake thorough characterisation of cell lines.
It should be confirmed that no on- or off-target effects have occurred, and the only resulting change
is in the target gene, ideally with whole genome sequencing. PCR and Sanger sequencing can give
misleading results if large on-site insertions have been introduced, and a screen of 27 isogenic iPSC
lines revealed that 33% had large genomic onsite abnormalities that had been missed by PCR/Sanger
sequencing (Simkin et al.,, 2022). It is well recognised that many ALS genes display reduced
penetrance, suggesting that additional genomic and environmental factors are necessary for
identified mutations to cause disease. Therefore when utilising CRISPR/Cas9 generated models of
ALS it might be necessary to insert mutations into multiple control lines to truly elucidate the
consequences of disease-causing mutations. Evidence of isogenic line variability is poorly published,
but examples include altered cryptic exon inclusion in mutant TARDBP isogenic iPSC lines derived in
different laboratories and from different control lines (Smith et al., 2021). Although the authors
simultaneously report multiple correlating phenotypes across different isogenic lines (including
protein mislocalisation and mitochondrial abnormalities), it is important to note that variability is
present, hence multiple cell lines should be included in robust study design, regardless of whether

cell models are isogenic or patient-derived.

1.23.2 Lessons from iPSCs in ALS research

iPSCs are particularly useful for modelling sALS, where genetic factors are unidentified and therefore
using patient tissue is the only way to represent these genetic landscapes in an experimental setting.
As an example, multiple iPSC lines were generated from sALS patients and screened for novel
treatment compounds, identifying ropinirole as a potential therapeutic candidate (Fujimori et al.,
2018). Neuronal excitability in iPSC-derived motor neurons was established with high-throughput

live imaging, and a screen identified 67 small molecules that reduced hyperexcitability in mutant

92



SOD1 motor neurons. Bioinformatics analysis was then implemented to delineate common targets
of efficacious small molecules, identifying AMPA receptors, Kv7.2/3 ion channels, and D2 dopamine
receptors as modulators of motor neuron excitability (Huang et al., 2021). Additionally, high-
throughput analysis of the neurotoxic effects of small molecules on iPSC-derived neurons
representing multiple large haplotype populations has been demonstrated as a means to exclude
new therapeutics from further development (Huang et al., 2022). The vast majority of publications
utilising iPSCs in ALS research focus on the four most prevalent and well-characterised genetic
models: C90RF72, SOD1, TARDBP, and FUS, and the generation of iPSCs that represent smaller
patient populations both increases the representation of ALS heterogeneity and enlightens new
disease mechanisms. Many disease phenotypes are recapitulated in CNS cells derived from ALS
patient and CRISPR-Cas9 edited iPSCs, including protein aggregation, altered electrophysiological
state, changes in neurite outgrowth, mitochondrial deficits, and transcriptomic alterations, to name

a few, and examples have been referenced throughout this thesis.

1.24 Thesis aims and hypotheses

iPSCs that have been derived from patients with known ALS causing genetic mutations are now
utilised in many instances of ALS research, with increasing availability of lines leading to better
understanding of disease. iPSC lines harbouring mutations in ANAX11 are yet to be published,
excluding some of those that were generated-for and included-in this thesis (Hedges et al., 2021).
The present doctoral thesis includes a summary of the production and characterisation of novel iPSC
lines from control and ALS patients with ANXA11 mutations, and the utilisation of iPSC-derived motor
neurons and astrocytes for investigation of ALS pathogenesis. These lines include ANXA11 G38R,
D40G, and R234Q mutations, representing point mutations in both the disordered N-terminal and

the core annexin domain (Smith et al., 2017).

As mutations in ANXA11 were recently associated with ALS, little is known about the role of Annexin

A1l protein in neurons, or how ANXA11 mutations lead to motor neuron degeneration. Gross

93



localisation of Annexin A1l and TDP-43 protein, calcium dynamics, stress granule response, and
other potentially disrupted pathways remain undefined in patient-derived cultures. Further, Annexin
A1l has a potential and unexplored role in stabilising local protein translation in motor neurons,
which may explain the specific motor neuron vulnerability seen in ANXA11 ALS. In addition to initial
cellular phenotyping of novel ANXA11 iPSC lines, a hypothesis was established: ALS associated
mutations in ANXA11 lead to motor neuron pathology, including altered neuronal architecture and
activity, and perturbed RNA biology encompassing stress granule dynamics, RNA transport, and local

translation.

Utilising patient lines collected from individuals harbouring ANXA11 mutations, the following aims

were established:

=  Generation of iPSC models from ANXA11lmut patients, and age- and sex-matched controls
(Chapter 3)

=  Optimisation of motor neuron-astrocyte co-culture to enable assessment of disease-
relevant cells (Chapter 3)

= Assessment of Annexin A1l protein distribution in patient-derived models (Chapter 4)

= Assessment of ALS-hallmark TDP-43 in ANXA11 ALS patient-derived models (Chapter 4)

= |nvestigation of neuron-specific cell compartment vulnerability with neurite outgrowth
analysis (Chapter 5)

= |nterrogation of spontaneous calcium activity in ANXA11 ALS motor neurons (Chapter 5)

= |nvestigation of axonal RNA transport in the context of ANXA11 mutations (Chapter 6)

=  Analysis of Annexin Al1l inclusion to stress granules (Chapter 6)

= Assessment of the role of Annexin A1l in local protein synthesis (Chapter 6)
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Chapter 2 Materials & Methods

Unless otherwise specified, cell culture reagents were acquired from Thermo Fisher Scientific and
chemicals were purchased from Merck KGaA. Experiments were performed at ambient room

temperature in all instances where the specific temperature is not stated.

2.1 Cell culture

Cell culture was performed in a Class Il laminar flow hood under sterile conditions, and cells were
maintained in humidified incubators set to 37°C with 5% CO,. Hypoxic incubators were set to 5% O..

Media was pre-warmed before use.

2.1.1 Preparation of cell culture plates

Unless otherwise stated, cells were cultured on Nunc Cell Culture Plastics coated with extracellular
matrices. Aliquoted Geltrex™ was defrosted on ice for approximately 1 hour, resuspended in cold
plain DMEM in a 1:100 dilution, added to cultureware, and maintained in an incubator for 1 hour
before use. Residual solution was removed before the addition of cell suspension. Matrigel®
(Corning) extracellular matrix was prepared in the same way with the exception that preparation of
aliquots was based on the data sheet for each Matrigel® lot. Aliquots prepared from the ‘dilution
factor’ detailed on each data sheet were diluted in 25mL for NPC culture, and in 40mL for astrocyte
culture. Preparation of cultureware for motor neurons or motor neuron-astrocyte co-culture is
detailed in 2.1.8. Geltaine coating was prepared by dissolving 100mg porcine gelatine in 100mL PBS

and autoclaving, then adding to cultureware or glass coverslips for 1 hour before addition of cells.
2.1.2 Induced pluripotent stem cell culture

iPSCs were cultured in hypoxic incubators with Essential 8 flex™ growth media (E8 flex) on Geltrex™

coated 6-well plates. Media was changed every 2-3 days following the manufacture guidelines. When
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at ~80-90% confluency, iPSCs were passaged with Versene® (Lonza) in a 1:6 ratio. Briefly, spent
media was removed and 1mL Versene was added to each well on a 6-well plate. Once gaps emerged
between cells at the edges of colonies, Versene was removed and fresh E8 flex was added, causing
cells to lift from the plate. Care was taken to avoid titration to the point of single cell suspension,
and small colonies were transferred to new Geltrex™ coated plates. To freeze iPSCs, the same
protocol was followed, however after removal of Versene, cells were resuspended in freezing media
consisting of E8 flex with 10% DMSO and 10puM ROCK inhibitor to increase cell survival.
Approximately 1mL freezing media was used to resuspend each well of a 6-well plate, and one well
was transferred to one cryovial. Cryovials were transferred to Nalgene® Mr. Frosty (Merck KGaA) or
CoolCell® (Corning) containers. These were immediately transferred to a -80°C freezer, and vials

were transferred to liquid nitrogen stores within the following week.

2.1.3 Lymphoblastoid cell line culture

LCLs were grown in 5% CO, normoxic incubators in RPMI 1640 with 10% fetal bovine serum (FBS)
and 1x GlutaMAX™, in non-adherent T25 flasks. Spent media was replaced every 2-3 days by carefully
removing media with low power aspiration, and fresh media was added. To passage LCLs, cells were
titrated with fresh media and ~25% of the cell suspension was transferred to a new flask. For
cryopreservation cells were resuspended in FBS with 10% DMSO, transferred to cryovials, placed in
Nalgene® Mr. Frosty or CoolCell® containers, and transferred to a -80°C freezer. Frozen vials were

transferred to liquid nitrogen vessels within one week for long term storage.

2.1.4 Reprogramming LCLs into iPSCs with episomal plasmids

Reprogramming with episomal plasmids was adapted from (Barrett et al., 2014). Two days before
electroporation (day -1), LCL aggregates were gently titrated to form a single cell suspension to
encourage cell division. The next day, ~350,000 mitomycin C inactivated mouse embryonic

fibroblasts (MEF) were plated per well of a 6-well plate coated with 0.1% gelatine in MEF media
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(DMEM, 1x GlutaMax™, 10% FBS). On Day 1, electroporation was performed following exactly the
Amaxa™ Human B Cell Nucleofector™ kit using programme E-010 in a Nucleofector™ 2b Device
(Lonza). One million LCLs were transfected with 1.5ug of each plasmid (addgene codes: #20927,
#27077, #27080, #27078), placed directly onto inactivated MEF in 2mL LCL media after removal of
spent MEF media, and maintained under normoxic conditions. The next day, 3mL of LCL media was
added. On days 5, 6, and 7, 1mL reprograming media (RM) (Table 2.1) was added to each well. On
day 8, total spent media was removed and replaced with fresh RM. Spent RM was replaced every 1-
2 days depending on cell confluency and evidence of media depletion. By approximately day 15 small
colonies were identified and media was transitioned to E8 flex until colonies were large enough to
manually collect using an in-hood microscope with a P200 pipette. Once collected, new iPSC colonies
were transferred to Geltrex® coated plates in E8 flex supplemented with 10uM ROCK inhibitor and
transferred to a hypoxic incubator. iPSCs were maintained in E8 flex until large enough to passage
using Versene as detailed in 2.1.2. A schematic of iPSC derivation including emergence of a new iPSC
colony is detailed in Figure 2.1. iPSCs were frozen as original stocks soon after derivation, as fully
characterised seeding stocks, and as working stocks which had been expanded from seeding stocks
for use in experiments (Figure 2.2). No stocks were frozen from “left-over” working stocks so that

genomic stability and low passage number for experimental procedures were maintained.

Table 2.1 Reprogramming media (RM)

Reagent Final concentration
DMEM/F12, Glutamax™ 1x
Non-essential amino acids (NEAA) 1x

N-2 Supplement 1x

B-27™ Supplement 1x
B-mercaptoethanol 0.1uM
hFGF-basic (PeproTech) 100ng/mL
hLIF (Merck KGaA) 1000units/mL
PD-0325901 (BioVision) 0.5uMm
CHIR99021 (Cayman Chemical) 3uM

HA-100 (Santa-Cruz Biotechnology) 10uM

A83-01 (BioVision) 0.5uMm
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Figure 2.1 Reprogramming LCLs into iPSCs with episomal plasmids

LCLs were nucleofected with plasmids harbouring reprogramming factors and maintained on
inactivated MEF. Media was transitioned to allow reprogramming to occur, and new iPSC clones
were identified. These were selected and expanded in cell culture to produce established cell lines

that were banked and characterised before use in experiments.
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Figure 2.2 Production of original, seeding, and working iPSCs stocks

Newly reprogrammed iPSCs were cryopreserved as original stocks. Clones were then subject to
characterisation experiments. Once these were successfully completed, seeding stocks of fully
characterised clones were cryopreserved. One vial of seeding stock was passaged 2-3 times to
produce working stocks. Due to low number of passages from seeding stock to working stock (2-3),
the characterisation results from seeding stocks are applicable to working stocks. Working stocks
were used for experiments, and iPSCs left over from experiments were discarded and never re-

frozen.
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2.1.5 Reprogramming LCLs into iPSCs with Sendai Virus

In some instances, LCLs were reprogrammed into iPSCs using Sendai virus (SeV) harbouring
pluripotency genes using the CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher
Scientific). On day one, 150,000 cells were transduced as per manufacturer instructions, with an
additional “spinfection” centrifugation step of 2250 RPM for 90 minutes in a large benchtop
centrifuge, immediately after the virus was added to LCLs. LCLs were maintained in LCL media for 48
hours, with a media change at 24 hours. LCLs were transferred onto inactivated MEF and maintained
in LCL media until day 5. Transition to RM (Table 2.1) and selection of colonies was then completed

as described in 2.1.4.

2.1.6 Mouse embryonic fibroblast inactivation

MEF were used as a feeder layer in reprogramming experiments to enable LCL attachment and
successful reprogramming (2.1.4; 2.1.5). To prevent MEF from overpopulating the cell culture, they
were pre-treated with mitomycin C to cross-link double stranded DNA, thus inhibiting cell division.
Commercially acquired MEF (Merck KGaA) were grown in T175 flasks on 0.1% gelatine in MEF media
(DMEM, GlutaMAX™, 10% FBS) under normoxic conditions until confluent. Mitomycin C was diluted
to 10pug/mL in MEF media, filtered, and added to cells for 3 hours. Spent media was removed and
cells were washed three times with pre-warmed PBS to remove any residual mitomycin C. Cells were
dissociated with Trypsin, collected in DMEM, and centrifuged at 1000 RPM for 4 minutes in a large
benchtop centrifuge. The supernatant was removed and the cell pellet was resuspended in MEF
media for counting. One million cells were frozen per cryovial, in freezing media consisting of FBS
with 10% DMSO, using Nalgene® Mr. Frosty or CoolCell® containers at -80°C. Frozen vials were

transferred to liquid nitrogen vessels within 1 week for long term storage.

99



2.1.7 Motor neuron differentiation

Motor neuron differentiation was driven by small molecule induction (Maury et al., 2015), following

a protocol optimised in the Shaw group by Dr Jenny Greig.

To form embryoid bodies (EBs), iPSCs were incubated with fresh E8 flex with 10uM ROCK inhibitor
(Day 0). After 3-4 hours, media was collected in a 15mL tube and cells were incubated with Versene
to dissociate cells. Versene was removed and the kept media was used to collect and resuspend cells
to form single cell suspension. Cells were centrifuged at 1000 RPM for 4 minutes in a large benchtop
centrifuge, the supernatant removed, and the pellet was resuspended in Media 1 (Table 2.2) to form
a single cell solution with gentle titration. 1x10° cells were transferred to each well of a U-bottom
96-well plate in 200uL of Media 1. Immediately prior to centrifugation, cells were gently titrated with
a multi-channel pipette to resuspend any sunken cells, and plates were centrifuged at 1500 RPM in
a large benchtop centrifuge for 4 minutes with a slow break. Plates were transferred to a hypoxic
incubator and left overnight. The next day (Day 1), EBs were transferred to a 6-well plate using a
sterile Pasteur pipette in Media 2 (Table 2.2), with a maximum of ten EBs per well. Media changes
were performed by tilting plates, allowing EBs to settle to the bottom edge of the well, and removing
spent media with a pipette. Fresh media was added with small molecule and growth factor changes
on specific days, as detailed in Figure 2.3 and Table 2.2. On day 11, EBs were transferred to 15mL
tubes with a Pasteur pipette and all residual media was removed, 2mL of room temperature
Accutase was added and EBs were incubated at 37°C for ~10 minutes. 1-2mL of motor neuron
maturation media (MM) (Table 2.2) with 5uM ROCK inhibitor was added, and EBs were gently but
thoroughly titrated with a P1000 pipette to yield single cell suspension. Cells were centrifuged at
1000 RPM for 4 minutes in a large bench top centrifuge, supernatant was removed, and pellets were
resuspended in MM with 5uM ROCK inhibitor. Cells were counted and plated onto astrocytes
(2.1.10) or directly onto pre-prepared cultureware (2.1.8). The number of motor neurons plated in
different conditions are detailed in Table 2.3. Differentiated neurons were maintained in 5% CO;

normoxic incubators, with partial MM changes every 2-3 days, until ready for use in experiments.
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DAPT was included in MM for 1 week after EB dissociation and was then excluded from MM for long

term culture.

Day 0 EB formation: Medium 1

Day 1 Transfer EBs to 6 well plate: Medium 2

Day 2 Medium 3 ooo o
o O
o o
0. O
0©

Day 7 Medium 4
Day 9 Medium 5
Motor neurons
Day 11 Dissociate EBs and plate

neurons: MM (maturation
medium) + DAPT

Day 18+ MM Eos Sy,

Figure 2.3 Differentiation pipeline for generation of motor neurons
iPSCs were differentiated into motor neurons by formation of embryoid bodies and gradual
transition of media containing various small molecules and growth factors. Media included in

differentiation are detailed in Table 2.2.
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Table 2.2 Motor neuron differentiation media changes

Day of protocol -
media changes

All days Basal media (included in every
motor neuron differentiation
media)

0 Medium 1

(EB formation)

1 Medium 2

2 Medium 3

4 Medium 3

7 Medium 4

9 Medium 5

11 Motor neuron maturation

(EB dissociation) media (MM)

Media name

Table 2.3 Cell counts for culture paradigms

Culture plate

Corning Falcon 96-well plate or
Perkin Elmer CellCarrier™ Ultra
96-well plate

13mm 1.5H coverslips
maintained in 24-well plates
6-well plate

Microfluidic device

Number of motor neurons

6000 per well

70,000 per well

5x10° per well
70,000 per device

Media components

50% Neurobasal™ Medium
50% DMEM/F-12, GlutaMAX™
1x N-2 Supplement

1x B-27™ Supplement

200uM AA2P (stabilised ascorbic acid)

0.01% S-mercaptoethanol

40uM SB431542

2uM dorsomorphin

3uM CHIR-99021

5uM ROCK inhibitor

40uM SB431542

2uM dorsomorphin

3uM CHIR-99021

40uM SB431542

2uM dorsomorphin

3uM CHIR-99021

1uM EC23 (retinoic acid equivalent)
500nM smoothened agonist

40uM SB431542

2uM dorsomorphin

3uM CHIR-99021

1uM EC23 (retinoic acid equivalent)
500nM smoothened agonist

1uM EC23 (retinoic acid equivalent)
500nM smoothened agonist

10puM DAPT

10uM DAPT

20ng/mL BDNF

20ng/mL GDNF

20ng/mL IGF

Number of astrocytes
2000 per well
30,000 per well

5x10° per well
12,000 per device
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2.1.8 Motor neuron culture plate preparation

Prior to plating neurons, plastic plates or 1.5H 13mm glass coverslips were coated with Poly-L-
ornithine (PLO) solution (Scientific Laboratory Supplies) in 1:1 dilution with PBS for 24 hours at 37°C.
The next day, laminin (Sigma) was thawed on ice and diluted to 25ng/uL in cold DMEM. Residual PLO
was removed, rinsed once with PBS, and laminin solution was added for 24 hours at 37°C. When
plating cells, laminin solution was removed, plates were rinsed with DMEM, and a small volume of
pre-warmed media was added to wells so that when motor neurons were dissociated and counted

they could be immediately added to the cultureware to preserve viability.

2.1.9 Astrocyte differentiation

Differentiation of astrocytes was based on a published protocol describing efficient derivation of
astrocytes by maintenance of neural progenitor cells in commercially available astrocyte medium
(AM) (ScienCell) (Tcw et al., 2017). iPSCs were differentiated into NPCs using Thermo Fisher PSC
Neural Induction Medium (NIM) following the manufacture guidelines. Briefly, high quality iPSCs
were dissociated to single cell suspension with Accutase and 250,000 single cells were transferred to
one well of a Geltrex™ coated 6-well plate in E8 flex with 10uM ROCK inhibitor. The next day (Day
1), 2.5mL NIM was added. On Day 2, uniform cell morphology was confirmed and fresh NIM was
added. By Day 4, cells were reaching confluency and were fed with a larger volume of 5mL NIM, and
cells with non-neuronal morphology were manually removed by scraping away with a P200 pipette.
On Day 7, cells were gently washed with DPBS (-CaCl, -MgCl), and 1-2mL Accutase was added per
well. When most cells had lifted they were transferred to a 15mL tube, and DPBS (-CaCl, -MgCl) was
used to rinse and collect any residual cells from the plate. Cells were gently titrated to dissociate
clumps and then passed through a 100um cell strainer. The cell suspension was centrifuged for 4
minutes at 300 RCF, supernatant removed, and the pellet was resuspended in Neural Expansion
Medium (NEM) (50% Neurobasal™ Medium, 50% Advanced™ DMEM/F-12, 1x Neural Induction

Supplement) with 5uM ROCK inhibitor, and 50,000 cells were added to each well of a Geltrex™
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coated 6-well plate. The next day, spent media was replaced with fresh NEM, which was then
replaced every 2-3 days. When confluent, NPCs were passaged with Accutase in a 1:6 ratio, and 5uM
ROCK inhibitor was included for passages 1-4. By passage 5, NEM was switched to an expansion
media consisting of DMEM/F12, GlutaMax™, 1x N-2 Supplement, 1x B-27™ Supplement, and
20ng/mL hFGF-basic (PeproTech). NPCs were expanded and cryopreserved by dissociation with
Accutase and resuspension of cell pellets in freezing media consisting of expansion media with 10%
DMSO, using Nalgene® Mr. Frosty or CoolCell® containers at -80°C. Frozen vials were transferred to

liquid nitrogen vessels within 1 week for long term storage.

To differentiate NPCs into astrocytes, NPCs were dissociated with Accutase to achieve a single cell
suspension and plated on Matrigel® at a density of 15,000 cells/cm in expansion media. The next day
(Day 0), total media was replaced with AM, excluding antibiotics. AM was replaced every 2-3 days
for 30 days which was the endpoint of astrocyte induction, and cells were routinely passaged
approximately once a week when they became confluent. During differentiation and after 30 days,
astrocytes were passaged using Accutase and plated at a density of 15,000 cells/cm as single cells on

Matrigel®, or in a 1:3 ratio after 30 days.

To avoid astrocyte overcrowding in subsequent motor neuron-astrocyte co-cultures, stocks of
astrocytes pre-treated with mitomycin C were prepared. T75 flasks of astrocytes were incubated
with 10pg/mL mitomycin C in AM for 3 hours. Flasks were washed with PBS three times and fresh
AM was added. The next day, treated astrocytes were incubated with Accutase for 5-10 minutes at
37°C to dissociate cells, titrated with AM, centrifuged at 1000 RPM for 4 minutes in a large benchtop
centrifuge, and 1x10° astrocytes were frozen per cryovial in FBS + 10% DMSO using Nalgene® Mr.

Frosty or CoolCell® containers, and were transferred to liquid nitrogen for long term storage.

2.1.10 Motor neuron-astrocyte co-culture

For co-culture experiments, astrocytes were plated the day before EB dissociation (2.1.7). Mitomycin

C pre-treated astrocytes were recovered from liquid nitrogen stores and grown on Matrigel® coated
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T25 flasks in AM 1-2 days before plating. The day before motor neuron EB dissociation, astrocytes
were incubated with Accutase for 5-10 minutes at 37°C, dissociated to single cell suspension in AM,
centrifuged at 1000 RPM for 4 minutes in a large benchtop centrifuge, and resuspended in fresh AM.
Cells were counted and plated as detailed in Table 2.3, onto plates prepared as described in 2.1.8.
These were maintained in a normoxic incubator for 24 hours. Motor neuron EBs were dissociated

the next day and motor neurons were added directly to the astrocytes.

Time points for experiments were selected based on the criteria detailed in Table 2.4, and
throughout this thesis cultures are referred to as “day-x neurons” in line with day of motor neuron

differentiation, starting with formation of EBs from iPSCs on day 0.

2.1.11 Microfluidics

XonaChip® 450um barrier microfluidic devices were acquired from Xona Microfluidics® (U.S.).
Coating was completed following manufacturer instructions which included periodical coating of the
four microfluidic wells, allowing coating liquid to move from one well to the next through the
microgrooves, avoiding the introduction of bubbles. Solution was applied to the top left well and left
for 1.5 minutes, solution was then applied to the bottom left well and left for 5 minutes so that
solution moved through the central microgrooves. Solution was added to the top right well and left
for 1.5 minutes, and finally solution was added to the bottom right chamber for 3 minutes. When
removing one solution in preparation for addition of the next, a small amount of residual solution
was left to prevent the introduction of bubbles into the microgrooves. XC Pre-Coat™ solution (Xona
Microfluidics) was first applied, followed by two washes with PBS. PLO and laminin were then applied
in the manner described here, with the dilutions and incubation times described in 2.1.8. When
plating cells, astrocytes and neurons were plated as described (2.1.10) and were added to wells on

one side of the microfluidic microgrooves only.
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Table 2.4 Experimental time points

Time point = Reasoning References

Day 17 The original motor neuron differentiation protocol detailed that (Maury et
neurons are positive for the motor neuron marker Islet 1 by day ' al., 2015)
17, as confirmed in 3.3.4.

Day 21 Feasibility of completing many experiments on the same day of | n/a
differentiation meant some delay was necessary from day 17.
Day 25 Neurites grew through microfluidics microgrooves by this time n/a

point, enabling assessment of distal neurites for
ribopuromycylation, and ensuring microgrooves were suitable
for RNA imaging.

Day 40/42  The original astrocyte differentiation protocol indicated that (Tcw et al,,
astrocytes are viable for 30 days without FBS. 2017)

Day 60 The effects of extended culture maturation were compared to n/a
day-40/42 cultures.

2.1.12 Cell counting

The same cell counting protocol was used for all cell-types. Cells suspended in appropriate media
were gently titrated to achieve a uniform single cell suspension. Cells were added to Solution 13
(100ug/mL DAPI, 30ug/mL acridine orange) in a 19:1 ratio (19uL cell suspension and 1uL Solution
13), 10pL of the mixture was transferred to a well in a NC-Slide A8™ (Chemometec), and cells were
immediately counted using a NucleoCounter® NC-3000™ image cytometer (Chemometec) with the

Cell Count & Viability Assay. The live cell count was used for calculations.

2.2 Induced pluripotent stem cell characterisation

2.2.1 iPSC pluripotency immunocytochemistry

A detailed description of immunocytochemistry is included in 2.4.1. Immunolabelled iPSC colonies
were imaged with a Zeiss Axioscope Upright Epi-Fluorescence Microscope. Pluripotency was

confirmed by expression of Oct-3/4 in all cells with DAPI counterstain.
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2.2.2 Embryoid body assay

Spontaneous differentiation of iPSCs into EBs harbouring cells from the three germ layers was
completed to confirm pluripotency of stem cells. PolyHEMA plates were prepared by dissolving 1.2g
polyHEMA in 50mL ethanol with gentle heating to 37°Cto prepare a stock solution, which was diluted
1:10 to prepare a working solution, and 1mL was added per well of a 6-well plate. Plates were left
open in sterile laminar flow hoods to allow ethanol to evaporate, and in-hood UV light was
subsequently applied to ensure sterilisation of plates. iPSCs were dissociated into small clumps with
Versene and transferred to polyHEMA coated plates in E8 flex with 10uM ROCK inhibitor. The next
day (Day 1), media was replaced with EB media (EBM) (KnockOut™ DMEM, 10% KnockOut™ Serum
Replacement, 5% FBS, 1x GlutaMAX™, 1x NEAA, 12ng/mL hLIF (Merck KGaA), 0.055mM f-
mercaptoethanol). EBM was replaced every 2-3 days for 7 days. On day 8, individual EBs were
transferred to 0.1% gelatine coated glass coverslips using a sterile Pasteur pipette and allowed to
attach. Media was changed every 2-3 days for 2-3 weeks, and cultures were fixed with 4% PFA for

15 minutes and subject to immunocytochemistry.

Immunocytochemistry was completed as described in 2.4.1, and the antibodies used for embryoid
body analysis are included in Table 2.8. Cells were imaged with Zeiss Axioscope Upright Epi-
Fluorescence Microscope. The presence of cells originating from the neuroectoderm was confirmed
by detection of ectodermal £3-Tubulin cells with typical neuronal morphology, cells from the
mesodermal lineage were confirmed by probing for a-smooth muscle actin, and a-fetoprotein was

used to label endodermal cells.

2.2.3 G-band karyotyping

G-band karyotyping was outsourced to TDL Genetics (The Doctors Laboratory, U.K.) or to the
Genome Editing and Embryology Core (King’s College London, U.K.). Analysis of 20 metaphases was

initially attempted, however in some instances this was not achieved (3.3.3).
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2.2.4 Short tandem repeat profiling

DNA was extracted from cell pellets harvested from LCL and iPSC cultures using a DNeasy Blood &
Tissue Kit (Qiagen) following the manufacture’s protocol. Short tandem repeat (STR) profiling was
outsourced to Source BioScience (U.K.) which included analysis of 16 microsatellite regions, and STR
profiles were compared across LCL and iPSC DNA samples to ensure that iPSCs were correctly

attributed to parent LCL samples.

2.2.5 Sanger sequencing

DNA was extracted from cell pellets harvested from iPSC cultures using a DNeasy Blood & Tissue Kit
(Qiagen) following the manufacture’s protocol. PCR was conducted using Q5® Hot Start High-Fidelity
2X Master Mix (New England BiolLabs) following the manufacturer’s guidelines with cycle conditions;
98°C for 30 seconds, 35 cycles of 98°C for 10 seconds, 61-66°C for 20 seconds, and 72°C for 20
seconds, followed by 72°C for 2 minutes, with hold at 4°C. Primer and DNA solutions were sent to
GATC (Eurofins Genomics, Germany) for Sanger sequencing. Electropherograms were assessed for
the inclusion of ALS associated SNPs. Primers included for sequencing mutant regions are included

in Table 2.5.

Table 2.5 Primers for Sanger sequencing

Gene target Primer sequence

ANXA11 G38R Forward: CCTGGGAGCTCTCATCTCTG
ANXA11 D40G Reverse: GGAAAAGTGAGACCCAGAGAG
ANXA11 R235Q Forward: TGTGGACTCCTTTAGATACTCCAAC

Reverse: CTCCTGCTCCTTACTGTCCATC

2.2.6 Screening for loss of Epstein Barr Virus DNA

iPSCs were serially passaged and screened for loss of Epstein Barr virus (EBV) genes in genomic DNA
extracts. DNA was extracted and PCR completed as described in 2.2.5, with primers targeting EBV

genes to detect any residual episomal EBV genomic material. The house keeping gene SDHA was
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included to ensure presence of DNA in samples. Primers included in EBV screening are included in
Table 2.6. PCR products were mixed with Gel Loading Dye, Purple (6X), no SDS (New England
BiolLabs), separated by gel electrophoresis in a 0.2pug/mL ethidium bromide 2% agarose gel with

Quick-Load® Purple 1kb DNA Ladder (New England Biolabs), and imaged with a UV transilluminator.

Table 2.6 Primers for EBV screening

Gene target Primer sequence

EBNA2 Forward: CATAGAAGAAGAAGAGGATGAAGA
Reverse: GTAGGGATTCGAGGGAATTACTGA

Orip Forward: TCGGGGGTGTTAGAGACAAC
Reverse: TTCCACGAGGGTAGTGAACC

BZLF1 Forward: CACCTCAACCTGGAGACAAT
Reverse: TGAAGCAGGCGTGGTTTCAA

LMP1 Forward: ATGGAACACGACCTTGAGA
Reverse: TGAGCAGGATGAGGTCTAGG

SDHA Forward: TGGGAACAAGAGGGCATCTG

Reverse: CCACCACTGCATCAAATTCATG

2.2.7 Mycoplasma screening

iPSCs were routinely screened for mycoplasma infection using a MycoAlert® Mycoplasma Detection
Kit (Lonza) and the MycoAlert™ Assay Control Set (Lonza) following the manufacturer instructions.
Spent media that had been in contact with cells for at least 24 hours was collected and 2mL was
centrifuged at 200 RCF for 5 minutes. 100uL of the supernatant and positive and negative controls
were added to one well of an opaque white 96-well plate with 100uL MycoAlert™ Reagent in
duplicate and left for 5 minutes. Luminescence was measured with a FLUOstar Omega multi-mode
microplate reader (BMG Technologies) (Reading A). 100uL MycoAlert™ Substrate was added to each
sample, incubated for 10 minutes, and the luminescence read a second time. The ratio of Reading
B/Reading A was calculated for each sample and the controls, with ratios <0.9 indicating the absence
of mycoplasma infection. LCLs and iPSCs were routinely screened for mycoplasma during the

reprogramming process, and before stocks were frozen.
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2.3 Drug treatment conditions

2.3.1 Stress granules

Motor neurons were treated with sodium arsenite, puromycin, and sorbitol to induce stress granule
formation. Drug concentrations and treatment times are included in Table 2.6. All stress granule
inducing drugs were solubilised in H,0 and so control treatment conditions were included by adding
new media to cells. Cells were fixed immediately after the end of the drug treatment period. Fixation

and subsequent immunocytochemistry and imaging are included in 2.4.

Table 2.7 Stress granule drug treatment conditions

Drug Concentration Incubation time
Puromycin 10pug/ml 24 hours
Sodium arsenite 500uM 1 hour

Sorbitol 600mM 3 hours

2.3.2 Ribopuromycylation

Motor neurons were co-treated with emetine and puromycin to label sites of nascent protein
synthesis. Puromycin incorporates into the C-terminal of elongating nascent peptide chains which
inhibits protein synthesis, and antibodies that bind to puromycin can be used to visualise puromycin-
labelled newly synthesised proteins. Emetine is an irreversible translation elongation inhibitor which
binds to the 40S ribosomal subunit and enhances localisation of nascent peptides to ribosomes in
puromycylation-treated cells (Bastide et al., 2018; David et al., 2013; Graber et al., 2013). Cells were
incubated with 200uM emetine and 100uM puromycin for 5 minutes at 37°C, washed once with
0.0003% digitonin in 25mM HEPES on ice, washed with plain DMEM, and fixed with 4% PFA and 4%
sucrose for 15 minutes. Cultures were subject to immunocytochemistry (2.4) and imaged with super
resolution microscopy (2.4.3). Details of image analysis for ribopuromycylation experiments are

included in 6.3.3.
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2.3.3 Global protein translation

Motor neuron-astrocyte co-cultures were incubated with 100uM puromycin in fresh media for 5
minutes, washed once with 0.0003% digitonin, and fixed with 4% PFA and 4% sucrose for 15 minutes.

Subsequent immunocytochemistry and imaging are detailed in 2.4.

2.4 Immunocytochemistry and microscopy

2.4.1 Immunocytochemistry

For immunocytochemistry experiments, cells were fixed in 4% PFA for 15 minutes. Motor neuron
monocultures and astrocyte-motor neuron co-cultures were fixed with 4% PFA and 4% sucrose for
15 minutes. After fixation cells were rinsed three times with PBS, permeabilised with 0.25% Triton
X-100 in PBS for 15 minutes, rinsed with PBS, and blocked for 1 hour in 10% donkey serum in PBS.
Primary antibodies were diluted in 5% donkey serum and added to cells overnight at 4°C. The next
day, primary antibody dilution was removed, cells were washed three times with PBS, and secondary
antibodies diluted 1:500 in 5% donkey serum were added for 1 hour. After incubation, cells were
washed three times with PBS, incubated with 1.25ug/mL DAPI for 5 minutes, washed three times
with PBS, and cells on coverslips were mounted with ProLong™ Diamond Antifade Mountant and left
to set overnight. When conjugated antibodies were utilised, they were added to cells after secondary
antibodies, ensuring that multiple PBS washes had removed any residual antibodies from previous
steps. Conjugated antibodies were diluted in 5% donkey serum and added to cells for overnight
incubation at 4°C. The next day cells were washed three times with PBS and mounted as described.
Primary and conjugated antibodies are included in Table 2.8, and secondary antibodies are included

in Table 2.9.
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Table 2.8 Primary and conjugated antibodies used in immunocytochemistry

Antibody target
Oct-3/4

B3-Tubulin
a-fetoprotein (AFP)

a-smooth muscle actin

Islet 1

Islet 1
Annexin All
Annexin A1l
TDP-43
TDP-43
pTDP-43
G3BP1
MAP2
ALDH1L1
S100A6
GFAP
Puromycin
B3-Tubulin
Rab7

Specification

Goat polyclonal

Mouse monoclonal
Goat polyclonal

Rabbit polyclonal
Rabbit monoclonal
Mouse monoclonal
Rabbit monoclonal
Mouse monoclonal
Rabbit monoclonal
Mouse monoclonal
Mouse Monoclonal
Mouse monoclonal
Chicken polyclonal
Rabbit polyclonal
Mouse monoclonal
Goat polyclonal

Mouse monoclonal-647
Mouse monoclonal-488

Mouse monoclonal

Utilisation

Confirmation of pluripotency

Embryoid body assay

Embryoid body assay

Embryoid body assay

Motor neuron characterisation

Motor neuron characterisation

Neuronal characterisation
Ribopuromycylation (with FMRP only)
Neuronal characterisation, ribopuromycylation
Co-stain with Annexin A11 (rabbit) and G3BP1
Neuronal characterisation

Stress granule analysis, ribopuromycylation
Microfluidics and sorbitol stress granules
Astrocyte characterisation

Astrocyte characterisation

Co-culture example

Protein translation assay, ribopuromycylation
Neuronal characterisation

Ribopuromycylation

Dilution
1:200
1:400
1:200
1:200
1:200
1:200
1:300
1:300
1:400
1:400
1:500
1:300
1:500
1:500
1:500
1:200
1:300
1:300
1:300

Product code

sc-8628 (Santa Cruz Biotechnology)
T8660 (Sigma-Aldrich)

sc-8108 (Santa Cruz Biotechnology)
ab5694 (Abcam)

ab109517 (Abcam)

562547 (BD Pharmingen)
HPA027545 (Atlas Antibodies)
SAB1405463-50UG (Sigma-Aldrich)
10782-2-AP (Proteintech)

ab57105 (Abcam)

TIP-PTD-MO01 (CosmoBio)

05-1938 (Sigma-Aldrich)

ab92434 (Abcam)

RPCA-ALDH1L1 (Universal Biologicals)
$5049 (Sigma-Aldrich)

ab53554 (Abcam)

MABE343-AF647 (Sigma-Aldrich)
5060338 (BD Pharmingen)
ab50533 (Abcam)
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Lampl

FUS

S6

FMRP

U1 snRNP 70
vGLUT2
Bassoon
Synapsin 1
ChAT

Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Rabbit monoclonal

Goat polyclonal

Ribopuromycylation
Ribopuromycylation
Ribopuromycylation
Ribopuromycylation
Ribopuromycylation
Neuronal characterisation
Neuronal characterisation
Neuronal characterisation

Neuronal characterisation, ribopuromycylation

1:300
1:300
1:200
1:300
1:300
1:300
1:240
1:120
1:300

sc-20011 (Santa Cruz Biotechnology)
60160-1-1g (Proteintech)

2317 (Cell Signalling)

4317 (Cell Signalling)

sc-390899 (Santa Cruz Biotechnology)
ab101760 (Abcam)

ab82958 (Abcam)

5297 (Cell Signalling)

AB144P (Sigma-Aldrich)
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Table 2.9 Secondary antibodies used in immunocytochemistry

Antibody

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 647

Donkey Anti-Goat IgG H&L (Alexa Fluor® 568) preadsorbed

Donkey Anti-Mouse IgG H&L (Alexa Fluor® 568)

Donkey Anti-Mouse IgG H&L (Alexa Fluor® 488)

Goat anti-Chicken IgY (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor™ Plus 647

Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
DyLight™ 550

Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
DyLight™ 488

Donkey anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody,
DyLight™ 488

Donkey anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody,
DyLight™ 550

Cy™3 AffiniPure Donkey Anti-Goat IgG (H+L)

2.4.2 Opera Phenix® High-Content Screening System

Product code

A32733 (Thermo
Fisher Scientific)
ab175704 (Abcam)
ab175472 (Abcam)
ab150105 (Abcam)

A32933 (Thermo
Fisher Scientific)
SA5-10167 (Thermo
Fisher Scientific)
SA5-10166 (Thermo
Fisher Scientific)
SA5-10038 (Thermo
Fisher Scientific)
SA5-10039 (Thermo
Fisher Scientific)
05-165-003 (Jackson
ImmunoResearch)

High-throughput image collection and analysis was completed with an Opera Phenix® High-Content
Screening System and Harmony® software. In all instances, biological repeats (separate motor
neuron inductions) each included three technical replicates (three wells in a 96-well plate per
condition) and multiple fields of view (15-30) were imaged per technical replicate. The total number
of images collected varied across experiments but was always consistent across cell lines within the
same experiment. Confocal z-stacks were collected and subsequent analysis was completed for each

z-plane, with results for each cell line taken as an average of all images for that biological replicate.

Image analysis in Harmony® was optimised separately for monocultures and co-cultures: This
involved addition of ‘analysis blocks’ to detect and measure cellular regions, named ‘objects’. This
included ‘“find nuclei’, ‘find cytoplasm’, “find neurites’, and “find spots’, to name a few examples. An
example of object identification including nuclei, cytoplasm, neurites, and spots in day-17 motor
neuron monocultures is included in Figure 2.4. Optimisation of analysis pipelines included exclusion

of incorrectly identified ‘objects’ highlighted by ‘analysis blocks’, which resulted in stratification of
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cellular populations for inclusion in quantification. A persistent challenge that occurred in Harmony®
analysis was the incorrect identification of ‘objects’ in image regions with few or no cells. This was
overcome by inclusion of additional ‘analysis blocks’ that subsequently filtered out incorrectly
identified ‘objects’, and an example of this is included in Figure 2.5 to highlight how incorrectly
identified ‘objects’ were excluded from final analyses. In all instances where motor neurons were co-
cultured with astrocytes, linear classification (machine learning) was used to stratify neuronal and
astrocytic nuclei, such that neurons could be specifically quantified. An example of the delineation

of neuronal cells for quantification in co-cultures is included in Figure 2.6.

Raw image B3-Tuj TDP-43 Find nuclei

Figure 2.4 Neuronal classification and cell compartment selection in Harmony®

Motor neurons were imaged with the Opera Phenix® High Content Screening System and analysed
using Harmony® software. ‘Find nuclei’, “find cytoplasm’, ‘find neurites’, and ‘find spots’ were used

to detect cellular regions. ‘Linear classification’ was implemented to exclude debris or dead cells that
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had been incorrectly identified. This led to some exclusion of neurons from analysis (see red cells in
linear classification panel), which was preferable compared to the inclusion of debris in

guantification data.

Raw image Find nuclei Find cytoplasm Linear classification

Figure 2.5 Exclusion of null 'objects' in Harmony®

Example 1

Example 2

Incorrect identification of ‘objects’ including nuclei and cytoplasm was common in images where few
or no cells were present, and the software would incorrectly classify empty background as many
small objects. In Example 1 the ‘find nuclei’ and ‘find cytoplasm’ panels show incorrect identification
of ‘objects’ (highlighted by multi-coloured traces), additional ‘analysis blocks’ were included to
exclude these from quantification, and the linear classification panel highlights the exclusion of any
remaining null object (red ‘objects’ are excluded and green objects, which represent neuronal nuclei,
are absent). In Example 2, application of filtration steps to exclude null ‘objects’ results in the
exclusion of some neuronal cells from analysis (included objects are highlighted in green in the linear

classification panel), which was a consequence of excluding debris from analysis.
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DAPI B3-Tubulin TDP-43

Neuronal nuclei selection
with machine learning

Figure 2.6 Stratification of neurons with machine learning in Harmony®

Co-cultures imaged with the Opera Phenix® High-Content Screening System were analysed in
Harmony®. ‘Linear classification’ (machine learning) was implemented to classify nuclei as neuronal
(green) or astrocytic (red), and an additional debris category (blue) was included to exclude
incorrectly detected nuclei (bottom left image). Subsequent identification of the cytoplasm (purple,

bottom right image) utilised neuronal nuclei to identify appropriate cytoplasmic regions.

2.4.3 Fixed cell microscopy

Super high-resolution imaging was completed using a structured illumination microscope (iSIM) with
a Hamamatsu Flash4.0 sCMOS camera. For cells on glass coverslips a 100x 1.4NA oil immersion lens
(Nikon) was used, and cells maintained in optically clear plastic microfluidic devices were imaged
with a 100x 1.35NA silicone immersion lens (Nikon). Images acquired by iSIM were processed by

Richard-Lucy deconvolution with 20 iterations in Nikon NIS-Elements.

Additional imaging was completed with a Nikon Eclipse Ti Inverted Spinning Disk Confocal System

with a Yokogawa CSU-X1 spinning disk unit and Andor EMMCD camera utilising a 40x 1.1NA water
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immersion lens (Nikon) or a 20x 0.75NA air interface lens (Nikon). Images were processed with the

Nikon NIS-Elements Denoise.ai module.

2.4.4 Live imaging of spontaneous calcium fluctuations

Spontaneous calcium fluctuations were measured using the cell permeant dye Fluo-4 AM, which
increases in fluorescent intensity >100 fold in the presence of calcium. Motor neuron-astrocyte co-
cultures were maintained in a 96-well plate for 40 and 60 days from motor neuron induction. Fluo-4
AM was reconstituted in DMSO and diluted to 2uM in imaging media (Table 2.10) plus 0.02%
Pluronic-F27 and added to cells for 30 minutes in an incubator. Media was removed and cells were
rinsed with PBS, and fresh imaging media was added. After 5 minutes, an area of culture where
neuronal cell bodies were visible in the field of view was imaged with a Nikon Eclipse Ti Inverted
Spinning Disk Confocal System with a Yokogawa CSU-X1 spinning disk unit and Andor EMMCD
camera, utilising a 20x 0.75NA air interface lens (Nikon) in an enclosed Okolab incubator at 37°C with
5% CO,. Each imaging period lasted for 1 minute with continuous image collection, and this was
repeated eight times for each cell line in each biological replicate, with neuronal regions randomly
selected across the entire well. Images were processed by Nikon NIS-Elements Denoise.ai to increase
image quality, and fluctuations in fluorescent intensity were calculated using AF/FO, which is

described in detail in 5.3.2.

Table 2.10 Imaging media

Media component Final concentration
FluoroBrite™ DMEM 1x

N-2 Supplement 1x

B-27™ Supplement 1x
B-mercaptoethanol 0.01%

GlutaMAX™ 1x

BDNF (Peprotech) 20ng/mL

GDNF (Peprotech) 20ng/mL

IGF (Peprotech) 20ng/mL
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2.4.5 RNA transport live imaging

Live imaging of RNA was performed using SYTO® RNASelect™ Green Fluorescent Cell Stain. This cell-
permeant dye emits a bright fluorescent signal when bound to RNA, and a weak background
fluorescence when bound to DNA. Motor neuron-astrocyte co-cultures were grown in microfluidic
devices until day 25 of motor neuron differentiation, and cells were stained following the
manufacturer’s protocol. Briefly, 5uM intermediate stock was prepared by diluting 1uL 5mM stock
in ImL media, then 100uL of intermediate stock was diluted in 900uL pre-warmed media and
immediately added to cells in place of spent media. Cells were incubated at 37°C for 20 minutes,
washed twice with PBS, and imaging media (Table 2.10) was added. Cells were rested for 5 minutes
at 37°C, and neurons were imaged with a Nikon Eclipse Ti Inverted Spinning Disk Confocal System
with a Yokogawa CSU-X1 spinning disk unit and Andor EMMCD camera, utilising a 40x 1.1NA Water
Immersion Lens (Nikon) in an enclosed Okolab incubator at 37°C with 5% CO,. Details of RNA

molecule transport velocity quantification are included in 6.3.2.

2.4.6 Image quantification

Quantification of confocal images was performed in Nikon NIS-Elements, FlJI, and KymographDirect,
and specific details of quantification parameters are included in the relevant results chapters in this
thesis. Where representative images are shown throughout this thesis, images were saved with the
same brightness and contrast for each cell line and condition in each experiment. Numerical data
were processed in Microsoft Excel and GraphPad Prism 8.4.1, and all statistical analysis was

completed in GraphPad Prism 8.4.1 and is described in 2.7.
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2.5 Protein quantification with western blotting

2.5.1 Western blotting and protein assay

Cultured cells were directly lysed from culture plates: Spent media was removed and cells were
washed with PBS to remove residual media, plates were put on ice and pre-cooled RIPA buffer (Table
2.11) was added directly to cells, cells were scraped into buffer, sonicated for 20 seconds on ice, and
centrifuged at 13,000 RPM for 30 minutes at 4°C in a bench top microcentrifuge. Supernatant was
collected and quantified using DC™ Protein Assay Kit (Bio-Rad) using bovine serum albumin (BSA)
protein standards prepared in RIPA buffer. Briefly, 2uL of each standard and sample was loaded to
optically clear 96-well plate in duplicate. 25uL of a solution made from Reagent A and ReagentSina
1:50 ratio was added to each sample, followed by 200uL Reagent B. Optical density was measured
with a FLUOstar Omega multi-mode microplate reader (BMG Technologies), and sample protein
concentration was calculated using the linear equation from plotted BSA standards. 8ug of each
sample was diluted with 6uL 4x sample buffer (Table 2.12) and RIPA buffer to achieve a total volume
of 24puL. Samples were boiled at 95°C for 10 minutes then loaded into pre-cast 26-well NuPAGE’
Novex® 4-12% Bis-Tris Midi Protein Gels with Precision Plus Protein™ Standards (Bio-Rad) in a XCell4
SureLock Midi Cell (Thermo Fisher Scientific) electrophoresis tank filled with 1x NUPAGE® MOPS SDS
running buffer. Blots were transferred to PVDF membranes with an iBlot 2 Dry Blotting System and
stained with Revert™ Total Protein Stain (LI-COR Biosciences) following the manufacturer’s protocol:
After transfer, membranes were rinsed with ultrapure water and incubated with Revert 700 Total
Protein Stain for 5 minutes. The stain was removed and Revert Wash Solution was added for 30
seconds twice, membranes were rinsed with ultrapure water and imaged with an Odyssey® Imaging
System (LI-COR Biosciences). Once complete, the protein stain was removed by rinsing with
ultrapure water and incubation with Revert Destaining Solution until the stain was no longer visible,
for no more than 10 minutes. De-stained membranes were rinsed with ultrapure water and blocked

for 1 hour with 5% skimmed milk in TBST (Table 2.13) and incubated with primary antibodies in 1%
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skimmed milk in TBST at 4°C overnight. The next day membranes were washed three times with TBST
for 5 minutes, secondary antibodies diluted 1:5000 in 1% skimmed milk in TBST were added for 1
hour, and membranes were washed three times with TBST for 5 minutes. Membranes were scanned
with an Odyssey® Imaging System (LI-COR Biosciences). All wash and incubation steps were carried
out on a benchtop roller with membranes kept in cylinders. Antibodies included in western blot

analyses are included in Table 2.14 and Table 2.15.

Table 2.11 RIPA buffer
Component Final concentration
Sodium chloride (NaCl) 150mM
Sodium deoxycholate 0.5%
Sodium dodecyl sulfate (SDS) 0.1%
Tris-HCI (pH 7.4) 50mM
Triton X-100 1x
PhosSTOP™ (Roche) 1x
cOmplete™ (Roche) 1x
ddH,0 To required volume

Table 2.12 4x Sample buffer

Component Final concentration
Tris-HCI pH 6.8 200mM

Glycerol 40%

Sodium deodecyl sulfate (SDS) 8%

Bromophenol blue ~0.2%

DTT 400mM

Table 2.13 TBST (tris-buffered saline, Tween® 20)

Component Final concentration
Tris-HCI, pH 7.4 25mM

Sodium chloride (NaCl) 150mM

Potassium chloride (KCl) 2mM

Tween® 20 (Sigma-Aldrich) 0.1%

Table 2.14 Primary antibodies used in western blotting

Antibody target = Specification Dilution Product code

Annexin A1l Rabbit polyclonal 1:1000 HPA027545 (Atlas Antibodies)
TDP-43 Mouse monoclonal 1:5000 ab57105 (Abcam)

FUS Mouse monoclonal 1:1000 60160-1-1g (Proteintech)
FMRP Rabbit polyclonal 1:1000 4317 (Cell Signalling)
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Table 2.15 Secondary antibodies used in western blotting

Antibody Product code
Goat anti-Mouse 1gG (H+L) Secondary Antibody, DyLight™ 35518
680

Goat anti-Mouse 1gG (H+L) Secondary Antibody, DyLight™ SA5-35521
800 4X PEG

Goat anti-Rabbit I1gG (H+L) Secondary Antibody, DyLight™ 35568
680

Goat anti-Rabbit 1gG (H+L) Secondary Antibody, DyLight™ SA5-35571
800 4X PEG

2.5.2 Western blot quantification

Total protein stain was selected to normalise western blot signal from target proteins as many
traditionally used housekeeping proteins such as GAPDH are implicated in cellular pathways that are
misregulated in neurodegeneration (Tisdale et al., 2009; Tristan et al., 2011). Additionally, the
comparison of protein abundance across different cell-types is more robust when using total protein
for normalisation. Further, using total protein stain frees both imaging channels for use with target
antibodies. Western blots were quantified using Image Studio™ Light (LI-COR Biosciences). For each
blot, total protein bands were traced and the signal measured, and the largest value identified. Each
total protein signal was divided by the value for the largest band to give the lane normalisation
factor; a measure of the relative total protein abundance of each sample. Target protein bands were
traced and measured, and each signal was divided by the normalisation factor for that sample,
yielding normalised values for target protein abundance. Statistical analyses were completed as

described in 2.7.

2.6 Reverse transcription polymerase chain reaction (RT-PCR)

RNA was extracted with a RNeasy Kit (Qiagen) following exactly the manufacturer’s protocol, and
measured with a Nanodrop™ Spectrophotometer (Thermo Fisher Scientific), followed by the iScript™
cDNA Synthesis Kit (Bio-Rad Laboratories) following the manufacturer’s instructions. PCR was

conducted as described in 2.2.5 and PCR products were mixed with Gel Loading Dye, Purple (6X), no
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SDS (New England Biolabs), separated by gel electrophoresis in a 0.2ug/mL ethidium bromide 2%
agarose gel with a Quick-Load® Purple 1kb DNA Ladder (New England Biolabs), and imaged with a

UV transilluminator. Primers used for RT-PCR are included in Table 2.16.

Table 2.16 RT-PCR primers

Gene target Primer sequence

HB9 Forward: GCACCAGTTCAAGCTCAAC
Reverse: GCTGCGTTTCCATTTCATCC

ChAT Forward: TGAGTACTGGCTGAATGACATG

Reverse: AGTACACCAGAGATGAGGCT

2.7 Statistical analysis

Details of specific statistical tests are included in figure legends. Here, different motor neuron
inductions (2.1.7) are referred to as biological replicates, and in every instance direct comparison of
‘biological replicates’ indicates that the cultures were generated on different days. ‘Technical
replicates’ refers to cultures that have been included in the same experiment that have been
generated from the same motor neuron induction but maintained separately (different cultureware
or different plate wells). Where figure legends include ‘n’ this refers to the biological replicate and

thus the number of separate motor neuron inductions, unless otherwise stated.

When assessing a single variable, a one-way ANOVA was applied with post-hoc comparisons. When
ANXA11mut groups were compared to the control group, Dunnett’s multiple comparisons test was
used. When all groups/cell lines were compared to one other, Tukey’s multiple comparisons test was
used. In some instances in high-throughput analyses, data did not fit a Gaussian distribution due to
differences occurring between motor neuron differentiation replicates, rather than the presence of
separate cell populations within groups (Appendix Figure 9.1). If non-normal distribution of data
within groups had been caused by subpopulations of cells lines within one group, for example, it
would be necessary to include non-parametric statistical analysis. However, interrogation of raw
data highlighted that variability was caused by specific replicates of motor neuron differentiation,

which lead to a non-normal distribution of data arising from one specific experimental repeat, which
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was relevant for all cell lines. Additionally, the low number of data points meant that the true nature
of how data were distributed was difficult to assess. Therefore, it was deemed appropriate to include
parametric analyses. In a few cases when data were not normally distributed, Kruskal-Wallis one-
way analysis of variance with Dunn’s multiple comparisons test was used. Specifically, this was
applied to RNA velocity data and Annexin A1l and FUS intensity at ribopuromycylation hotspots.
These datasets did not pass normality tests (not shown), and unlike in instances of high-throughput

analyses it was deemed appropriate to use non-parametric testing to analyse these data.

When two variables were compared in high-throughput analyses (WT vs. ANXAIImut and cell
culture paradigm) and stress granule analysis (WT vs. ANXA11mut and untreated vs. treated) a two-
way ANOVA was applied. Although it is difficult to assess Gaussian distribution in small data sets,
normality tests were included in two-way ANOVA, and in every instance at least one test indicated
normal distribution of data (details not shown). When categorised data were statistically compared,

chi-squared test was used, and details of this analysis are included in the relevant results chapter.

In some analyses and graphical representations, control cell lines are grouped and ANXA11mut lines
are grouped by mutation, and standard error of the mean (SEM) is included to show the spread of
data within each population/group. When data is presented for individual cell lines or biological
replicates, standard deviation (SD) is included to highlight experimental variability. In some cases
where one-way ANOVA was used as the statistical test the SD was not equal across groups as
measured by normality of residuals tests (not shown), and so Brown-Forsythe ANOVA was applied,

which does not assume equal SDs.

When appropriate, data were log-transformed using Microsoft Excel (function; =log10(value)) to
meaningfully compare data measured in arbitrary units. This was relevant for western blot data and
quantification of fluorescent intensity with immunocytochemistry and ensured that SEM or SD
across biological repeats were not inappropriately inflated by the nature of quantification of
arbitrary units, and made data more normally distributed for parametric testing. An alternative

would be to normalise data from each cell line to one control line, representing the data for each
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cell line as a fold change compared to one cell line. In this case the measure of data spread (SEM or
SD) is lost for the normalisation cell line or group, and so log transformation was preferentially
included to ensure spread of all data can be considered. It was not appropriate to normalise data in
this way when assessing certain readouts, for example percentage. Additionally, in examples where
the natural scale was particularly informative, for example nucleocytoplasmic ratio or spot count,
data was not log transformed as it was more useful to interoperate the true value than to log

transform data to increase the robustness of the statistical analyses.
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Chapter 3 Induced pluripotent stem cell models of ANXA11 ALS

3.1 Overview

The development of iPSC models for ALS research has enabled the exploration of pathology in human
cells and has broadened the scope of in vitro mechanistic studies. ALS is vastly heterogeneous in
clinical presentation and genetic aetiology, and iPSC models are lacking for the large majority of ALS-
associated mutations. To address this, my colleagues and | created a biobank of LCL-derived iPSCs
from ALS patients and controls. These 35 newly generated iPSCs constitute part of The UK MND
Collections and will be available to the ALS research community. This biobank includes five lines
derived from patients with non-synonymous SNPs in ANXA11. The N-terminal of ANXA11 represents
a mutation hotspot (Figure 1.4), and four iPSC lines were generated from patients with mutations in
this region. iPSCs were derived from two patients carrying the G38R mutation, from the same family,
and two patients from a separate family carried the D40G mutation. The fifth line was generated
from a patient with the R235Q mutation, which resides in the Annexin core domain. Five age- and
sex-matched control lines were selected, and together these novel ANXA11 and control iPSC lines

are the basis of this thesis.

ANXA11 mutations are predominantly associated with an ALS phenotype, with a less well-
characterised association with FTD (Mdiller et al., 2018; Nahm et al., 2020; Smith et al., 2017; Teyssou
et al., 2020; Zhang et al., 2018). Therefore, exploration of ANXA11 ALS pathology was conducted in
iPSC-derived motor neurons. ANXA11lmut and control motor neurons were assessed for motor
neuron-specific markers, and optimisation of motor neuron-astrocyte co-culture was completed to
improve culture longevity and to better recapitulate CNS organisation. This presents a novel system
for investigation of ANXA11-associated ALS that will enable functional characterisation of ANXA11

pathology and provide a platform for future therapeutic development.

126



3.2 Methods

3.2.1 Derivation of iPSCs from lymphoblastoid cell lines and cell culture

iPSCs were derived from LCLs (2.1.4; 2.1.5), maintained, and cryopreserved (2.1.1). Characterised
iPSCs were differentiated into motor neurons by exposure to small molecules and growth factors
(2.1.7). In some instances, iPSC-derived motor neurons were maintained in co-culture with iPSC-
derived astrocytes (2.1.9; 2.1.10). Astrocytes that were used in motor neuron-astrocyte co-culture
were pre-treated with mitomycin C to prevent cell division and overpopulation when in culture with

neurons (2.1.9).

3.2.2 Cellular characterisation

iPSCs, motor neurons, and astrocytes were subject to characterisation to ensure that the cellular
models utilised in experiments were faithfully representing target cell types. Immunocytochemistry
with cell lineage-specific antibodies was used in the characterisation of all cell types (2.4), and cells
were imaged with the Opera Phenix® High-Content Imaging System and quantified with Harmony®
(2.4.2), or with epifluorescence microscopy (2.4.3). An example of expression of motor neuron-
specific genes in iPSC-derived motor neurons was demonstrated by RT-PCR (2.6). iPSCs were subject
to more vigorous characterisation which included evidence of pluripotency in the context of the
embryoid body assay (2.2.2) and assessment of genomic characteristics including sequencing
ANXA11 mutation regions (2.2.5), G-band karyotyping (2.2.3), and STR profiling to ensure newly
derived iPSCs were matched to parent cell lines (2.2.4). iPSCs were serially passaged to induce the
loss of EBV genes used in the derivation of parent LCL lines, which was measured by PCR (2.2.6).

Additionally, iPSCs were subject to mycoplasma screening as culture quality control (2.2.7).
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3.3 Results

3.3.1 Summary of iPSC lines

iPSC lines produced for this project are included in Table 3.1, alongside information about the age
and sex of patients, the reprogramming method used for iPSC derivation, and the passage at which
they became EBV negative. Control lines were selected based on age and sex proximity to ANXA11

ALS patient lines.

Table 3.1 Summary of iPSC lines

Cell line ALS Status = Sex Age at Reprogramming Passage EBV negative
collection method
Control 1 - Female 71 Episomal plasmids P13
Control 2 - Female 84 Sendai virus P22
Control 3 - Male 71 Episomal plasmids P31
Control 4 - Male 61 Episomal plasmids P30
Control 5 - Female 69 Episomal plasmids P27
ANXA11G38R1 fALS Male 63 Episomal plasmids P15
ANXA11G38R2 fALS Male 51 Sendai virus P22
ANXA11D40G1 fALS Female 75 Episomal plasmids P17
ANXA11D40G2 fALS Female 76 Episomal plasmids P23
ANXA11 R235Q  sALS Female 66 Episomal plasmids P26

3.3.2 Newly derived iPSCs show typical stem cell morphology and evidence of pluripotency

Newly derived iPSC lines showed typical stem cell morphology with small round cells with clear
nuclei, grouped together in colonies (Appendix Figure 9.2), and iPSCs were positive for the
pluripotency marker Oct-3/4 (Figure 3.1; Figure 3.2). Cells positive for $3-tubulin (ectoderm), a-
smooth muscle actin (mesoderm), and a-fetoprotein (endoderm) were detected in embryoid bodies
from all cell lines (Figure 3.3; Figure 3.4). Collectively these data show that the newly derived control
and ANXA11 patient iPSCs are pluripotent and as such can appropriately be used for further

investigation.
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DAPI Oct-3/4 Composite

Control 1

Control 4 Control 3 Control 2

Control 5

Figure 3.1 iPSCs derived from controls are positive for Oct-3/4
iPSCs were subject to immunocytochemistry with an antibody detecting pluripotency marker Oct-

3/4 (green), and nuclei are stained with DAPI (blue). Scale bars represent 100um.
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DAPI Oct-3/4 Composite

ANXA11 R235Q ANXA11 D40G 2 ANXA11D40G1 ANXA11G38R2 ANXA11G38R1

Figure 3.2 iPSCs derived from ANXA11 ALS patients are positive for Oct3/4
iPSCs were subject to immunocytochemistry with an antibody detecting pluripotency marker Oct-

3/4 (green) and nuclei are stained with DAPI (blue). Scale bars represent 100um.
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DAPI B3-Tuj DAPI SMA DAPI AFP

Control 4 Control 3 Control 2 Control 1

Control 5

Figure 3.3 Control iPSCs differentiate into cells from the three germ layer lineages

EBs were generated from control iPSCs, seeded onto coverslips, and allowed to spontaneously
differentiate into various cell-types. EBs were then fixed and probed for markers of cells originating
from the three germ layers of the blastocyst. f3-tubulin was used to identify neuronal cells
originating from the ectoderm (B3-Tuj, green), a-smooth muscle actin was used to identify
mesodermal cells (SMA, red), and a-fetoprotein was used as a marker of endodermal cells (AFP,

magenta). Scale bars represent 100um.
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DAPI B3-Tuj DAPI SMA DAPI AFP

ANXA11 R235Q ANXA1l D40G 2 ANXA11 D40G 1 ANXA11 G38R2 ANXA11G38R1

Figure 3.4 ANXA11mut iPSCs differentiate into cells from the three germ layer lineages

EBs were generated from ANXA11 ALS iPSCs, seeded onto coverslips, and allowed to spontaneously
differentiate into various cell-types. EBs were then fixed and probed for markers of cells originating
from the three germ layers of the blastocyst. f3-tubulin was used to identify neuronal cells
originating from the ectoderm (B3-Tuj, green), a-smooth muscle actin was used to identify
mesodermal cells (SMA, red), and a-fetoprotein was used as a marker of endodermal cells (AFP,

magenta). Scale bars represent 100um.

132



3.3.3 Genomic characterisation of iPSC lines

iPSCs were subject to G-band karyotyping to confirm that no gross chromosomal abnormalities had
occurred in the reprogramming process. In all instances the goal was to analyse the metaphases of
20 cells, which is generally considered sufficient to rule out mosaicism and/or the presence of an
abnormal karyotype. In many instances fewer than 20 metaphases were characterised due to
technical difficulties encountered by the laboratory completing the karyotype analysis. The number
of normal metaphases analysed for each cell line is listed underneath each representative karyotype
image, alongside the total number of analysed metaphases (number of normal metaphases/total
number of analysed metaphases) (Figure 3.5). Occasionally, the number of normal metaphases
reported is fewer than the total number of metaphases analysed due to some metaphases having
lost one or more chromosomes. It was reported by the testing laboratory that this was most likely
due to preparation artefact as in these instances chromosomal changes were inconsistent, and each
was only found in one cell. Most cell lines showed a normal karyotype, however, the patient line
ANXA11 D40G 2 showed an abnormal female karyotype with an apparently balanced translocation
between the long arm of chromosome 4923 and the long arm of a chromosome 22q11.2. This was
seen in 15 cells and no other consistent metaphases were seen in the culture, indicating that

although the cell line displayed an abnormal karyotype this was not mosaic in nature.

Genomic DNA from iPSC lines derived from ANXA11 ALS patients was sequenced at the relevant
mutant region, confirming that non-synonymous SNPs were present (Figure 3.6). STR profiling of
parent LCLs and daughter iPSCs confirmed cell lineage, as each LCL and iPSC pair shared the same
number of repeats at each STR loci, of which there were 16 (STR results not shown in line with patient

data protection).

LCLs are immortalised with EBV to cause continuous cell division, enabling maintenance of cell stocks
by reducing senescence, however the presence of viral DNA in iPSC lines is undesirable. iPSCs were

serially passaged and routinely subject to PCR with genomic DNA extracts and primers targeting EBV

133



genes until the target genes were no longer detectable (3.7). In some instances, EBV genes were not
lost from iPSC clones by passage 35, in these cases a new iPSC clone from the same cell line was
selected for serial passaging. iPSC clones that did not lose EBV genes accounted for approximately
25% of newly derived clones. Once loss of EBV genes was confirmed, iPSCs were banked and subject

to remaining characterisation experiments.
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Figure 3.5 G-band karyotyping of newly derived iPSCs

iPSCs were subject to G-band karyotyping as a measure of genomic stability. All iPSC lines showed a
normal karyotype, with the exception of ANXA11 D40G 2 which showed a balanced translocation

involving chromosome 4g23 and chromosome 22q11.2.

A. =
ANXA11 G38R 1
GGG>AGG
B.
ANXA11 G38R 2
GGG>AGG
C.
ANXA11D40G 1
GAT>GGT
D.
ANXA11 D40G 2
GAT>GGT
E. CAGCAGLCAG
ANXA11 R235Q
N N A A CGG>CAG
/ a‘ VAV "\_‘\-/ '\t"' \ /\Il

Figure 3.6 Confirmation of ANXA11 point mutations with Sanger sequencing
Electropherograms from ANXA11 ALS patient-derived iPSCs depicting (A) ANXA11 G38R 1, (B)
ANXA11 G38R 2, (C) ANXA11 D40G 1, (D) ANXA11 D40G 2, and (E) ANXA11 R235Q. Point mutations

are shown at the midpoint of each chromatogram.
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Figure 3.7 Epstein Barr virus genes are lost from iPSCs after multiple passages

LCLs are immortalised for extended culture by transduction with EBV genes including EBNA2, LMP1,

BZLF, and Orip, which are observed in genomic PCR products from LCLs. The house keeping gene

SDHA was probed for in multiplex PCR with Orip, confirming the presence of DNA in each sample.

iPSCs were serially passaged until EBV genes were absent from genomic DNA extractions. Some

137



residual EBV gene PCR products are observed in iPSC DNA, and the passage number that each iPSC

clone was banked at, after losing EBV genes, is included in Table 3.1.

3.3.4 Control and ANXA11mut iPSC lines differentiate into motor neurons

Differentiation of iPSCs into motor neurons yielded pure populations of $3-Tubulin positive neurons
with typical neuronal morphology as indicated by a small soma and long elongated neurites (Figure
3.8; Figure 3.9). On day 17 of motor neuron differentiation, 70-80 % of nuclei were positive for the
motor neuron-specific transcription factor Islet 1 (Figure 3.10). The number of Islet 1 positive nuclei
was not stastistcally different between ANXAIImut lines and the control group, however
ANXA11mut lines showed a slight trend towards reduced Islet 1 postive nuclei (control, 79%; ANXA11
G38R, 72%; ANXA11 DA0G, 70%; ANXA11 R235Q, 74%) (Figure 3.10). iPSC-derived motor neurons
maintained in co-culture with astrocytes until day 42 of differentiation were positive for the

cholinergic marker ChAT (Figure 3.11).
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DAPI Islet 1 DAPI Islet 1 Composite

Control 4 Control 3 Control 2 Control 1

Control 5

Figure 3.8 Islet 1 positive motor neurons differentiate from control iPSCs

Control iPSCs were differentiated into motor neurons, fixed on day 17 of differentiation, and imaged
with the Opera Phenix® High-Content Screening System. Cells were immunolabelled for f3-Tubulin
(green) to visualise all neurons, and the motor neuron marker Islet 1 (red). Cells were co-stained with
DAPI to highlight nuclei, small bright DAPI spots with no visible cytoplasm are cell debris. Scale bars
represent 100pum.
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DAPI Islet 1 DAPI Islet 1 Composite

ANXA11 G38R2 ANXA11 G38R 1

ANXA11 R235Q ANXA11D40G2 ANXA11D40G1

Figure 3.9 Islet 1 positive motor neurons differentiate from ANXA11 ALS iPSCs

ANXA11 ALS patient-derived iPSCs were differentiated into motor neurons, fixed on day 17 of
differentiation, and imaged with the Opera Phenix® High-Content Screening System. Cells were
immunolabelled for $3-Tubulin (green) to visualise all neurons, and the motor neuron marker Islet
1 (red). Cells were co-stained with DAPI to highlight nuclei, small bright DAPI spots with no visible
cytoplasm are cell debris. Scale bars represent 100um.
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Figure 3.10 Percentage of Islet 1 positive nuclei in iPSC derived motor neurons

Quantification of motor neurons as shown in Figures 3.8 and 3.9. The average percentage of motor
neurons as defined by Islet 1 positive nuclei was 79% for control lines, 72% for ANXA11 G38R, 70%
for ANXA11 D40G, and 74% for ANXA11 R235Q. Data are represented as mean * SEM, number of
motor neuron inductions = 3. Each data point represents the percentage of Islet 1 positive nuclei in
one cell line in one motor neuron induction, with each induction comprised of three technical
replicates. Control lines are pooled into one control group and ANXA11 ALS patient lines are grouped
by mutation. Statistical analysis: Brown-Forsythe one-way ANOVA with Dunnett’s multiple

comparisons test (p > 0.05).
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Day 21 motor neurons
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Day 42 motor neurons
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e

Day 42 motor neurons

Figure 3.11 iPSC derived motor neurons express Islet 1 and ChAT

(A) Representative images of motor neurons fixed on day 21 of differentiation, positive for the
neuronal marker $3-Tubulin (B3-Tuj, green), and the motor neuron specific protein Islet 1 (orange)
and ChAT (red) imaged with the Opera Phenix™ High Content Imaging System. (B) Motor neurons
maintained in co-culture with astrocytes were fixed on day 42 of differentiation and are positive for
ChAT (magenta) when imaged with super resolution microscopy, and (C) in high content imaging

(orange), co-labelled with £3-Tubulin (B3-Tuj, green). Scale bars represent 100um (A, C) and 10 um
(B).

3.3.5 Control and ANXA11mut iPSCs differentiate into astrocytes

iPSCs derived from control and ANXA11 ALS patients were differentiated into astrocytes and fixed at

two time-points: Astrocytes on day 35 of differentiation were interrogated, representing the time
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point at which neurons were added into co-culture with astrocytes. Astrocytes at day ~50 of
differentiation were analysed to measure any age-associated features of astrocytes maintained in
culture. Astrocyte lineage was confirmed by typical astrocyte morphology, and
immunocytochemistry detecting ALDH1L1 confirmed the expression of astrocyte-specific protein
(Beyer et al., 2021; Yoon et al., 2017). Immunocytochemistry detecting S100A6 was also included as
it is a binding partner of Annexin A1l and has been shown to be upregulated in astrocytes from
sporadic and SOD1 ALS patients and rodents (Hoyaux et al., 2000, 2002). Both young (Figure 3.12;
Figure 3.13) and aged (Figure 3.14; Figure 3.15) astrocytes displayed typical astrocyte morphology,
with large nuclei surrounded by a large flat cytoplasm, often with long-reaching protrusions. The
mean ALDH1L1 fluorescent intensity was consistent across mutation groups at both levels of culture

maturity (Figure 3.16.A; Figure 3.16.B), as was the amount of S100A6 (Figure 3.16.E; Figure 3.16.F).

As a measure of cellular localisation of astrocytic proteins, the nucleocytoplasmic ratio of ALDH1L1
and S100A6 was calculated, and remained consistent across cell lines, with a slight trend towards
nuclear localisation of ALDH1L1 and S100A6 in young ANXA11 R235Q astrocytes, which was not
statistically significant. The localisation of ALDH1L1 and S100A6 became slightly more nuclear in day
~50 astrocytes compared to day 35 astrocytes, across all ANXA11 mutation status groups (Figure
3.16). As no pan-cellular marker was included in immunocytochemistry due to antibody availability
and time restraints, the percentage of astrocytes was not directly measured. Additional examples of
ALDH1L1 positive astrocytes are included in Appendix Figure 9.3 to demonstrate ALDH1L1 cellular
localisation at an increased magnification. These data indicate that successful derivation of
astrocytes was achieved, suggesting suitability for co-culture with neurons. Representative images
indicate an increase in the number of astrocytes in cultures on day ~50 compared to day 35 (Figure
3.12; Figure 3.13; Figure 3.14; Figure 3.15). Although astrocytes were pre-treated with mitomycin C
to inhibit cell division, the potential increase in cell number may indicate that some cell division still
occurs, albeit at a rate that does not prohibit analysis of neurons, as indicated in Figure 3.11.B and

Figure 3.11.C.
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Figure 3.12 Immature astrocytes derived from control iPSCs

Astrocytes derived from control iPSCs were fixed on day 35 of differentiation and probed for the
astrocyte protein ALDH1L1 (red) and the calcium-binding protein S100A6 (green). Astrocytes were

imaged with the Opera Phenix® High-Content Screening System. Scale bars represent 1mm.
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Figure 3.13 Immature astrocytes derived from ANXA11mut iPSCs

Astrocytes derived from ANXA11 ALS patient iPSCs were fixed on day 35 of differentiation and
probed for the astrocyte protein ALDH1L1 (red) and the calcium-binding protein S100A6 (green).
Astrocytes were imaged with the Opera Phenix® High-Content Screening System. Scale bars

represent 1mm.
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Figure 3.14 Aged astrocytes derived from control iPSCs

Astrocytes derived from control iPSCs were fixed on day ~50 of differentiation and probed for the
astrocyte protein ALDH1L1 (red) and the calcium-binding protein S100A6 (green). Astrocytes were

imaged with the Opera Phenix® High-Content Screening System. Scale bars represent 1mm.
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Figure 3.15 Aged astrocytes derived from ANXA11mut iPSCs

Astrocytes derived from ANXA11 ALS patient iPSCs were fixed on day ~50 of differentiation and
probed for the astrocyte specific marker ALDH1L1 (red) and the calcium-binding protein S100A6
(green). Astrocytes were imaged with the Opera Phenix® High-Content Screening System. Scale bars

represent 1Imm.
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Figure 3.16 Expression of astrocytic markers in iPSC-derived astrocytes
Quantification of images represented in Figure 3.12, Figure 3.13, Figure 3.14, and Figure 3.15. Images
were quantified in Harmony®. Young astrocytes were analysed on day 35 of differentiation, and aged

astrocytes were analysed at day ~50. Data are represented as mean = SEM, n = 2 for each time point.
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Each data point represents one cell line in one experimental replicate, where astrocytes were
cryorecovered and plated in separate instances, with each replicate comprised of three technical
replicates. Control lines are grouped and ANXA11 ALS patient lines are grouped by mutation.
Statistical analyses: (A-B, D-H) Ordinary one-way ANOVA, (C) Brown-Forsythe one-way ANOVA, both

with Dunnett’s multiple comparisons test (p > 0.05).

3.3.6 Motor neuron-astrocyte co-culture

Optimisation of motor neuron-astrocyte co-culture included analysis of direct co-culture of motor
neurons on astrocytes, resting motor neurons attached to coverslips on top of cultured astrocytes
such that media was shared between the two cell types, and maintaining neurons in culture with
well-inserts containing astrocytes, again so that media was conditioned by astrocytes. A schematic
of these co-culture designs is included in Figure 3.17. In both instances where astrocytic support was
relying on conditioned media (Figure 3.17.B and Figure 3.17.C), fragmentation of neurites occurred
and detachment of neurons from glass coverslips was observed in long-term culture, indicating that
trophic support alone is not sufficient to extend motor neuron longevity (data not shown). In the
direct co-culture condition (Figure 3.17.A), neuronal survival was markedly increased, and neurons
remained attached to astrocytes, which attached more-readily to glass coverslips than their neuronal
counterparts. An example of direct motor neuron-astrocyte co-culture maintained until day 42 of
motor neuron differentiation is included in Figure 3.18, with GFAP positive astrocytes growing
alongside motor neurons immunolabelled with the neuronal marker 3-Tubulin. When reporting
data collected from motor neuron-astrocyte co-culture throughout this thesis, reference is made to

the neuronal age of cultures.
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Figure 3.17 Methods for motor neuron-astrocyte co-culture

(A) Direct co-culture of motor neurons with astrocytes included direct attachment of neurons onto
plated astrocytes; used throughout this thesis. (B) “Resting co-culture” was attempted, whereby
motor neurons were plated on coverslips, which were then placed on astrocytes such that the
different cell types were sharing the same media. (C) Conditioned media was applied to motor
neurons by plating astrocytes in a well insert that was in contact with the neuronal medium. The
most effective method of co-culture for increasing the longevity of motor neurons here was (A),
indicating that direct contact with astrocytes was important for neuronal survival, as opposed to

metabolic support from conditioned media as seen in (B) and (C).
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Figure 3.18 Motor neuron-astrocyte co-culture

Direct co-culture of motor neurons with astrocytes was established and carried forward in this
project. Cultures in this example were fixed on day 42 of motor neuron differentiation, and subject
to immunocytochemistry with antibodies targeting the astrocyte protein GFAP (magenta) and the
neuronal marker $3-Tubulin (B3-Tuj, green), and were co-stained with DAPI (blue). Cultures were
imaged with the Opera Phenix® High-Content Screening System. The top and bottom panel represent

two z-planes of the same XY image. Scale bars represent 100um.

3.4 Discussion

ALS is extremely heterogeneous, with many ALS associated SNPs accounting for a small percentage
of the ALS patient population. Experimental models of many of these genes are lacking, and
investigation of novel mutations can shed new light on disease aetiology. Hence, iPSC lines were
derived from patient cells harbouring ALS causing mutations in ANXA11, alongside controls. iPSCs
were characterised to ensure pluripotency and genomic stability, and differentiated into motor

neurons and astrocytes, providing a novel platform for investigation into ANXA11 associated ALS.
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3.4.1 Methods for iPSC production

Introduction of reprogramming factors into LCLs to cause iPSC reprogramming was completed using
either SeV or electroporation of episomal plasmids. In the initial stages of this project, commercially
available CytoTune 2.0 Sendai virus was used to reprogram LCLs into iPSCs. This proved to have low
efficiency, and so episomal plasmid driven reprogramming was used in later instances, resulting in
higher success rates in reprogramming experiments and generation of increased numbers of
individual iPSC clones in each attempt (data not shown). Loss of residual reprogramming material
was not tested for, however both SeV and episomal plasmids are non-integrating, hence the resulting
iPSC lines were deemed comparable in downstream experiments. The method used for each cell line

included in this project is included in Table 3.1.

3.4.2 iPSC characterisation

The overall aim of iPSC characterisation is to confirm that the cells are pluripotent and that no
genomic perturbations have occurred during the reprogramming or culturing process. Proof of
pluripotency here includes immunocytochemistry (Figure 3.1; Figure 3.2) and embryoid body assay
(Figures 3.3; Figure 3.4). Tests such as PluriTest include hundreds of markers of pluripotency and
differentiation, and are a more robust measure of pluripotency than probing for individual proteins
or genes (Mdller et al., 2011). Limitations with costs and/or equipment are generally the limiting
factor for characterisation protocols, and staining is often utilised in lieu of more extensive
characterisation. Newly derived iPSCs were positive for the pluripotency marker Oct-3/4 via
immunocytochemistry (Figure 3.1; Figure 3.2) and the embryoid body assay indicated tri-lineage
potential of iPSCs (Figure 3.3; Figure 3.4). Collectively these data indicate that newly derived iPSCs
from control and ANXA11 ALS patients are pluripotent and therefore suitable for use as an

experimental model of ALS.
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Itis a well-established phenomenon that major chromosomal events can occur in cultured stem cells,
which can lead to altered cellular behaviours and misleading experimental readouts. Major
chromosomal changes include insertions and deletions, translocations, and duplications of genetic
material. Genomic aberrations might occur during iPSC reprogramming and can also arise in
prolonged cell culture. Approximately 12.5% of iPSCs may have abnormal karyotypes, such as
trisomies, large insertions or deletions, and translocations (Taapken et al., 2011). Random
chromosomal abnormalities in cultured cells can confer a proliferative advantage or reduce cell
death and apoptosis (Zhang et al., 2019). Consequently, cells harbouring abnormalities can divide
and survive more easily, giving rise to mosaic cultures. Additionally, smaller genomic alterations
such as SNPs can arise, resulting in similar consequences for cultures. This is supported by the
recurrence of abnormalities at specific genomic loci in multiple stem cell lines, indicating that certain
genomic regions are susceptible to culture advantageous alterations (Assou et al., 2020; Baker et al.,
2016; Merkle et al., 2017; Nikitina et al., 2019; Oliveira et al., 2014; Rebuzzini et al., 2015; Zhang et
al.,, 2019). Assessment of iPSC genomic integrity with whole genome sequencing revealed that
3.5+0.5 base substitutions occur per population doubling, highlighting the necessity to maintain low

passage stocks (Kuijk et al., 2020).

Gross genomic integrity is traditionally measured by G-band karyotyping, where dividing cells are
fixed during metaphase and chromosomes are spread, visualised, and aligned to a typical karyotype
structure. A normal karyotype was seen in all iPSC lines, excluding the ALS patient line ANXA11 D40G
2 (Figure 3.5), which had a balanced translocation between chromosome 4 and chromosome 22. To
investigate whether this translocation was clone specific or due to a generalised karyotypic
abnormality in the parent LCL, a second iPSC clone from the same individual was submitted for G-
band karyotyping. However, this assay failed multiple times and unfortunately results could not be
reported in the present thesis. Due to technical issues encountered whilst completing karyotype
analysis, experimental interrogation of cell lines was started before complete karyotype data was

collected. The visualisation of an abnormal karyotype in ANXA11 D40G 2 highlights the importance
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of thorough characterisation of cell lines before they are used in experiments. As balanced
translocations often occur in healthy adults, without major consequences to adult health, it was

decided that the ANXA11 D40G 2 iPSC line would still be included in analyses.

Although G-band karyotyping is often implemented as the gold standard for genomic analysis, it can
be technically challenging, evidenced here by fewer than 20 metaphases being analysed for some
cell lines (Figure 3.5). Newer technologies for assessing chromosomal changes include digital
karyotyping (Baker et al., 2016; Leary et al., 2007), and genomic tests such as comparative genomic
hybridisation (CGH) can give additional insight into genomic stability such as identification of small
deletions and duplications. Guidelines for best practice in maintaining genomic stability in iPSC lines
have been put forward but are yet to be widely implemented in many instances of iPSC research
(MclIntire et al., 2020; Rossi et al., 2022). Large-scale stem cell initiatives aim to standardise iPSC
technology, increasing the number of cell lines available, alongside thorough characterisation of lines
which can often be beyond the scope of smaller laboratories (Ohlemacher et al., 2021; Ramos et al.,
2021). Additionally, it has been posited that genomic screening of hESC lines should be implemented
prior to their utilisation, to exclude lines with abnormal traits including hidden disease-associated
single nucleotide variants, which is also applicable to iPSC technology (Merkle et al., 2022).
Mitochondrial DNA variants can fluctuate between parent fibroblasts and corresponding iPSCs and
NPCs, which can lead to altered experimental readouts (Palombo et al., 2021). This phenomenon

was identified relatively recently in iPSC lines and should be considered in future studies.

An unexpected and time-consuming aspect of this project was the continued presence of EBV genes
in LCL-derived iPSCs (Figure 3.7). EBV causes infectious mononucleosis and is associated with
lymphomas, other cancers, autoimmune diseases, and multiple sclerosis (Bjornevik et al., 2022;
Houen & Trier, 2021; Nociti et al., 2010). To circumvent cell senescence in cell culture, blood cells
are transduced with EBV genes to provide a continuously dividing culture (Hui-Yuen et al., 2011).
LCLs have been largely utilised for genomic studies, where it is necessary to procure substantial
amounts of DNA and maintain a continuous source of patient cellular material. The UK MND
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Collections is home to many LCLs from a wide range of ALS patients and controls, which have been
extremely useful for identification of ALS causing mutations, including those in ANXA11 which are
the focus of this thesis (Smith et al., 2017). The development of protocols for derivation of iPSCs from
LCLs enabled The UK MND Collections to be repurposed as a resource for the production of iPSCs
(Barrett et al., 2014; Kumar et al., 2016; Rajesh et al., 2011). In instances where no primary patient
cells are available, LCLs are a useful resource, and publications describing LCL reprogramming report
the loss of EBV from established iPSC lines (Barrett et al., 2014; Rajesh et al., 2011). However,
throughout this project approximately 25% of iPSC clones did not lose EBV genes after multiple
passages. In these instances, iPSCs that were positive for EBV genes by PCR at passage 35 were
discarded, and a new clone was selected for characterisation and inclusion in experiments. The
consequence of EBV DNA persistence in iPSCs is unknown, and characterisation of the effect of EBV
DNA on cellular phenotypes should be determined in future studies. Serial iPSC passaging to induce
loss of EBV DNA is costly and time-consuming and should be considered when utilising LCLs for iPSC
derivation. In future studies, subcloning new LCL-derived iPSCs may enhance the loss of EBV genomic
material more efficiently than serial passaging. It should be noted that iPSCs lost EBV DNA at various
passages, although all lines were cultured in the same way (Table 3.1). This could lead to variability
in experiments, however all lines lost their EBV signal by passage 30, and seeding and working stocks
were prepared immediately after the loss of EBV DNA, so it is assumed that lines are comparable. All
other pluripotency and genomic characterisation experiments were completed after the loss of EBV
to ensure that serial passaging did not introduce cell line abnormalities detected by other

characterisation experiments.

3.4.3 Establishing reliable experimental design to reduce variability

Derivation of neuronal cultures from iPSCs has provided an unmatched in vitro human model for ALS
research. However, as with any biological model there are limitations, including the lack of system

biology that is achieved with animal models and the high variability that can be observed in iPSC
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derived cultures. The use of different donor material to produce iPSCs may result in different iPSC
characteristics (Efrat, 2021), however evidence suggests that the downstream effects on
differentiated cells are minimal (Sanchez-Freire et al., 2014). The reversal of epigenetic signatures
during iPSC reprogramming is a well-recognised phenomenon, however instances of incomplete
resetting of epigenetic modifications have been reported (Zhou et al., 2013). This and other genomic
changes that might occur in reprogramming can lead to clonal variability, where iPSCs that have
arisen from separate reprogramming events in separate cells from the same starting culture can
display different characteristics in later experiments. Extensive characterisation aims to reduce this
variability, but in the absence of whole genome sequencing and complete epigenetic profiling of
every iPSC line produced, some unknown variability may exist. Traditional reprogramming methods
such as retroviral insertion of pluripotency factors into random points in the genome might increase
this variability as the random insertion of genes may affect genomic function. Methods such as SeV
and transfection with episomal plasmids avoid this and produce iPSCs that are “foot-print free”. To
avoid attributing clone-specific phenotypes to a wider population, multiple different cell lines should
be used in experiments, or if this is not possible multiple clones from the same donor should highlight

clonal variation which can then be considered when interoperating results.

Differences in the genetic makeup of donors can cause variability; in instances where two patients
have the same genetic mutation the background genetic landscape of each patient will vary, which
has consequences for the observed cell cultures. This is equally relevant for control lines, where the
absence of disease does not negate differences in cell culture. This raises an important point in the
need for good, reliable control lines for experiments. Control lines are collected at moments in time
where the donor is “disease-free”, however it is possible that such donors will go on to develop
diseases that are at least in part governed by their genetic make-up. As such, it is possible that control
lines in experiments unknowingly represent a prodromal disease population. To avoid these
circumstances, it is necessary to include multiple control lines in experiments, and multiple mutant

lines. This will reduce the probability that any results are simply a result of person-to-person
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variability and support the notion that they are due to the disease being modelled. Sets of control
lines can be further improved by careful selection of control donors. Producing iPSC lines from
persons of “extremely healthy ageing” might offer a faithful model for absence of disease.
Collections of healthy control iPSC lines have been produced and reported, and inclusion of whole
genome sequencing of these lines increases their reliability as experimental controls (Schaniel et al.,
2021). The controls used here were derived from blood samples collected between ages 61-84, and
the selection of these lines for reprogramming was based on biological sex-and age-matching of
control lines to patient lines. At the time of line selection, it was posited that donor age might have
unknown influence on the characteristics of iPSCs, such as differentiation potential or culture
senescence. Similar effects are seen in fibroblast cultures, where reduced reprogramming efficiency
is associated with older donor age (Trokovic et al., 2015). Since then, however, evidence suggests
that this is not the case for iPSCs, which show similar differentiation potential and extended culture
characteristics independent of donor age (Strassler et al., 2018). This might suggest that in future
studies the utilisation of lines from those of “extremely healthy ageing” will provide better control
conditions than age-matched controls. The oldest reported donor for iPSC reprogramming was 114
years old, and these iPSCs showed reversal of age characteristic telomere shortening, indicating that
even in extreme circumstances age signatures are lost with reprogramming (Lee et al., 2020). A
limitation with such study design is that signs of normal aging in disease models might then appear
as disease-associated phenotypes, and it may in fact be misleading to compare disease lines to
models of extremely healthy ageing. An alternative is to increase the number of control lines to
circumvent any misleading data that might arise from individual variability among controls, as has

been included here.

Variability can also arise in the differentiation process. Current protocols inevitably yield a mixture
of cell types, however protocols are being continuously optimised to reduce this type of variability.
As with any experiment, multiple repeats are necessary, and in the case of iPSC derived cultures it is

necessary that these repeats are produced from separate rounds of differentiation. Recent single-
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cell RNA sequencing data suggest that genetic background can influence in vitro differentiation
capacity of iPSCs, and so it may be possible to select lines with a high likelihood of producing a desired
cell type in future studies (Cuomo et al., 2020). Methods for iPSC maintenance will vary from person-
to-person, and laboratory-to-laboratory, and this might translate to variable results. Regular
screening for the absence of mycoplasma infections is also important as extensive data indicate that
infection can have “virtually unlimited” effects on cultures (Drexler & Uphoff, 2002). Mycoplasma
screening was implemented throughout iPSC derivation and maintenance, ensuring the absence of
infection. In line with this, antibiotics should be excluded from iPSC culture media as their inclusion
can result in low level, yet persistent, bacterial contamination and increased mycoplasma infection
as poor aseptic technique is masked. In addition, inclusion of antibiotics can have a negative effect
on differentiating stem cells (Varghese et al., 2017), and can alter gene expression (Ryu et al., 2017),

and so thorough sterile technique should be employed as the means to prevent contamination.

The limiting factor when addressing these opportunities for variability to arise is often time and
workload. As robot and laboratory capacities increase, it might be possible to execute experiments
with many conditions so that fewer false positives and negatives are present. Potential avenues for
introduction of variability, and experimental design that would reduce variability, are summarised in

Figure 3.19.
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Figure 3.19 Introduction of variability in iPSC culture and rational study design

(A) Individual genetic differences in patients and controls will result in variable iPSC characteristics.
(B) Different methods for reprogramming and gene editing may affect iPSCs. (C) Differences in iPSC
culturing and maintenance can alter pluripotency and genomic stability of cell lines. (D) Separate
instances of differentiation can yield different results. Study design to avoid these sources of
variability include generating iPSC lines from multiple individuals and including as many lines as
possible in experiments (E), using best practice for reprogramming and editing lines to avoid DNA
damage including thorough and frequent characterisation tests (F), and including multiple separate

rounds of differentiation in each experiment (G).

3.4.4 iPSC-derived motor neurons

The motor neuron differentiation protocol used here yields cultures that are 70-80% positive for the
motor neuron marker Islet 1 by day 17 of differentiation (Figure 3.8; Figure 3.9; Figure 3.10). Neurons
derived from ANXA11 patients displayed 70-74% Islet 1 positive nuclei, compared to 79% Islet 1
positive nuclei in control lines, but no significant difference between control lines or each of the
three ANXA11mut groups was identified by Brown-Forsythe one-way ANOVA. Reduced propensity

for neuronal differentiation has been reported in iPSC lines harbouring ALS genetic mutations in FUS
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(Stronati et al., 2021), and reduced numbers of neurons derived from TARDBP mutant iPSCs are
positive for the motor neuron marker HB9 (Bossolasco et al., 2018). Additionally, FTD iPSC models
with mutations in PGRN display reduced corticogenesis (Raitano et al., 2014). The slightly reduced
number of motor neurons in ANXA11 ALS lines seen here could be disease relevant, however the
lack of a statistically significant difference suggests that comparable numbers of motor neurons are
present in all cell lines. Motor neurons were positive for ChAT as detected by immunocytochemistry
at days 17 and 42 of differentiation (Figure 3.11), and neuronal cultures were probed for the motor
neuron specific genes ChAT and HB9 by RT-PCR, which were detected in motor neurons on day 21
and 17 of differentiation, respectively, but were not detected in LCL cDNA (Appendix Figure 9.4).
Overall, these data show that neuronal cultures included in this thesis include a high proportion of
motor neurons and that a phenotype of ANXA11 ALS patient-derived lines is a small but statistically

insignificant reduction in the ability of stem cells to differentiate into Islet 1 positive motor neurons.

In aged cell cultures, residual progenitors present at the time of motor neuron plating can continue
to divide, resulting in neuronal cultures becoming diluted by the expansion of undifferentiated cells.
This can vary between differentiation instances, highlighting the necessity to include multiple rounds
of differentiation for each experiment, and the importance of maintaining stocks of high-quality
iPSCs and small molecules for differentiation. Multiple experiments in this thesis include co-culture
of motor neurons with astrocytes, presenting a challenge with identification of appropriate cells and
exclusion of non-neuronal cells in image quantification. In experiments where high power
magnification is used for data acquisition, neurons can be selected for analysis based on neuronal
markers and cell morphology. In cases of high-throughput image acquisition (see Chapter 4),
protocols were established to exclude non-neuronal cells from quantification (2.4.2). This was
established to exclude astrocytes from analysis where neuronal quantification was being performed,
but also has application in exclusion of unspecific cells and debris if present. The inclusion of
unspecific cells is not desirable, and differentiation protocols are continuously being improved:

Efforts to sort cells with MACs or FACs, or to use forced differentiation by inserting cell-type-specific
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differentiation drivers into “safe-harbour” genomic sites, might alleviate some random
differentiation (Hulme et al., 2021; Nehme et al., 2018). Optimisation of such methods was beyond
the scope of this project due to time restraints, equipment limitations, and project aims. However,
the yield of motor neurons and the thorough filtering applied here ensure that the results reported
in this thesis are both reliable and meet the current standards of motor neuron cultures. In addition,
visual inspection of neuronal cultures was consistently applied to exclude any non-neuronal cultures.
This was particularly relevant for neurons collected for western blotting, where only clearly neuronal

cultures were included (Appendix Figure 9.5).

3.4.5 Motor neuron-astrocyte co-culture

Single cell-type cultures offer a brilliant platform for looking at cell-specific changes, however they
don’t accurately represent the complex multicellular nature of the CNS. The function of neurons is
heavily influenced by surrounding cells, and establishment of co-culture is increasingly utilised as a

means to improve culture quality.

The decision to include astrocytes in co-culture with motor neurons in this project was multifactorial.
Motor neuron cultures tend to bundle together and form axon fascicles, which lift off from glass
coverslips when maintained in culture for extended periods of time. Efforts were made to avoid this,
including amending coverslip coating, washing glass coverslips with hydrochloric acid, and plating
different numbers of motor neurons. The optimised procedures are detailed in 2.1, however culture
clumping and lifting can persist in aged cultures. This is a widely observed phenomenon, and efforts
have been made to produce substrates that discourage motor neurons from lifting when included in
basement coating protocols (Thiry et al., 2021). Notably, cell lifting was not observed as drastically
when neurons were cultured on plastic culture plates. When attempting to age pure populations of
neurons at lower densities, neurites in both control and ANXA11mut lines would start to fragment,
suggesting that purely neuronal populations are vulnerable to cell death. In addition, increasing

evidence suggests that more complex iPSC derived cultures yield “faster-maturing” neurons. This is
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evidenced by 3D organoids, for example in Alzheimer’s Disease research, where organoids express
adult tau isoforms at a much earlier time point than their monolayer neuron counterparts (Lovejoy
et al.,, 2022). Further, co-culturing iPSC-derived motor neurons with iPSC-derived astrocytes
enhances the electrophysiological maturation of neurons in a time-dependent manner, and the
neurons exhibit structural and protein expression profiles associated with mature cells (Kuijlaars et
al., 2016; Taga et al., 2019). One role of astrocytes is the re-uptake of glutamate and subsequent
conversion into glutamine, and transfer of glutamine to neurons to restore glutamate levels,
indicating that neuronal homeostasis and function may be improved when maintained with
astrocytes. For these reasons astrocytes were included in culture: 1. To enable long term
maintenance of neurons via preventing neurons from lifting; 2. To give trophic and structural support
to neurons, preventing neurite fragmentation; 3. To yield more “mature” motor neurons; 4. To

recapitulate the multicellular structure of the CNS more faithfully.

Multiple methods for motor neuron-astrocyte co-culture were tested and are detailed in Figure 3.17.
Direct co-culture of motor neurons plated on top of astrocytes was carried forward as this system
resulted in better long-term culture survival, was feasible in terms of experimental workload, and
was better suited to miniaturised culture formats such as 96-well plates. Co-cultures fixed on day 42
of motor neuron differentiation were probed for cell-type specific markers, revealing networks of
GFAP positive astrocytes and 3-Tubulin positive motor neurons (Figure 3.18). Representative
images show the same XY region of cells at two z-planes, highlighting astrocytes interspersed
between neurites, giving rise to cultures with increased complexity compared to monolayer neuronal
cultures. Due to limitations with time and prioritisation of neuronal phenotyping, quantification of
astrocytes in extended cultures was not directly measured and could be important for future studies.
Treatment of astrocytes with mitomycin C was included to prevent overpopulation in cultures that
were maintained for extended periods, in part to enable visualisation of post-mitotic neurons in
imaging experiments. It is possible that treatment with mitomycin C influences astrocytic function

beyond inhibiting cell division, and so the effect of iPSC-derived astrocytes in this system should be
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interoperated with caution. The focus of this body of work is the assessment of neurons in the
context of ANXA11 ALS, and so although astrocytes may influence neuronal health and function, it
was deemed appropriate to utilise pre-treated non-dividing astrocytes in co-culture in this context.
In addition to the influence of reactive astrocytes in co-culture (Tripathi et al., 2017), evidence points
towards heterogeneity in astrocytes from different parts of the CNS (Clarke et al., 2020; Yoon et al.,
2017). These are important considerations and in future studies it may be necessary to characterise

subtle differences in astrocyte phenotypes when assessing their influence on neuronal health.

3.5 Conclusions

To address the lack of iPSCs available for ANXA11 ALS research, five ANXA11 ALS patient-derived
lines were produced. Five control lines were produced based on matched sex and age proximity.
iPSCs were subject to pluripotency and genomic stability characterisation experiments, were
routinely tested for the absence of mycoplasma infection, had matched STR profiles to donor LCLs,
and were passaged to become EBV negative. The importance of iPSC characterisation was
highlighted by an abnormal karyotype in line ANXA11 D40G 2, and the unexpected nature of EBV
persistence in LCL derived iPSCs should be considered in future studies utilising this cell resource for

stem cell derivation.

High-yield motor neurons were produced from iPSCs, and motor neuron differentiation capacity was
comparable across cell lines. When co-cultured with astrocytes, long-term cell culture was achieved.
The characterised cell lines and optimised motor neuron-astrocyte co-cultures provide a unique

model for the study of ANXA11 ALS, which is discussed further in Chapters 4, 5, and 6.
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Chapter 4 Characterisation of ANXA11 ALS patient motor neurons

4.1 Overview

Protein aggregation and mislocalisation are commonly associated with ALS pathology; many ALS
associated proteins form inclusions which can sequester other proteins, often resulting in the
formation of insoluble protein aggregates (1.12). In addition to the development of large protein
aggregates, many ALS associated proteins mislocalise to atypical cellular compartments. For
example, TDP-43, FUS, and many other RBPs are found predominantly in the nucleus in healthy
neurons, and their relative abundance in the cytoplasm increases with disease progression
(Dormann et al., 2010; Liu et al., 2015, 2021; Tyzack et al., 2019, 2021). TDP-43 mislocalises or
aggregates in over 95% of ALS cases, the majority of which do not harbour mutations in the
corresponding TARDBP gene (Ling et al.,, 2013; Mackenzie et al., 2007; Neumann et al., 2006).
Screening assays utilising cytoplasmic mislocalisation of TDP-43 and FUS have been established as a
means to screen newly identified genetic mutations in order to prioritise further experiments,

highlighting the usefulness of cell-based protein localisation assays in ALS (Oyston et al., 2021).

Post-mortem histological analyses of patient tissue with G38R or D40G ANXA11 mutations show
Annexin A11, pTDP-43, and TDP-43 positive aggregates in the spinal cord and/or brain of ANXA11
ALS patients (Smith et al., 2017; Teyssou et al., 2020). This exemplifies the relevance of protein
aggregation in ANXA11 associated ALS. In addition, overexpression of ANXA11 constructs indicates
an altered vesicular like staining pattern of R235Q Annexin A11 in mouse cortical neurons (Smith et
al., 2017), indicating a potential early alteration in protein localisation as a consequence of ALS
associated mutations, however this hasn’t been demonstrated at endogenous protein levels. To
address this, the initial characterisation of ANXA11 ALS patient-derived motor neurons included

broad analyses of protein localisation and abundance, which was completed in ANXA11mut and
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control motor neurons at multiple time points to assess any culture maturity associated protein

characteristics.

4.2 Methods

4.2.1 High-throughput image analysis and quantification in patient-derived motor neurons

iPSCs derived from five control and five ANXA11 ALS patients (2x G38R, 2x D40G, 1x R235Q) were
differentiated into motor neurons (2.1.7) and in some instances maintained in co-culture with
astrocytes differentiated from the same iPSC lines (2.1.10). iPSC-derived cultures were fixed and
subject to immunocytochemistry (2.4.1), and high-throughput characterisation of motor neurons
was performed using the Opera Phenix® High-Content Imaging System and Harmony® analysis
software (2.4.2). This was completed for motor neuron monocultures on day 17 of differentiation,
17-day old motor neurons maintained in co-culture with astrocytes, and 42-day old motor neurons
maintained in co-culture with astrocytes (Table 2.4). High-throughput image analysis was
implemented to characterise Annexin A11, TDP-43, and pTDP-43 protein. Quantified characteristics
include gross protein localisation in the nucleus and cytoplasm of motor neurons, giving rise to a
measure of nucleocytoplasmic ratio, and spot characteristics including spot size and spot count,

which were normalised to the nuclear or cytoplasmic area.

To aid visualisation of large amounts of data from high-throughput analyses, spot characteristics and
the nucleocytoplasmic ratio of target proteins are presented in a grouped format so that control and
ANXA11mut characteristics can be concurrently visualised in different culture conditions. Data are
grouped by ANXA11 mutation status in the following groups; control, ANXA11 G38R, ANXA11 D40G,
and ANXA11 R235Q. When data from multiple culture paradigms are presented together, data are
shown as the mean value for each ANXA11 mutation status group with error bars showing SD,

indicating the variability seen between separate motor neuron inductions (biological replicates).
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These data were analysed with a two-way ANOVA with Tukey’s multiple comparisons test to

compare ANXA11lmut groups to control across different culture paradigms.

In addition, results from individual experiments (assessment of each target protein in each culture
condition) are presented separately in the Appendix, alongside additional measurements from high-
throughput analyses that cannot be reliably compared across culture conditions. These are generally
arbitrary measures of fluorescent intensity that have not been directly compared across culture
paradigms due to the completion of imunocytochemistry and image acquisition at different times,
including inconsistent image collection settings. This means that experimental readout is likely to be
influenced by confounding variables in addition to the measured variables (i.e. mutation status and
culture paradigm). In addition, the number of neurons included for high-throughput analyses are
included with the relevant Appendix data to demonstrate the large number of cells included in

analyses.

4.2.2 High-resolution imaging

To demonstrate Annexin A1l subcellular localisation and granule characteristics, motor neurons
were fixed and probed for Annexin A11 with immunocytochemistry (2.4.1), and imaged with super-

resolution microscopy (2.4.3).

4.2.3 Protein abundance in iPSC-derived models of ALS

Annexin A1l and TDP-43 protein was further assessed in iPSCs, motor neurons, and astrocytes with
western blotting (2.5.1), with levels of endogenous protein normalised to total protein in different

cell types.
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4.3 Results

4.3.1 High-throughput characterisation of Annexin A1l in ANXAllmut and control motor

neurons

Representative data from high-throughput imaging of Annexin A1l in pure populations of motor
neurons fixed at day 17 of differentiation (Figure 4.1; Figure 4.3), 17-day old motor neurons in co-
culture with astrocytes (Figure 4.3; Figure 4.4), and 42-day old motor neurons in co-culture with
astrocytes (Figure 4.5; Figure 4.6) are shown. The nucleocytoplasmic ratio was calculated by dividing
mean nuclear intensity by mean cytoplasmic intensity, a higher value therefore indicating a more
nuclear localisation, and a value of 1 indicating equal distribution between the two cellular regions.
The mean nucleocytoplasmic ratio of Annexin All across all conditions suggests that it resides
predominantly in the nucleus, and large measures of error indicate that the localisation is dynamic
(Figure 4.7.A; Appendix Figure 9.7; Appendix Figure 9.9; Appendix Figure 9.11). Annexin All
localisation in neurons showed a slight trend towards increased cytoplasmic localisation when in co-
culture with astrocytes, suggesting that neuronal protein localisation is affected by non-cell-
autonomous mechanisms, or that neuronal health or metabolic/trophic support was altered in the
presence of astrocytes such that Annexin A1l localisation was different compared to motor neuron
monocultures. Although the nucleocytoplasmic ratio of Annexin A1l was variable and fluctuated
within cell lines, as evidenced by sometimes large standard deviations, the mean nucleocytoplasmic

ratio was not significantly different across culture paradigms (Figure 4.7.A).

Annexin A1l spot analysis was completed in the nucleus and cytoplasm of motor neurons in different
culture paradigms. This included a measure of spot size and spot count normalised to the region of
interest (ROI) (nucleus or cytoplasm). No statistically significant differences in spot characteristics
were observed between control and ANXAIImut groups in any culture condition. Annexin All
nuclear spot size was increased in day-17 co-cultured neurons compared to the day-17 motor neuron

only and day-42 co-cultured neuron groups (Figure 4.7.C), and Annexin A1l cytoplasmic spot size
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was increased in day-42 co-cultured neurons compared to both day 17 groups (Figure 4.7.D). The
number of Annexin A1l nuclear and cytoplasmic spots was increased in day-17 co-cultured motor
neurons compared to day-17 motor neuron monocultures and day-42 co-cultured motor neurons,
and the nuclear and cytoplasmic spot counts were slightly increased in day-17 motor neuron only

cultures compared to day-42 co-cultured motor neurons (Figure 4.7.E; Figure 4.7.F).

The total intensity of Annexin A1l was consistent across mutation groups indicating no obvious
change in Annexin All protein amount caused by endogenous mutations in ANXA11 (Appendix
Figure 9.7; Appendix Figure 9.9; Appendix Figure 9.11). The advantage of utilising high-throughput
analysis is the quantification of cellular characteristics in large numbers of cells, reducing bias
through automated analysis, and dilution of false effects present in small sample sizes. Over 1,700
neurons were included per cell line in the analysis of Annexin A1l protein distribution in pure
populations of young motor neurons (Appendix Figure 9.7), over 3,000 neurons in day-17 neurons
maintained in co-culture with astrocytes (Appendix Figure 9.9), and over 2,500 neurons per cell line
in day-42 co-cultured motor neurons (Appendix Figure 9.11). In each instance three separate motor
neuron inductions were included, each with three technical replicates, indicating increased neuron
count in the presence of astrocytes in young motor neurons, and reduced neuron count with culture

maturity.

Motor neurons immunolabelled for Annexin A1l were imaged with super-resolution microscopy,
revealing widespread Annexin A1l throughout neurons with dynamic localisation (Figure 4.8;
Appendix Figure 9.12). Some control and ANXAI11mut neurons displayed increased cytoplasmic
localisation of Annexin A11 and some a more nuclear localisation, which appeared to be independent
of ANXA11 mutation status. Annexin All is punctate throughout the nucleus and cytoplasm of
neurons, with small bright puncta of various sizes present throughout cells including in neurites

(Figure 4.8).
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Figure 4.1 Annexin A11 in young control motor neurons

Representative images of control motor neurons fixed on day 17 of differentiation. Cultures were
probed for $3-Tubulin (B3-Tuj, green) and Annexin A1l (red), and co-stained with DAPI (blue), and

imaged with the Opera Phenix® High-Content Screening System. Scale bars represent 100um.
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Figure 4.2 Annexin A11 in ANXA11lmut young motor neurons

Representative images of ANXA1Imut motor neurons fixed on day 17 of differentiation. Cultures
were probed for $3-Tubulin (B3-Tuj) and Annexin A11 (red), co-stained with DAPI (blue), and imaged

with the Opera Phenix® High-Content Screening System. Scale bars represent 100um.
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Figure 4.3 Annexin A11 in young control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 17 of motor neuron differentiation. Cultures were probed for £3-Tubulin (B3-Tuj) and Annexin
A11 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content Screening

System. Scale bars represent 100um.
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Figure 4.4 Annexin A1l in young ANXAllmut motor neurons maintained in co-culture with
astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 17 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj) and
Annexin A11 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.5 Annexin A11 in aged control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
Annexin A11 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.6 Annexin All in aged ANXAllmut motor neurons maintained in co-culture with
astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
Annexin A1l (red), and co-stained with DAPI (blue), and imaged with the Opera Phenix® High-

Content Screening System. Scale bars represent 100um.
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Figure 4.7 Annexin A11 nucleocytoplasmic ratio and spot analysis across culture paradigms

Quantification of data represented in Figures 4.1-4.6. (A) The nucleocytoplasmic ratio of Annexin A11
in motor neurons on day 17 of differentiation with and without co-culture with astrocytes, and motor
neurons on day 42 of differentiation maintained in co-culture with astrocytes. (B) Culture paradigm
key, relevant to A, C, D, E, F. (C) Annexin A1l nuclear spot size was increased in day-17 co-cultured
neurons compared to day-17 motor neuron only cultures (p < 0.0001) and day-42 co-cultured motor
neurons (p < 0.0001). (D) Annexin A1l cytoplasmic spot size was increased in day-42 co-cultured
neurons compared to day-17 co-cultured neurons (p = 0.0048) and day-17 motor neurons (p =
0.0070). (E) Annexin A11 nuclear spot count was increased in day-17 co-cultured neurons compared
to day-17 motor neuron only cultures (p < 0.0001), and day-42 co-cultured neurons (p < 0.0001), and
nuclear spot count was reduced in day-42 co-cultured neurons compared to day-17 motor neuron
only cultures (p = 0.0252). (F) Annexin A1l cytoplasmic spot count was increased in day-17 co-
cultured neurons compared to day-17 motor neuron only cultures (p = 0.0024), and day-42 co-
cultured neurons (p < 0.0001), and nuclear spot count was reduced in day-42 co-cultured neurons
compared to day-17 motor neuron only cultures (p = 0.0408). Data are presented as mean * SD,
number of motor neuron inductions = 3; each data point represents the mean value from all cell lines
in control and ANXA11lmut groups across three motor neuron inductions, with each inducation
comprised of three technical replicates. Statistical analysis: Ordinary two-way ANOVA with Tukey’s

multiple comparisons test (*p < 0.05; ** p <0.01; ****p <0.0001).
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Figure 4.8 Annexin A11 is punctate in human iPSC-derived motor neurons

Control and ANXA11 patient iPSCs were differentiated into motor neurons and maintained in co-
culture with control astrocytes until day 42 of motor neuron differentiation. Neurons were
immunolabelled for endogenous Annexin A11 (red). Scale bars represent 20um. See Appendix Figure

9.12 for multi-channel images with the motor neuron marker ChAT, TDP-43, and DAPI.
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4.3.2 Quantification of Annexin A11 protein in control and ANXA11 ALS patient stem cell models

RIPA-soluble Annexin A1l abundance was not significantly different in control and ANXAl1lmut
motor neurons, however a slight trend towards reduced Annexin A11 was seen in ANXA11 D40G and
R235Q motor neurons compared to control (Figure 4.9). Levels of RIPA-soluble Annexin A1l were
consistent across control and ANXA11 G38R, D40G, and R235Q groups in iPSC-derived astrocytes
(Figure 4.10) and undifferentiated iPSCs (Figure 4.11). The normalisation of Annexin All to total
protein stain enables the comparison of relative protein abundance across multiple cell types as
normalisation is completed in the absence of housekeeping proteins that might alter in relative
abundance between cell types. Comparison of Annexin A11 abundance across cell types indicated a

relative increase in astrocytes and undifferentiated iPSCs compared to motor neurons (Figure 4.12).
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Figure 4.9 Annexin A11 protein abundance in iPSC-derived motor neurons

(A) Representative western blot with RIPA-soluble protein harvested from motor neurons on day 17
of differentiation, probed for Annexin A1l and total protein stain. (B) Annexin A1l protein was
measured and normalised to total protein. Data are presented as mean + SEM, n = 4. Each data point

represents relative Annexin A1l protein abundance in one cell line in one motor neuron induction,
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control lines are grouped and ANXA11 ALS patient lines are grouped by mutation. Statistical analysis:

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05).
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Figure 4.10 Annexin A11 protein abundance in iPSC-derived astrocytes

(A) Representative western blot with RIPA-soluble protein harvested from iPSC-derived astrocytes

on day ~35 of differentiation, probed for Annexin A11 and total protein stain. (B) Annexin A1l protein

was measured and normalised to total protein. Data are presented as mean + SEM, n = 4. Each data

point represents relative Annexin A1l protein abundance in one cell line in one biological replicate,

control lines are grouped and ANXA11 ALS patient lines are grouped by mutation. Statistical analysis:

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05).
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Figure 4.11 Annexin A11 protein abundance in iPSCs

(A) Representative western blot loaded with RIPA-soluble protein harvested from iPSCs, probed for
Annexin A1l and total protein stain. (B) Annexin A1l protein was measured and normalised to total
protein. Data are presented as mean + SEM, n = 3. Each data point represents relative Annexin A1l
protein abundance in one cell line in one biological replicate, control lines are grouped and ANXA11
ALS patient lines are grouped by mutation. Statistical analysis: Ordinary one-way ANOVA with

Dunnett’s multiple comparisons test (p > 0.05).
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Figure 4.12 Annexin A11 relative protein abundance is reduced in motor neurons compared to iPSCs
and astrocytes

Annexin A1l protein abundance was measured in iPSCs, motor neurons, and astrocytes, and was
normalised to total protein in each instance. Relative Annexin A11 protein abundance was reduced
in 17-day old motor neurons compared to iPSCs and astrocytes at day ~35 of differentiation (p <
0.0001). Data are presented as mean + SD, n = 3-4. Statistical analysis: Ordinary two-way ANOVA
with Tukey’s multiple comparisons test (****p < 0.0001). (Related to Figure 4.9, Figure 4.10, and
Figure 4.11.)

4.3.3 High throughput characterisation of TDP-43 in ANXA11 patient and control motor neurons

Motor neurons derived from control and ANXAI1Imut ALS patient iPSCs were probed for TDP-43
localisation and spot characteristics in motor neurons in co-culture with astrocytes on day 17 and 42
of motor neuron differentiation. Detailed analysis of TDP-43 localisation in motor neuron
monocultures on day 17 of differentiation is not reported due to corruption of image data files
before image quantification, and experiments could not be repeated due to limitations with time.
The nucleocytoplasmic ratio was quantified before data files became corrupt and is included in the
comparison of nucleocytoplasmic ratio across culture conditions (Figure 4.17.A). Equally,
representative images could not be collected from corrupted data files and are not included.

Representative images of TDP-43 localisation in day-17 motor neurons in co-culture with astrocytes
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are included in Figure 4.13 and Figure 4.14, and representative images of day-42 motor neurons in

astrocyte co-culture are included in Figure 4.15 and Figure 4.16.

TDP-43 nucleocytoplasmic ratio was increased in day-17 co-cultured motor neurons compared to
day-17 motor neuron only cultures and day-42 co-cultured neurons, with no difference observed
between control and any ANXAllmut group in any culture paradigm (Figure 4.17.A). TDP-43
localisation was dynamic, particularly in aged neurons, where large SDs indicate that
nucleocytoplasmic localisation is variable in both control and ANXA11mut lines. The mean TDP-43
nucleocytoplasmic ratio of day-42 co-cultured neurons was increased compared to day-17 motor
neuron only cultures, which was not statistically significant, likely due to the large variability across

biological replicates in day-42 neurons.

In co-cultured neurons, nuclear TDP-43 spot size was increased in day-17 motor neurons compared
to day-42 (Figure 4.17.C), with no difference observed between cytoplasmic spot size (Figure 4.17.D).
Additionally, an increase in the number of nuclear spots was observed in day-17 co-cultured motor
neurons compared to day-42, and a significant increase in TDP-43 nuclear spot count was observed
in ANXA11 G38R and ANXA11 R235Q groups compared to control (Figure 4.17.E). No change was
detected in the number of cytoplasmic spots across any condition, and considerable variability was

seen in this measurement (Figure 4.17.F).
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Figure 4.13 TDP-43 in young control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 17 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
TDP-43 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.14 TDP-43 in young ANXA11lmut motor neurons maintained in co-culture with astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 17 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
TDP-43 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.15 TDP-43 in aged control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
TDP-43 (red), co-stained with DAPI (blue), and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.16 TDP-43 in aged ANXA11lmut motor neurons maintained in co-culture with astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
TDP-43 (red), co-stained with DAPI (blue) and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.17 TDP-43 nucleocytoplasmic ratio and spot analysis across culture paradigms

Quantification of data represented in Figures 4.13-4.16. (A) The nucleocytoplasmic ratio of TDP-43
in motor neurons on day 17 of differentiation with and without co-culture with astrocytes, and motor
neurons at day 42 of differentiation maintained in co-culture with astrocytes. TDP-43 was more
nuclear in day-17 motor neurons maintained in co-culture compared to motor neuron only cultures
(p £0.0001) and day-42 co-cultured motor neurons (p = 0.0011). (B) Culture paradigm key, relevant
to A, C, D, E, F. (C) TDP-43 nuclear spot size was increased in day-17 co-cultured neurons compared
to day-42 co-cultured motor neurons (p < 0.0001). (D) TDP-43 cytoplasmic spot size was consistent
across groups. (E) TDP-43 nuclear spot count was increased in day-17 co-cultured neurons compared
to day-42 co-cultured neurons (p < 0.0001) and was increased in ANXA11 D40G (p = 0.0417) and
ANXA11 R235Q (p = 0.0105) groups compared to control in day-17 co-cultured motor neurons. (F)
TDP-43 cytoplasmic spot count was variable, with no significant differences across groups. Data are
presented as mean £ SD, number of motor neuron inductions = 2-3; each data point represents the
mean value from all cell lines in control and ANXA11mut groups across two-three motor neuron
inductions, each comprised of three technical replicates. Statistical analysis: Ordinary two-way

ANOVA with Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ****p <0.0001).

4.3.4 Quantification of TDP-43 protein in control and ANXA11 ALS patient-derived stem cell

models

Relative TDP-43 protein abundance was unchanged across control and ANXA11mut groups in day-
17 motor neurons (Figure 4.18) and astrocytes (Figure 4.19). An increase in RIPA-soluble TDP-43 was
detected in ANXA11 R235Q iPSCs compared to control (Figure 4.20). However, it should be noted
that this appears to be driven by a single data point, and significance was lost when all TDP-43
western blot data were compared using two-way ANOVA (Figure 4.21). A comparison of relative TDP-
43 abundance across different cell types revealed reduced TDP-43 in motor neurons compared to

iPSCs (Figure 4.21).
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Figure 4.18 TDP-43 protein abundance in iPSC-derived motor neurons

(A) Representative western blot with RIPA-soluble protein harvested from motor neurons on day 17
of differentiation, probed for TDP-43 and total protein stain. (B) TDP-43 protein was measured and
normalised to total protein. Data are presented as mean £ SEM, number of motor neuron inductions
= 3. Each data point represents relative TDP-43 protein abundance in one cell line in one motor
neuron induction, control lines are grouped and ANXA11 ALS patient lines are grouped by mutation.

Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05).
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Figure 4.19 TDP-43 protein abundance in iPSC-derived astrocytes

(A) Representative western blot loaded with RIPA-soluble protein harvested from iPSC-derived
astrocytes on day ~35 of differentiation, probed for TDP-43 and total protein stain. (B) TDP-43
protein was measured and normalised to total protein. Data are presented as mean + SEM, n = 3.
Each data point represents relative TDP-43 protein abundance in one cell line in one biological
replicate, control lines are grouped and ANXA11l ALS patient lines are grouped by mutation.

Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05).
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Figure 4.20 TDP-43 protein abundance in iPSCs

(A) Representative western blot loaded with RIPA-soluble protein harvested from iPSCs, probed for
TDP-43 and total protein stain. (B) TDP-43 protein was measured and normalised to total protein
and was increased in ANXA11 R235Q iPSCs compared to control (p = 0.0301). Data are presented as
mean = SEM, n = 3. Each data point represents relative TDP-43 protein abundance in one cell line in
one biological replicate, control lines are grouped and ANXA11 ALS patient lines are grouped by
mutation. Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test

(*p <0.05).
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Figure 4.21 TDP-43 relative protein abundance is reduced in motor neurons compared to iPSCs

Related to Figure 4.18, Figure 4.18, and Figure 4.20. TDP-43 protein abundance was measured in
iPSCs, motor neurons, and astrocytes, and was normalised to total protein in each instance. TDP-43
relative protein expression was reduced in day-17 motor neurons compared to iPSCs (p = 0.0076).
Astrocyte protein was collected on day ~35 of differentiation. Data are presented as mean = SD, n =

3. Statistical analysis: Ordinary two-way ANOVA with Tukey’s multiple comparisons test (**p <0.01).

4.3.5 High-throughput characterisation of pTDP-43 in ANXA11 patient and control motor

neurons

pTDP-43 signal was consistently detected in motor neurons (Figure 4.22; Figure 4.23; Figure 4.24;
Figure 4.25; Figure 4.26; Figure 4.27). The nucleocytoplasmic ratio of pTDP-43 was consistent
between control and ANXA11 mutation groups, and across various cell culture paradigms, with no

statistically significant differences observed in any condition (Figure 4.28.A).

High-throughput spot analysis indicates increased pTDP-43 nuclear spot size in day-42 compared to
day-17 co-cultured motor neurons (Figure 4.28.C). The cytoplasmic spot size was increased in day-
42 co-cultured neurons compared to both day 17 culture conditions (Figure 4.28.D). The number of
nuclear pTDP-43 spots was highly variable, and no statistically significant differences were observed
between ANXA11 mutation groups and control, or between culture conditions (Figure 4.28.E). The
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number of cytoplasmic pTDP-43 spots was also variable, with the total number of spots decreasing
in the day-42 co-cultured neurons compared to other culture conditions (Figure 4.28.F). A trend
toward increased pTDP-43 spot count in ANXA11 D40G neurons was observed in nuclear and
cytoplasmic spot count in day-17 motor neuron only cultures, which was not significant in two-way

analysis (Figure 4.28.E; Figure 4.28.F).
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Figure 4.22 pTDP-43 in young control motor neurons

Representative images of control motor neurons fixed on day 17 of differentiation. Cultures were
probed for 3-Tubulin (B3-Tuj, green) and pTDP-43 (orange), co-stained with DAPI (blue) and imaged

with the Opera Phenix® High-Content Screening System. Scale bars represent 100um.
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Figure 4.23 pTDP-43 in young ANXA1lmut patient motor neurons

Representative images of ANXA11mut motor neurons fixed on day 17 of differentiation. Cultures
were probed for $3-Tubulin (B3-Tuj, green) and pTDP-43 (orange), and imaged with the Opera

Phenix® High-Content Screening System. Scale bars represent 100um.
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Figure 4.24 pTDP-43 in young control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 17 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
pTDP-43 (orange), co-stained with DAPI (blue) and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.25 pTDP-43 in young ANXA11mut motor neurons maintained in co-culture with astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 17 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
pTDP-43 (orange), co-stained with DAPI (blue) and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.26 pTDP-43 in aged control motor neurons maintained in co-culture with astrocytes

Representative images of control motor neurons maintained in co-culture with astrocytes, fixed on
day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
pTDP-43 (orange), co-stained with DAPI (blue) and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.27 pTDP-43 in aged ANXA11lmut motor neurons maintained in co-culture with astrocytes

Representative images of ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 42 of motor neuron differentiation. Cultures were probed for $3-Tubulin (B3-Tuj, green) and
pTDP-43 (orange), co-stained with DAPI (blue) and imaged with the Opera Phenix® High-Content

Screening System. Scale bars represent 100um.
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Figure 4.28 pTDP-43 nucleocytoplasmic ratio and spot characteristics across culture paradigms

Quantification of data represented in Figures 4.22-4.27. (A) The nucleocytoplasmic ratio of pTDP-43
in motor neurons on day 17 of differentiation with and without co-culture with astrocytes, and motor
neurons on day 42 of differentiation maintained in co-culture with astrocytes. (B) Culture paradigm
key, relevant to A, C, D, E, F. (C) pTDP-43 nuclear spot size was increased in day-42 co-cultured
neurons compared to day-17 co-cultured motor neurons (p = 0.0309). (D) pTDP-43 cytoplasmic spot
size was increased in day-42 co-cultured neurons compared to day-17 motor neuron only cultures (p
< 0.0001) and day-17 neurons in co-culture (p = 0.0012). (E) pTDP-43 nuclear spot count was
comparable across all groups. (F) Cytoplasmic pTDP-43 spot count was reduced in day-42 co-cultured
neurons compared to day-17 neurons in monoculture (p = 0.0329) and in co-culture (p = 0.0452).
Data are presented as mean * SD, number of motor neuron inductions = 2; each data point
represents the mean value from all cell lines in control and ANXA1Imut groups across two motor
neuron inductions, each comprised of three technical replicates. Statistical analysis: Ordinary two-

way ANOVA with Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ****p < 0.0001).

4.4 Discussion

Altered protein characteristics are observed in many instances of ALS and can manifest as a range of
cellular pathologies including protein mislocalisation, aggregation, altered protein abundance, and
post-translational modifications. Therefore, the initial characterisation of newly derived ANXA11
patient iPSC motor neurons included analysis of Annexin A11 and TDP-43 protein in high-content

imaging assays, and quantification of relative protein abundance with western blotting.

4.4.1 Annexin Al1 characteristics in ANXA11 ALS motor neurons

Data from The Human Protein Atlas shows that Annexin A11 is expressed ubiquitously across many
tissue types with low tissue specificity, and is of relatively low abundance in the CNS compared to
other tissue types (https://www.proteinatlas.org/ENSG00000122359-ANXA11/tissue).
Immunohistochemically stained human cerebral cortex tissue from healthy individuals indicates that
Annexin All is predominantly cytoplasmic and membranous in glia and neurons in adult tissue, but

is nuclear in multiple other tissue types and cell lines such as U20S cells
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(https://www.proteinatlas.org/ENSG00000122359-ANXA11/subcellular). Histological staining in
motor neurons in healthy spinal tissue indicates a predominantly cytoplasmic localisation (Smith et
al., 2017), however overexpression studies in primary mouse motor neurons showed a
nucleocytoplasmic ratio of approximately 1.5, indicating an increased abundance of Annexin A1l in
the nucleus compared to the cytoplasm (Smith et al., 2017). This suggests that the localisation of
Annexin Al1 is variable, and little is known about the normal function of Annexin A1l in neurons. An
initial aim of this project was to characterise normal Annexin A1l localisation in iPSC-derived motor
neurons. In control lines, the nucleocytoplasmic ratio of Annexin A11 was 1.75£0.47 in day-17 motor
neurons, 1.32+0.23 in day-17 co-cultured motor neurons, and 1.26+0.43 in day-42 co-cultured motor
neurons (Appendix Figure 9.7; Appendix Figure 9.9; Appendix Figure 9.11). There appeared to be a
slight trend towards increased cytoplasmic localisation of Annexin A1l in co-cultured neurons
compared to monocultures, indicating a more mature neuronal phenotype in line with cytoplasmic
staining seen in healthy post-mortem tissue. The predominantly nuclear signal indicates a somewhat
immature neuronal phenotype, and the increase in cytoplasmic localisation associated with culture

maturity did not reach statistical significance.

The nucleocytoplasmic ratio of Annexin A11 was reduced in ANXA11 R235Q overexpression studies,
with the protein becoming more cytoplasmic in the mutant condition (Smith et al., 2017). The
nucleocytoplasmic ratio of Annexin A11 measured using high-throughput image analysis showed no
difference in any of the mutant groups vs. the control group (Figure 4.7). This was true in day-17
motor neurons (Appendix Figure 9.7), day-17 motor neurons in co-culture with astrocytes (Appendix
Figure 9.9), and in day-42 motor neurons (Appendix Figure 9.11). The gross localisation of Annexin
A1l in individual cells was variable, as evidenced in high-resolution imaging (Figure 4.8): In some
motor neurons Annexin A1l is more nuclear in localisation, and in other cells it is more cytoplasmic,
which is not associated with ANXA11 mutation status. This phenomenon is not as striking in
representative images from high-throughput imaging studies (Figure 4.1; Figure 4.2; Figure 4.3;

Figure 4.5; Figure 4.6) likely due to the reduced resolution of these images. However, this perhaps
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explains some of the variability seen in high-throughput quantification. Large data spread seen
across repeats and within biological replicates for nucleocytoplasmic ratio might be partly explained
by highly dynamic protein localisation. Annexin A1l is a calcium-binding protein and so is under the
influence of highly dynamic processes, and variable localisation could be a consequence of specific
intracellular conditions in individual cells, such as altered calcium concentration, which can fluctuate
in developing neurons. Subtle differences among cell types within cultures can also introduce
variability, however motor neurons positive for ChAT show a range of Annexin A1l expression

patterns (Appendix Figure 9.12).

Overexpression studies indicate punctate Annexin All in the cytoplasm in primary mouse motor
neurons (Smith et al., 2017), consistent with the punctate Annexin A11 staining pattern seen in high-
resolution imaging of iPSC-derived motor neurons (Figure 4.8; Appendix Figure 9.12). The functional
relevance of punctate Annexin A11 structure is not well defined in motor neurons. Annexin A11 binds
to multiple phospholipids in a calcium-dependent manner (Lecona et al., 2003), and its propensity
to bind to phospholipid membranes suggests a function in binding membrane-bound vesicles.
Indeed, Annexin A1l has been shown to bind to lysosomes with consequences for RNA transport in
axons (Liao et al., 2019). Membrane-bound vesicles are involved in many pathways implicated in ALS,
including lysosomal, exosomal, endosomal, autophagic, and synaptic processing and function.
Thorough characterisation of whether Annexin A11 puncta are vesicular in nature will be important

for elucidating ANXA11 pathology.

Annexin Al1 is aggregated in post-mortem spinal cord from patients harbouring G38R or D40G
ANXA11 mutations (Smith et al., 2017; Teyssou et al., 2020). Protein aggregation abnormalities are
common across many instances of ALS, and this is often associated with phase-separating proteins.
Disruption of low-complexity domain function can increase the propensity of proteins to aggregate
as phase-separated protein structures become less likely to disassemble, leading to seeding events
for large protein aggregates to form (Babinchak & Surewicz, 2020). Annexin A1l contains a low-
complexity domain, in which both the G38R and D40G mutations are located (Figure 1.4), and
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multiple studies have demonstrated the ability of Annexin A1l to undergo phase-separation (Krainer
et al., 2021; Liao et al., 2019; Nahm et al., 2020). ANXA11 G38R and D40G mutations were shown to
increase the phase-separation propensity of Annexin All, leading to the formation of fibrous like
droplets rather than typical round droplet structures (Nahm et al., 2020). Protein aggregates in ALS
are also linked to disruption of protein degradation pathways including autophagy and the ubiquitin-
protein system (Blokhuis et al., 2013; S. Chen et al., 2012; Farrawell et al., 2015, 2020; Imamura et

al., 2017; Ramesh & Pandey, 2017).

As a proxy to measure altered protein characteristics, high-throughput spot analysis was completed
in the cytoplasm and nuclei of iPSC-derived motor neurons. Nuclear and cytoplasmic spots were
interrogated independently as cellular studies of ALS proteinopathies often reveal pathology in
specific cellular compartments, including in ANXA11 overexpression studies where altered punctate
staining was identified predominantly in the cytoplasm (Smith et al., 2017). Although Annexin A11
displays a punctate staining pattern with super-resolution microscopy (Figure 4.8) it is unlikely that
all puncta were detected in the high-throughput parameters used here as image resolution is too
low to detect very small structures, and representative images of motor neurons immunolabelled
for Annexin A11 support this. Annexin A11 appears to be somewhat diffuse in both the nucleus and
cytoplasm, with visible spots present in both cell regions. Neurons on day 17 of differentiation
(Figure 4.1; Figure 4.2; Figure 4.3; Figure 4.4) and on day 42 of differentiation (Figure 4.5; Figure 4.6)
show similar spot patterns. Spot size and count were unchanged between control and ANXA11
mutation groups, however fluctuated between culture conditions. As discussed in Chapter 3,
functional maturity is accelerated when neurons are maintained in co-culture with astrocytes, for
example through earlier electrophysiological maturation and expression of proteins associated with
mature neurons (Kuijlaars et al., 2016; Taga et al., 2019). Differences between day-17 motor neuron
monocultures and day-17 motor neurons in co-culture might be indicative of a more mature
phenotype in co-cultured neurons, namely larger nuclear spots and increased numbers of both

nuclear and cytoplasmic spots. Spot characteristics were altered again in day-42 co-cultured
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neurons, with fewer nuclear spots compared to day-17 co-cultured neurons, and fewer cytoplasmic
spots compared to both day-17 groups. This is associated with altered spot size, revealing fewer but
larger cytoplasmic spots in aged neurons and fewer and smaller nuclear spots in day-42 motor
neurons. Such an alteration to cytoplasmic spot characteristics in aged motor neurons might indicate
an age-associated localisation pattern that increases vulnerability toward aggregation propensity in
ageing neurons, whereby large cytoplasmic spots in aged neurons render Annexin A1l more
susceptible to aggregation when additional factors are present under disease conditions. This is
speculative, but it is interesting to observe a culture age-associated change in Annexin All spot
characteristics that precedes the aggregation seen in post-mortem tissue. Comparable protein
localisation was seen between control and ANXA11mut motor neurons in all cell culture paradigms,

indicating no overt change in Annexin A11 cellular location as an early pathology in this system.

Intensities in high-throughput imaging experiments were unchanged between control and
ANXAI11mut groups in all culture types, indicating that the amount of endogenous Annexin A1l
protein is not changed in motor neurons as a consequence of the ANXA11 point mutations studied
here (Appendix Figure 9.7; Appendix Figure 9.9; Appendix Figure 9.11). To more precisely measure
the amount of Annexin A1l protein, RIPA-soluble Annexin A11 was quantified by western blot in
iPSCs (Figure 4.11), motor neurons at day 17 of differentiation (Figure 4.9), and astrocytes (Figure
4.10), normalised to total protein. There were no statistically significant differences between control
and ANXA1lmut groups in these cell types, however a slight trend towards reduced protein in
ANXA11 D40G and R235Q motor neurons and ANXA11 R235Q astrocytes compared to control might
be seen (Figure 4.9; Figure 4.10; Figure 4.12). Haploinsufficiency may play a role in a small number
of genetic forms of ALS and FTD including C90RF72 (Ciura et al., 2013; Shao et al., 2019; Shi et al.,
2018), TBK1 (Freischmidt et al., 2015; Gijselinck et al., 2015; Pottier et al., 2015), and PGRN (Arrant
et al., 2018; Filiano et al., 2013; Nguyen et al., 2018), however, based on the data presented here it
is unlikely that ANXA11 associated ALS is caused by a loss of Annexin A11 protein, and instead altered

function of the protein or associated pathways may be affected.
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As Annexin A11 was normalised to total protein there is no reliance on house-keeping proteins (e.g.
GAPDH) which can vary in disease state and in different cell types. Normalisation to total protein
means that the relative amount of Annexin A1l in different cell types can be compared (Figure 4.12).
Annexin A1l is more highly expressed in iPSCs and astrocytes than in young motor neurons, which
is in line with transcriptomic brain profiling data indicating increased expression of ANXA11 in
astrocytes compared to neurons (Zhang et al., 2016). ANXA11 expression is also increased in
astrocytes compared to neurons in mouse cells (Zhang et al., 2014), and both datasets suggest
increased expression in microglia/macrophages compared to neurons and astrocytes. The relevance
of astrocytes in ALS pathology is becoming increasingly recognised, and the potential involvement
of glia in ANXA11 ALS pathology, based partially on expression data from ANXA11 iPSC models,
should be investigated in future analyses. Additionally, the Annexin A11 binding partner S100A6 is
upregulated in ALS spinal cord astrocytes (Hoyaux et al., 2000, 2002), although expression levels are
comparable in ANXA1lmut and control iPSC-derived astrocytes (Figure 3.17). The focus of the
present body of work is to investigate the function of Annexin A1l in motor neurons; however,
culturing motor neurons with astrocytes might aid elucidation of pathology given that cell-to-cell

communication and non-cell-autonomous functions can occur in co-culture.

Results from high-throughput imaging and western blot analysis of endogenous Annexin A11 protein
in ANXA11 ALS patient motor neurons imply that Annexin A11 localisation or relative abundance are
not early driving forces of disease. Neuronal functions of Annexin A11 are discussed in later chapters
and may give insight into disease events that precede the overt protein aggregation that is seen at

the end stage of disease.

4.4.2 TDP-43 characteristics in ANXA11 ALS motor neurons

TDP-43 pathology is seen in over 95% of ALS cases and manifests as a range of cellular disruptions
including altered cellular localisation, post-translational modifications, and perturbed function
(Keating et al., 2022). pTDP-43 aggregates were identified in post-mortem spinal cord from both
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ANXA11 G38R and D40G patients (Smith et al., 2017; Teyssou et al., 2020) and in multiple brain
regions in ANXA11 G38R tissue (Teyssou et al., 2020). Further, TDP-43 was found localised to the
cytoplasm in some post-mortem brain regions in an ANXA11 G38R patient (Teyssou et al., 2020). The
characteristics of TDP-43 in iPSC-derived motor neurons were therefore investigated, and control

and ANXA11 patient lines were probed for TDP-43 and pTDP-43 in various cell culture parameters.

In control and ANXAllmut lines, TDP-43 was predominantly nuclear and no change in
nucleocytoplasmic ratio was identified between control and ANXAIImut groups in any paradigm
with high-throughput analysis (Figure 4.17.A). TDP-43 nucleocytoplasmic ratio in 17-day old motor
neurons was 1.58+0.25 (Figure 4.17), and was significantly increased in day-17 co-cultured motor
neurons, which had a TDP-43 nucleocytoplasmic ratio of 2.62+0.27 (Figure 4.17.A; Appendix Figure
9.14). The assumed “normal” condition of TDP-43 is to be predominantly nuclear, and so the higher
nucleocytoplasmic ratio of TDP-43 in motor neurons when in co-culture with astrocytes might be
indicative of increased neuronal health or reduced neuronal stress in the co-culture paradigm, as
astrocytes offer well-characterised trophic and structural support to neurons in culture (Aebersold
et al., 2018; Kuijlaars et al., 2016; Taga et al., 2019). The nucleocytoplasmic ratio of TDP-43 in day-
42 co-cultured motor neurons was 1.88+0.57, which was significantly reduced compared to day-17
co-cultured neurons, indicating that TDP-43 becomes more cytoplasmic in aged culture conditions.
The culture age-associated increase in cytoplasmic TDP-43 might suggest a universal age mediated
increase in cytoplasmic TDP-43, which could lead to proteinopathy in those with additional genetic

and environmental vulnerability.

Increased cytoplasmic localisation of TDP-43 has been associated with loss of nuclear function and
toxic gain of function in the cytoplasm, and disease-associated alterations to nucleocytoplasmic
transport and proteostasis have been linked to altered nucleocytoplasmic ratios in ALS. Insoluble
TDP-43 sequesters nuclear pore complexes leading to improper import/export (Chou et al., 2018),
suggesting that a negative feedback loop might occur, whereby pathological TDP-43 affects
nucleocytoplasmic homeostasis, leading to increased TDP-43 in the cytoplasm and further damage
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to the nuclear pore. Nuclear pore dysfunction is well established in C9ORF72 ALS/FTD (Freibaum et
al., 2015; Zhang et al., 2015), and increasing evidence indicates that it is also dysfunctional in other
forms of the disease including PFN1 (Giampetruzzi et al., 2019), FUS (Lin et al., 2021), and MAPT
(Paonessa et al., 2019). Interestingly, Annexin A1l has a role in rebuilding the nuclear membrane
during mitosis (Tomas & Moss, 2003). Although this may be of reduced relevance for post-mitotic
neurons, the role of Annexin A1l in nuclear membrane structure might be an important avenue for
further investigation. Network analysis implicated dysfunctional nucleocytoplasmic transport and
RBPs as critical factors in ALS/FTD pathology, and implied that disrupted nucleocytoplasmic transport
is crucial for disease initiation (Boeynaems et al., 2016), warranting investigation into a potential
nucleocytoplasmic disturbance in ANXA11 ALS. Increased cytoplasmic localisation of TDP-43 in aged
cultures cannot be attributed to nuclear pore function without further investigation, and analysis of
temporally mediated TDP-43 localisation in iPSC-derived motor neurons may be useful in future

investigation of nuclear membrane dynamics in ALS.

It was hypothesised that variable signal from TDP-43 staining might be due to inconsistencies in
motor neuron differentiation as less than 100% motor neurons was achieved in differentiation
(Figure 3.10). Motor neurons harbouring endogenously tagged TDP-43-mScarlet-l were probed for
Islet 1 to assess whether TDP-43 nuclear signal was associated with motor neurons specifically. This
indicated the presence of TDP-43 in neurons both positive and negative for Islet 1 (Appendix Figure

9.24), suggesting that additional factors are influencing the variable TDP-43 signal detected here.

High-throughput TDP-43 spot analysis revealed culture paradigm associated changes in spot
characteristics, including smaller and fewer nuclear spots in day-42 co-cultured neurons compared
to day-17 co-cultured neurons (Figure 4.17.C; Figure 4.17.E), with no change in cytoplasmic spots
(Figure 4.17.D; Figure 4.17.F) despite an increase in cytoplasmic localisation of TDP-43 in day-42
cultures (Figure 4.17.A). An increase in TDP-43 nuclear spots was seen in ANXA11 D40G and R235Q
day-17 motor neurons compared to control (Figure 4.17.E), which was not seen in day-42 neurons.
Pathological TDP-43 aggregates in post-mortem tissue are typically cytoplasmic, suggesting that if an
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altered TDP-43 localisation pattern were identified it might be presumed to be in the cytoplasm. A
novel mechanism for TDP-43 aggregation which occurs in micronuclei, small sections of nuclear
material that bud-off from the nucleus in response to cellular stress during mitosis, reveals how
sequestration of TDP-43 can occur in nuclear compartments in the context of ALS (Droppelmann et
al.,, 2019). No indication of such pathology was investigated here, but this indicates that TDP-43
aggregation and altered localisation can arise in nuclear regions. Additionally, TDP-43 localisation to
nucleoli in response to stress can result in altered TDP-43 staining patterns in the nucleus (Martinez-
Macias et al., 2019), however, an increase in nuclear TDP-43 spots is not generally considered a
hallmark of ALS. TDP-43 does not localise to P-bodies (Colombrita et al., 2009), and data implicating
TDP-43 localisation to stress granules highlights altered cytoplasmic localisation pattern, which is
discussed in further detail in Chapter 6. TDP-43 nuclear spot quantification does not measure any
specific pathway, however an increase in the number of nuclear spots in ANXA11 D40G and R235Q
motor neurons reveals a potential early alteration in iPSC-derived neurons. The lack of altered spot
characteristics in day-42 neurons may result from cell death, as fewer neurons survive to this time
point (Appendix Figure 9.14; Appendix Figure 9.16), but the nature of fluctuating spot characteristics
remains to be established. Measurements of cytoplasmic TDP-43 spots were particularly variable,
and further analysis is necessary for thorough characterisation of TDP-43 subcellular localisation, for
example with high-resolution imaging. Examples of TDP-43 localisation in neurons at high resolution
are included in Appendix Figure 9.12, revealing punctate TDP-43 in the nucleus and cytoplasm.
Notably, these images include motor neurons that are co-labelled with Annexin Al1, and do not
indicate co-localisation of TDP-43 and Annexin Al1, supporting immunoprecipitation data showing

that TDP-43 and Annexin A11 do not directly interact (Nahm et al., 2020).

The total intensity of TDP-43 in motor neurons as measured by high-content imaging was unchanged
between cell lines in day-17 and day-42 co-cultured motor neurons (Appendix Figure 9.14; Appendix
Figure 9.16). Western blots were included to measure TDP-43 protein abundance in motor neurons

on day 17 of differentiation, revealing comparable levels of TDP-43 in control and ANXA1lmut
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groups (Figure 4.18). This was also true for iPSC derived astrocytes, where no difference was
observed between groups (Figure 4.19). Relative abundance of TDP-43 is not a typical ALS phenotypic
marker, and evidence for haploinsufficiency is absent, so it is unsurprising that no differences were
detected here. Relative TDP-43 abundance was increased in ANXA11 R235Q iPSC protein, however
the effect size is small and appears to be driven by a single data point. Additionally, fluctuation of
fluorescent TDP-43 signal in endogenously tagged TDP-43-mScarlet-l iPSCs is observed (data not
shown). This appears to be confluency dependent, suggesting that TDP-43 expression might be
difficult to accurately measure in stem cells where relative abundance is dynamic. Comparison of
relative TDP-43 abundance across cell types revealed a slight increase in iPSCs compared to motor
neurons (Figure 4.21). TARDBP knockout is lethal in rodent models and embryos die at day ~7.5 of
embryonic development (Kraemer et al.,, 2010), highlighting the importance of TDP-43 in
development, and stem cells by proxy, and suggesting that it might be necessary to investigate TDP-
43 in immature cell types in addition to mature motor neurons. In future analyses, it will be
important to assess the levels of insoluble TDP-43 and Annexin A11 in ANXA11mut motor neurons;
this might reveal altered protein dynamics that are not observed when assessing soluble protein

abundance alone.

TDP-43 is abnormally phosphorylated in post-mortem ALS tissue (Arai et al., 2006; Neumann et al.,
2006) and pTDP-43 aggregates are present in post-mortem spinal cord and brain tissue from patients
with ANXA11 G38R and D40G mutations (Smith et al., 2017; Teyssou et al., 2020). Hyper-
phosphorylation of TDP-43 and associated pathology have been demonstrated in cell (Chen et al.,
2019; Fazal et al., 2021; Nonaka et al., 2009, 2016; Quek et al., 2022; Wu et al., 2021) and animal
models (Choksi et al.,, 2014; Jeon et al.,, 2019; Liachko et al., 2010) of ALS. TDP-43 can be
phosphorylated by multiple kinases, including CK1, CK2, and GSK3 (Neumann et al., 2006; Neumann,
Kwong, et al., 2009; White et al., 2021). Interestingly, phosphorylation of TDP-43 by Casein kinase 16
or phosphomimic mutations in TARDBP reduce phase-separation and aggregation of TDP-43,

suggesting that phosphorylation of TDP-43 might be a protective mechanism to prevent TDP-43
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aggregation (Gruijs da Silva et al., 2022). High-throughput image analysis indicated no change in
pTDP-43 nucleocytoplasmic ratio in any culture condition (Figure 4.28.A), however altered
nucleocytoplasmic ratio of pTDP-43 is not typically reported as a disease hallmark. Cell-based studies
can show widespread pTDP-43 measured by immunocytochemistry, as is demonstrated here (Figure
4.22; Figure 4.23; Figure 4.24; Figure 4.25; Figure 4.26; Figure 4.27), and the cellular localisation
differs to that of TDP-43, which is more nuclear than the phosphorylated species (Figure 4.17; Figure
4.28). pTDP-43 intensity was unchanged between control and ANXA11mut groups in all culture
conditions, indicating an absence of overriding TDP-43 hyper-phosphorylation as an early indicator
of ANXA11 ALS pathology (Appendix Figure 9.18; Appendix Figure 9.20; Appendix Figure 9.22).
Representative images of aged motor neurons appear to have increased fluorescent intensity
compared to young motor neurons (Figure 4.22; Figure 4.23; Figure 4.24; Figure 4.25; Figure 4.26;
Figure 4.27), however, the completion of immunocytochemistry and image acquisition at different

times means that arbitrary units of fluorescent intensity cannot be directly compared in this instance.

pTDP-43 nuclear spot size was increased in day-42 compared to day-17 co-cultured neurons (Figure
4.28.C), and cytoplasmic spot size was increased in day-42 neurons compared to both day-17
monocultures and co-cultured neurons (Figure 4.28.D). An increase in pTDP-43 spot size across both
control and ANXA11mut groups might indicate increased stress across all lines due to longer time in
cell culture, implying the nature of TDP-43 is to become phosphorylated and “aggregated” in
response to ageing and/or stress, however no differences were observed between control and
ANXA11mut groups. Further, no change was detected in the number of nuclear pTDP-43 spots across
any culture paradigm (Figure 4.28.E). The number of cytoplasmic spots was reduced in day-42 co-
cultures compared to both day-17 conditions (Figure 4.28.F), suggesting pTDP-43 spots become
fewer and larger in aged neurons. A trend towards increased pTDP-43 spot count in ANXA11 D40G
day-17 motor neurons was seen but did not reach significance in ordinary two-way ANOVA analysis.
In a separate analysis of individual culture paradigms, the number of nuclear pTDP-43 spots was

significantly increased in ANXA11 D40G compared to control in day-17 monoculture neurons, and
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nuclear spot size was decreased in ANXA11 D40G and increased in ANXA11 R235Q neurons
compared to control (Appendix Figure 9.17). Reduced pTDP-43 nucleocytoplasmic ratio was seen in
ANXA11 G38R and D40G compared to control in day-17 motor neurons, indicating an increase in
cytoplasmic localisation of pTDP-43 (Appendix Figure 9.18). However, the loss of significance in two-

way analysis suggests that these effects are weak.

Collectively these data suggest that although pTDP-43 characteristics alter with culture condition,
phosphorylation of TDP-43 is not an early phenotype of ANXA11 ALS in this system. Phosphorylation
of TDP-43 is usually associated with late-stage disease, and so it may not be surprising that no striking
difference was seen here. The altered structure and localisation of pTDP-43 spots in aged neurons
might indicate that with further culture ageing, robust phenotypic differences might arise between

control and ANXA11 groups, which was unfortunately beyond the scope of this project.

4.4.3 High-throughput analysis in iPSC-derived neurons

The utilisation of high-throughput analysis in the characterisation of iPSC-derived neurons is
increasingly employed to quantify thousands of cells for more reliable interrogation of
immunocytochemistry data. This is demonstrated here by the large number of cells included in
analyses (Appendix Figures 9.7; 9.9; 9.11; 9.14; 9.16; 9.18; 9.20; 9.22; 9.24). High-content image
analysis holds great potential for understanding sub-cellular phenotypes in ALS, however
occasionally inconsistent iPSC characteristics and technical limitations can influence the validation

of such studies.

One caveat of high-throughput image analysis is the reliance on antibodies which can give misleading
results if they are unspecific. Annexin A11 was detected with a polyclonal antibody targeting amino
acids 147-221, representing the end of the N-terminal near the midpoint of the 505AA protein.
Annexin proteins share a core Annexin domain at the C-terminal, so antibodies targeting the unique
N-termini differentiate between the family members. There is no evidence of truncated or short

Annexin All protein excluding this region in the literature, so all Annexin A1l protein should be
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detected with this epitope based on current understanding. The Annexin All antibody used
throughout this thesis is included in The Human Protein Atlas, which reports antibody validation via
protein array and capture mass spectrometry (https://www.proteinatlas.org/ENSG00000122359-
ANXA11/antibody). Since the completion of experiments, research projects with the sole intention
of antibody validation for research have been published, including for Annexin A11 (Alshafie et al.,
2022). Unfortunately, this analysis did not include the antibody used in this thesis, but these data
should be referred to in future analyses. A representative western blot showing all protein bands
detected by this Annexin A1l antibody is included in Appendix Figure 9.23, indicating predominant

detection of the 56kDa protein with some unspecific detection.

The manufacturer of the TDP-43 antibody used in high-throughput analyses indicates that it has been
knockdown/knockout validated. The TDP-43 antibody is polyclonal and targets the N-terminal, raised
against a 1-260AA immunogen of the 414-amino acid protein. Short isoforms of TDP-43 have been
recently implicated in ALS (Weskamp et al., 2020), and truncated C-terminal fragments have been
previously described (Berning & Walker, 2019; Chhangani et al., 2021; Feneberg, Charles, et al., 2020;
Wang et al., 2013). The antibody used here should detect short TDP-43 proteins which include the
N-terminal, however many C-terminal fragments do not contain the majority of the immunogen
sequence (Berning & Walker, 2019). As the antibody is polyclonal it is possible that certain C-terminal
fragments will be detected depending on the site of fragmentation, and further investigation of
ANXA11 ALS motor neurons with a panel of antibodies specifically detecting subtypes of TDP-43 will
be important in fully elucidating the role of TDP-43 in ANXA11 mediated pathology. Additional
antibodies such as the pTDP-43 antibody were included based on historic validation completed by

multiple individuals.

The number of cells included for high-throughput analyses varied in this project due to batch-to-
batch differences in neuronal survival. This was not associated with a particular control or
ANXA11mut group, but fluctuated independently (Appendix Figures 9.7; 9.9; 9.11; 9.14; 9.16; 9.18;
9.20; 9.22; 9.24). Although careful optimisation of analysis pipelines meant that neurons alone were

213


https://www.proteinatlas.org/ENSG00000122359-ANXA11/antibody)
https://www.proteinatlas.org/ENSG00000122359-ANXA11/antibody)

included in analyses, it is possible that altered cell density at the time of fixation in different
experiments affected read-out. In many instances of high-throughput analysis there is a spread of
data, with large SEM across all mutation groups or large SD across biological replicates. Although this
doesn’t occur in every instance, it is seen across multiple examples of quantification. Examples
include TDP-43 cytoplasmic spot count (Figure 4.17.F) and Annexin All nucleocytoplasmic ratio
analysis (Figure 4.7.A). In these examples, it is observed that large data spread is often caused by one
experimental repeat: Although the relationship between different mutation groups remains
consistent, data varies from one biological repeat to another. For example, in quantification of the
nucleocytoplasmic ratio of TDP-43 in aged motor neurons there is a clear separation of data, where
the nucleocytoplasmic ratio of TDP-43 varies from approximately 1 to >2. Data points from one
biological replicate across all ten cell lines have a value of approximately 1, and two biological
replicates display a TDP-43 nucleocytoplasmic ratio of >2 (Appendix Figure 9.1). Therefore, large SEM
is not due to an inconsistency among cell lines, but rather is due to the readout from one biological
replicate, which is consistent across all cell lines. This could be due to an unknown culture artefact
present at the time of fixation, such as the level of cellular stress due to fluctuations in the incubator
environment. This highlights the variable nature of iPSC biology and perhaps indicates that more
biological and technical replicates are necessary to elucidate neuronal characteristics in iPSC-derived
models. Interestingly, a variable nucleocytoplasmic ratio is seen in both TDP-43 and Annexin A1l
(Figure 4.17.A; Figure 4.7.A), emphasising the dynamic nature of protein localisation in neuronal

cultures.

High-content imaging has proven useful for the characterisation of neurodegenerative diseases. It
has been used to identify compounds affecting tau phosphorylation and therefore discovery of novel
therapeutics for neurodegenerative diseases (Cheng et al., 2021). Robust disease-associated profiles
were identified in fibroblasts from Parkinson’s disease patients in an impressive cell profiling study
utilising deep learning (Schiff et al., 2022). Deep learning has also been applied to ALS iPSC-derived

neurons and was able to predict disease status based on neuronal profile (Imamura et al., 2021;
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Verzat et al., 2022). These examples demonstrate that early changes representing prodromal stages
of disease can be detected with non-biased approaches, however evaluation of specific processes

with hypothesis led research design may be more challenging.

Many studies utilise drugs to induce stress or manipulate specific pathways so that endogenous
phenotypes are exaggerated, and “cell-senescence cocktails” have been optimised to accelerate
neuronal ageing in the absence of DNA damage to induce ALS phenotypes at earlier time points
(Fathi et al., 2022). Alternatively, cell cultures can be maintained for extended periods such that the
cultures are “aged”, becoming more mature and allowing more time for the consequences of
disrupted biology to become apparent. Data suggests that differentiating iPSCs into organoids or
employing co-cultures leads to faster maturation of neurons and, therefore, earlier identification of
phenotypes. For example, FTD associated adult tau isoforms can be detected in cortical neurons
cultured for 365 days (Sposito et al., 2015), and can be detected in organoids after 100 days in culture
(Lovejoy et al., 2022). Motor neuron-astrocyte co-cultures were optimised in this project in attempt
to enhance neuronal maturity, and high-throughput quantitative assays were completed at multiple
time points. However, it should be noted that although cultures were aged to day 42, cultures fixed
at this time point likely contain immature neurons, and substantially longer maintenance in culture
might be necessary to identify any striking endogenous in Annexin A1l and TDP-43 protein
phenotypes. Unfortunately, this was beyond the scope of this body of work due to time restraints,

but it would be an interesting prospect to investigate.

Some evidence of endogenous TDP-43 mislocalisation without additional stress in iPSC derived
neurons harbouring TARDBP mutations exists (Fazal et al., 2021; Smith et al., 2021), however this
has not been reported in the context of multiple ALS mutations including ANXA11. Annexin Al1 is
poorly characterised in iPSC-derived motor neurons as no such models are yet to be published.
Multiplexed imaging will further increase the power of high-throughput analyses, and many different
characteristics can be analysed in a single culture, including in multiple cell types maintained in co-
culture (Guo et al., 2019; Schiff et al., 2022; Tomov et al., 2021).
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One factor that limited the high-throughput imaging here was the tendency of iPSC motor neurons
to “clump up”, which meant that imaging at high magnification in an automated system could result
in the collection of large amounts of data where no cell bodies were included in images. Increasing
the number of images in data collection was prohibited by the size of data files produced, and the
time taken for analysis of such large files. Further optimisation of imaging and analysis methods, and
the removal of logistical restraints such as time, research costs, and size of data files associated with
collecting data at higher magnifications would give better insight into early endogenous changes in
protein localisation studies. The study design here focused on the gross localisation of proteins, and
more subtle characteristics that might be evident in higher resolution data may have been missed.
When utilising patient-derived neurons, including multiple cell lines is important to reduce false
positives arising from line-to-line variability. However, this comes with the caveat that data collection
can become limited. Additionally, characterisation of individual cells rather than comparing mean
values in cell line analysis might reveal subgroups of neurons in ALS cultures missed by pooling data.
As technologies progress these issues will diminish, and future studies will be more readily able to

analyse multiple cell lines in both a high-throughput and a high-resolution manner.

4.5 Conclusion

High-throughput quantification revealed subtle changes in ANXA11l patient motor neurons
compared to control, namely altered nuclear TDP-43 spot dynamics in day-17 co-cultured motor
neurons. However, comparable protein profiles of Annexin A11, TDP-43, and pTDP-43 were observed
in most instances, including in nucleocytoplasmic ratio, spot analysis, and relative protein
abundance. Altered protein characteristics were commonly observed between different culture
paradigms and showed varying protein localisation and abundance in different cell types and
cultures. Collectively these data highlight the dynamic nature of ALS-associated proteins in different
model systems, emphasising the need to study non-cell-autonomous and age-associated effects on

protein characteristics in iPSC-derived models. The absence of any overt protein mislocalisation

216



suggests that it is necessary to interrogate specific functions of ALS proteins and pathways to
determine early disease events, and that immature neurons do not recapitulate late-stage

aggregation events without the addition of cellular stressors.

High-throughput imaging might be better applied to unbiased analyses whereby deep learning
algorithms can be implemented to identify early changes instead of targeted analysis of specific
proteins. ldentifying altered cellular phenotypes in ANXA11 ALS motor neurons where there is an
absence of any overt proteinopathy would indicate that protein aggregation is downstream in
neuronal dysfunction. Examples of altered cellular characteristics in ANXA11 ALS motor neurons are

discussed in following chapters.

217



Chapter 5 Neurite outgrowth and calcium dynamics -

connectivity and signalling in ALS motor neurons

5.1 Overview

Although neurodegeneration is typically late-onset, deficits in neurite outgrowth have been
observed in cellular models of ALS (Egawa et al., 2012; Fiesel et al., 2011; Kiskinis et al., 2014) and
other neurodegenerative diseases (Capizzi et al., 2022; Pourtoy-Brasselet et al., 2021; Van Damme
et al.,, 2008). Neurite outgrowth abnormalities can indicate several cellular dysfunctions; it is
controlled by multiple cellular processes including growth cone dynamics, actin polymerisation, and
transport (Miller & Suter, 2018). The polarised and post-mitotic nature of neurons presents a
potential cell-specific vulnerability in that tightly regulated cellular compartments with highly
specific functions generate multiple levels at which dysfunction can occur. Motor neurons are
particularly large, reaching up to one meter in length (Stifani, 2014). As such, distal axons and neuritic
branches may be more challenging to repair if damaged, and more susceptible to problems with
processes such as intracellular transport or metabolic challenges. As neurite outgrowth can give
insight into a range of cellular pathologies, ANXA11mut and control iPSC lines were differentiated
into motor neurons, and neurite outgrowth was measured at multiple time points. This was
completed inimmature neurons in a high-throughput system, and a subset of three control and three

ANXA11mut lines were selected for analysis in microfluidic devices.

Through neurite outgrowth and maturation, individual neurons form connections through chemical
synapses and gap junctions, developing into functional networks of cells that communicate via
complex signalling pathways (Pereda, 2014). Neuron-to-neuron communication via chemical
synapses relies on the influx of calcium ions into post-synaptic neurons to induce action potentials.
Additionally, intracellular calcium stores mediate cytosolic calcium levels with consequences for
multiple cellular functions. Dysregulation of calcium in ALS is widespread, and both inter-neuronal
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signalling (e.g. excitotoxicity) and intra-neuronal calcium homeostasis (e.g. mitochondrial function)
are affected (Armada-Moreira et al., 2020). Quantification of spontaneous calcium fluctuations in
iPSC-derived neuronal cultures is frequently employed to measure culture maturity, as calcium
waves across neuronal networks can be taken as a proxy of cell-to-cell communication. ANXA11mut
and control iPSC-derived motor neuron-astrocyte co-cultures were aged until day 40 and day 64 of
differentiation and probed for spontaneous calcium fluctuations; initially as a measure of culture
maturity, and further to compare the calcium activity profiles of ALS patient and control motor
neurons. Additionally, the function of Annexin Al1 is calcium-dependent, and so acknowledging the
presence of calcium signalling in cultured neurons might be important when considering the

localisation and function of Annexin Al1.

To further measure neuronal activity, motor neuron-astrocyte co-cultures from two ANXA11mutand
two control lines were subject to patch-clamp analysis to measure resting membrane potential, firing
frequency, and number of firing events in motor neurons. This was completed in motor neurons on
day 40 of differentiation, which were maintained in co-culture with astrocytes. These cell lines were
subject to immunocytochemistry with antibodies targeting synaptic proteins as an additional

demonstration of culture maturity.

5.2 Methods

5.2.1 Neurite outgrowth analysis

Motor neurons (2.1.7) were subject to high-throughput neurite outgrowth analysis with the Opera
Phenix® High-Content Screening System and Harmony® (2.4.2). Motor neurons were fixed 16 hours
after dissociation of embryoid bodies (day 12 of differentiation), and on day 17 of motor neuron
differentiation. A subset of three control and three ANXA11mut lines were maintained in microfluidic
devices to assess distal axon outgrowth (2.1.11) and were fixed on day 25 of motor neuron

differentiation. In all instances, immunocytochemistry was used to identify neurites (2.4.1), and
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motor neurons grown in microfluidic devices were imaged with a Nikon Spinning Disk Scanning

Confocal Microscope (2.4.3).

5.2.2 Assessment of neuronal activity in ALS motor neurons

Motor neuron-astrocyte co-cultures (2.1.10) were aged for 40 and 64 days and probed for
spontaneous calcium fluctuations using the fluorescent dye Fluo-4 AM; live imaging data were
collected with a Nikon Spinning Disk Scanning Confocal Microscope (2.4.4). For each image set, five
ROIs were determined, each within a different cell, and fluorescent signal over time was normalised
to three background ROIs to calculate AF/FO. This aided visualisation and categorisation of calcium
signals by removing background and clarifying whether separate neurons were following the same
calcium fluctuation pattern. Data were collected from five control and five ANXA11mut lines, two
separate motor neuron inductions were completed for each time point, and eight recordings were

taken per cell line in each instance.

A subset of four lines (two control and two ANXA11mut) were subject to electrophysiological patch-
clamp analysis to measure action potential, firing frequency, and number of firing events, courtesy
of Dr Seung Chan Kim. Motor neuron-astrocyte co-cultures at day 40 of differentiation were subject
to immunocytochemistry with antibodies targeting synaptic proteins (2.4.1) and were imaged with

super-resolution microscopy (2.4.3).

5.3 Results

5.3.1 Neurite outgrowth analysis of ANXA11 ALS patient motor neurons

Neurite analysis included measures of neurite length and complexity: Analyses representing the size
of outgrowing neurites included total neurite length (combined neurite length per cell) and
maximum neurite length (longest neurite per cell). Measures of neurite complexity included the

number of neurite roots and the number of neurite extremities. The number of neurite extremities
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describes the number of neurite endpoints, and a neurite root is the point at which a neurite begins
to grow out from the soma. Harmony® software offers two methods to calculate the number of
nodes: (1) represents the number of branching points, and (2) represents the number of neurite
segments/the number of roots. A schematic of neurite outgrowth measurement parameters is

included in Figure 5.1.

Representative images of control and ANXA1Ilmut motor neurons 16 hours after embryoid body
dissociation are included in Figure 5.2, and examples of neurite tracing on day 16 are included in
Figure 5.3. Neurite outgrowth quantification did not reveal any differences between control neurons

and any of the ANXA11mut groups in any measurement parameter (Figure 5.4).

Examples of day-17 neuronal cultures and subsequent neurite detection with Harmony®, including
detection of nuclei, cytoplasm, and neurites, are included in Figure 5.5. At this time-point neurites
were more complex than on day 12, and significant overlap across cells was seen. This may have
interfered with delineation of which neurites belonged to each cell, leading to inaccurate readouts
from Harmony®. Additionally, neurites often extended beyond the limitations of the field of view by
day 17 of differentiation, which will have implications for parameters such as maximum neurite
length and number of extremities. Quantification of neurite length (maximum and total neurite
length), and neurite complexity (number of roots, nodes, and extremities) yielded no significant

differences in these cultures (Figure 5.6).

Lastly, three control and three ANXA11mut lines were cultured in microfluidic devices (Figure 5.7),
fixed on day 25 of motor neuron differentiation, and subject to immunocytochemistry and imaging.
Qualitative analysis implies a perturbed neurite outgrowth phenotype in distal axons in ANXA11mut
lines as fewer neurites grow through the microfluidic microgrooves (Figure 5.8). In control lines,
varying confluency of neurites was observed, however successful outgrowth was seen in all
instances. In ANXA11 G38R neurons, extremely perturbed outgrowth was seen in Experiments 2 and
3, and somewhat perturbed outgrowth was seen in Experiment 1. In ANXA11 D40G neurons, reduced

neurite outgrowth was seen Experiments 1 and 3. In ANXA11 R235Q neurons, extremely reduced
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outgrowth was seen in Experiment 1, yet Experiments 2 and 3 showed successful neurite outgrowth

with high confluency of neurites.

It should be noted that in some instances neurite networks lifted off from devices during fixation or
immunocytochemistry (Figure 5.8; far left control line in Experiment 2 and Experiment 3, ANXA11
R235Q in Experiment 3). In these instances, successful neurite outgrowth was observed prior to cell
fixation, and networks of lifted neurites can be seen in the images. To evaluate whether equivalent
numbers of neurons were present in cultures at fixation in Experiment 1, proximal neurites were
imaged (the collection of neurites growing before reaching the microgrooves) and an estimate of cell
count in the cell-plating wells was completed. Cell counts from cell-plating wells are comparable
(Appendix Figure 9.25), and total neurite intensity in pre-microgroove neurites indicates comparable
proximal neurite outgrowth across lines (Appendix Figure 9.26). These analyses were completed only
in Experiment 1. Together these results indicate that although there is no initial perturbation to
neurite outgrowth in newly plated ANXA11l patient-derived motor neurons, there may be
dysfunctional distal axon outgrowth, reduced axon survival, or impaired axon maintenance in

ANXA11 ALS motor neurons.
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Figure 5.1 Neurite characteristics in Harmony®

Characteristics of neurites quantified in Harmony® are shown in the schematic. In addition to

measures of neurite length, neurite complexity is represented by the number of roots, branch points,

segments, and extremities.
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Figure 5.2 Neurite outgrowth in motor neurons 16 hours post-plating

Representative images of motor neurons fixed on day 12 of differentiation, imaged with the Opera
Phenix® High-Content Screening System. Neurons were probed for $3-Tubulin (B3-Tuj, green) and

co-stained with DAPI (blue). Scale bars represent 100um.
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Figure 5.3 Cell classification and neurite tracing in motor neurons 16 hours post-plating
Representative images of neurite tracing (multi-coloured) using linear classification in Harmony®.
Motor neuron cell bodies are highlighted in green, and large and small debris (red and blue,

respectively) were excluded from analyses. Scale bars represent 100um.
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Figure 5.4 Quantification of neurite outgrowth in motor neurons 16 hours post-plating

(A) Maximum neurite length and (B) total neurite length represent the length of outgrowing neurites.
(C) Number of neurite roots growing out from the cell body. (D) Number of extremities represents
the number of neurite endpoints. (E) Number of neurite nodes (1) measures the number of branch
points. (F) Number of neurite nodes (2) represents the number of neurite segments/the number of
neurite roots. Data are presented as mean + SEM, number of motor neuron inductions = 2; each data
point represents one cell line in one motor neuron induction, with each comprising three technical
replicates. Control lines are grouped and ANXA11 ALS patient lines are grouped by mutation.

Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparison test (p > 0.5).
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Figure 5.5 Representative neurite tracing in motor neurons on day 17 of differentiation

Motor neurons were fixed on day 17 of motor neuron differentiation and stained with £3-Tubulin
(B3-Tuj, green) and DAPI (blue). Images were collected with the Opera Phenix® High-Content

Screening Platform and analysed in Harmony®. Scale bars represent 100um.
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Figure 5.6 Quantification of neurite outgrowth in motor neurons on day 17 of differentiation

(A) Maximum neurite length and (B) total neurite length represent the length of outgrowing neurites.
(C) The number of neurites growing out from the cell body. (D) The number of neurite endpoints is
calculated as number of neurite extremities. (E) Number of neurite nodes (1) measures the number
of branch points. (F) Number of neurite nodes (2) represents the number of neurite segments/the
number of neurite roots. Data are presented as mean + SEM, number of motor neuron inductions =
3; each data point represents one cell line in one motor neuron induction, with each comprising
three technical replicates. Control lines are grouped and ANXA11 ALS patient lines are grouped by

mutation. Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparison test (p

> 0.5).
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Figure 5.7 Microfluidic devices

An example of microfluidic layout and cell placement within the device. (A) The cartoon in the centre
shows the microfluidic device layout. Motor neurons and astrocytes are plated in circular chambers
on one side of the device (B,C; highlighted with purple), and neurites extend to the centre of the
device, such that DAPI (blue) stained nuclei, MAP2 (magenta) positive cell bodies and dendrites, and
[3-Tubulin positive proximal neurites (B3-TUJ, green) can be detected. Distal neurites are detected
in the opposite side of the device (D, E; highlighted in pink) and have grown through the
microgrooves in the centre of the device (F; highlighted in orange). Scale bars in (F) represent

1000um and 500um (inset).
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Figure 5.8 Neurite outgrowth is perturbed in microfluidic devices

Motor neurons derived from three control and three ANXA11 ALS patient iPSC lines were cultured
with astrocytes in microfluidic devices (see Figure 5.7) and maintained in culture for 25 days. Each
image shows the post-microgroove section of the microfluidic chamber (Figure 5.7.F), with axons
that have successfully grown through the middle of each device. Large images were collected with a
Nikon Spinning Disk Confocal Microscope by stitching multiple fields of view with the Large Image

function (empty squares within images are due to failed image collection). Each example is shown in
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both fluorescent and greyscale form to aid visualisation. Scale bars represent 500um. In some
instances, neurite networks lifted off from devices during fixation or immunocytochemistry (far left

control line in Experiment 2 and Experiment 3, ANXA11 R235Q in Experiment 3).

5.3.2 Characterisation of spontaneous calcium fluctuations in motor neuron-astrocyte co-

cultures

Spontaneous calcium fluctuations were detected in motor neuron-astrocyte co-cultures on day 40
and day 64 of motor neuron differentiation, and changes in Fluo-4 AM intensity fell into various
categories. Each time-lapse image was recorded for 60 seconds, and the pattern of calcium
fluctuation in this time frame was used to stratify the calcium signals into groups. In some instances,
a large synchronous increase in calcium signal was observed one or more times in the recording
period (Figure 5.9), which was characterised by all neurons in the field of view and all ROIs increasing
and decreasing in fluorescent signal in synchrony. In some instances, rapid, repetitive, and
synchronous fluctuations were observed (Figure 5.10). In these cases, fluctuations occurred in quick
succession and were smaller in nature. In some image sets no synchronous calcium fluctuations were
observed and signal was detected in stand-alone cells or neurites (Figure 5.11). Lastly, in some

instances no calcium fluctuations were detected in the 60 second recording period (Figure 5.12).

Recordings were categorised and grouped by mutation status; control, ANXA11 G38R, ANXA11
D40G, and ANXA11 R235Q. Stacked bar charts show the calcium fluctuation patterns detected in
each group (Figure 5.13.A; Figure 5.13.B). Visual inspection suggests that rapid and repetitive calcium
fluctuations (Figure 5.10) are more present in ANXA11 G38R compared to control motor neurons on
both day 40 and day 64 of culture maturation. On day 64, ANXA11 R235Q neurons displayed an
increased number of large, synchronised calcium fluctuations compared to control. In both instances
ANXA11 D40G neurons show a similar fluctuation pattern to control, however the day 64 ANXA11
D40G group includes a higher proportion of recordings where no calcium fluctuations were detected,

suggesting that altered calcium dynamics may be mutation specific in ANXA11 ALS.
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To statistically compare control and ANXA11mut groups, data from day 40 and day 64 motor neurons
and ANXA11mut groups were combined. The comparison of categorised data with a chi-squared test
necessitates that no more than 20% of the expected frequencies can have a value of less than 5, and
that no expected frequencies can have a value of less than 1. This was not met when assessing each
time point or when comparing every ANXAI11mut group individually. Alternative statistical tests for
comparison of small categorical datasets include Fisher’s exact test, which can only be applied when
there are two categories, which does not apply here (Kim, 2017). Additional tests have been
developed however are not included in the statistical analysis tools that were available throughout
this project. Therefore, although ANXA11imut groups showed different activity profiles to one
another, and data from different time points should not typically be combined, no statistical analysis
could be applied to the original groups. Analysis of grouped data indicates a statistically significant
difference between control and ANXA11mut groups (Figure 5.13.C), suggesting that calcium activity
is altered in ANXA11 ALS motor neurons. For the reasons discussed here, this result should be taken

as a preliminary indication of altered calcium dynamics and is not conclusive.

Once calcium experiments were complete, cells were fixed and probed for the cholinergic neuron
marker ChAT and the glutamatergic neuronal marker vGLUT2 to ensure appropriate cell types were
present in cultures (Appendix Figure 9.27; Appendix Figure 9.28). Subsequent imaging revealed
diverse neuronal cell populations with evidence of both ChAT and vGLUT2 positive neurons in

cultures that had been probed for spontaneous calcium fluctuations.
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Figure 5.9 Large synchronised calcium fluctuations in motor neurons

Motor neurons were maintained in co-culture with astrocytes for 40 or 64 days from motor neuron
induction, incubated with Fluo-4 AM, and imaged with a Nikon Spinning Disk Confocal Microscope.
(A) Example stills from time-lapsed imaging of day-40 motor neurons exhibiting a large and
synchronised fluctuation in calcium concentration within the 60 second recording time, as indicated
by increased intensity of Fluo-4 AM (greyscale). Time is indicated in the bottom left corner of each
frame, scale bar represents 50um (top left image). (B) Fluorescent signal from Fluo-4 AM from five
ROIs was normalised to background using AF/FO and plotted against time. Simultaneous increase in
Fluo-4 AM signal in all ROIs indicates synchronised calcium fluctuations in neighbouring cells. The

cell line included in the example is ANXA11 G38R 1 on day 40 of differentiation.
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Figure 5.10 Continuous repetitive calcium fluctuations in motor neurons

Motor neurons were maintained in co-culture with astrocytes for 40 or 64 days from motor neuron
induction, incubated with Fluo-4 AM, and imaged with a Nikon Spinning Disk Confocal Microscope.
(A) Example stills from time-lapsed imaging of day-40 motor neurons exhibiting multiple
spontaneous and synchronised increases in calcium concentration within the 60 second recording
time, as indicated by increased intensity of Fluo-4 AM (greyscale). Time is indicated in the bottom
left corner of each frame, scale bar represents 50um (top left image). (B) Fluorescent signal from
Fluo-4 AM from five ROIs was normalised to background using AF/FO and plotted against time.
Simultaneous increase in Fluo-4 AM signal in all ROIs indicates repetitive synchronous calcium
fluctuations in neighbouring cells. The cell line included in the example is ANXA11 G38R 2 on day 40

of differentiation.
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Figure 5.11 Unsynchronised calcium activity in motor neurons

Motor neurons were maintained in co-culture with astrocytes for 40 or 64 days from motor neuron
initiation, incubated with Fluo-4 AM, and imaged with a Nikon Spinning Disk Confocal Microscope.
(A) Example stills from time-lapsed imaging of day-40 motor neurons exhibiting calcium fluctuations
in individual neurites as indicated by increased intensity of Fluo-4 AM (greyscale). Black arrows
(paired by arrow size and location) indicate neurites with fluctuating Fluo4 intensity. Time is
indicated in the bottom left corner of each frame, scale bar represents 50um (top left image). (B)
Fluorescent signal from Fluo-4 AM from five ROIs was normalised to background using AF/FO and

plotted against time. The cell line included in the example is control 5 on day 40 of differentiation.
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Figure 5.12 No calcium fluctuations detected in motor neurons

Motor neurons were maintained in co-culture with astrocytes for 40 or 64 days from motor neuron
initiation, incubated with Fluo-4 AM, and imaged with a Nikon Spinning Disk Confocal Microscope.
(A) Example stills from time-lapsed imaging of day-40 motor neurons with no detectable fluctuations
in Fluo-4 AM intensity within the 60 second recording time, as indicated by unchanged intensity of
Fluo-4 AM (greyscale). Time is indicated in the bottom left corner of each frame, scale bar represents
50um (top left image). (B) Fluorescent signal from Fluo-4 AM from five ROIs was normalised to
background using AF/FO and plotted against time. The cell line included in the example is control 4

on day 40 of differentiation.
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Figure 5.13 Categorisation of calcium activity in motor neurons

Spontaneous calcium activity was categorised for control and ANXAI1mut co-cultured motor
neurons on (A) day 40 and (B) day 64 of differentiation, the total number of time lapse images
quantified for each group is included under the relevant graph section, number of motor neuron

inductions = 2 for each time point. (C) Data from day-40 and day-64 neurons were combined so that
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control and ANXAI11mut could be statistically compared, revealing a difference between the two
groups (p = 0.0003). Statistical analysis; chi-squared test (***p < 0.001). (D) Example activity traces

of each of the four categories, as shown in Figures 5.9-12. (E) Key for (A, B, and C).

5.3.3 Electrophysiology and synapse analysis

To further assess activity in control and ANXA11mut motor neurons, a subset of lines was subject to
patch-clamp analysis, courtesy of Dr Seung Chan Kim. Four cell lines (2x control, 1x ANXA11 G38R,
1x ANXA11 D40G) were included for analysis. The reduction in cell line number compared to other
analyses was due to technical limitations. Quantification included the number of firing events in
response to increasing current injection, the frequency of firing events (calculated from the inter-
event interval), and resting membrane potential (Figure 5.14). Some separation occurred between
control and ANXA11mut lines, with an increased number of firing events and increased frequency
observed in control lines, however no statistical significance was observed. Resting membrane
potential was similar across cell lines (control 4, -44.30+2.71; control 5, -46.66+2.41; ANXA11 G38R

2, -47.33+3.15; ANXA11 D40G 2, -51.00+2.84 (mV)).

To assess synaptic maturity of cultures, the same cell lines used in electrophysiological experiments
were fixed on day 40 of motor neuron differentiation and probed for the synaptic markers Synapsin
1 and bassoon. Synapsin 1 and bassoon localise to the pre-synapse: Synapsin 1 is a synaptic vesicle-
associated protein (Baldelli et al., 2013), and bassoon is a scaffolding protein that assembles the
active zone (Gundelfinger et al., 2016). High-resolution imaging of neurites from day-40 motor
neurons showed abundant Synapsin 1 and bassoon in control and ANXA1Imut motor neurons
(Figure 5.15). Additionally, due to evidence that aged cultures were comprised of a combination of
ChAT positive and vGLUT2 positive neurons (Appendix Figure 9.27; Appendix Figure 9.28), vGLUT2
and Annexin A11 were probed for in day-50 control motor neurons, revealing potential localisation

of Annexin A11 to vGLUT2 positive synaptic vesicles (Figure 5.16).
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Figure 5.14 Electrophysiological analysis of motor neurons

Two control and two ANXA11 patient iPSC lines were differentiated into motor neurons and
maintained in co-culture with astrocytes until day 40 of motor neuron differentiation. (A) The
number of firing events per 500ms was measured with a current injection step size of 10pA (-10 to
100pA). The two control lines showed a slight trend toward increased firing, which was not
significant. (B) The firing frequency, calculated from the inter-event interval, showed a slight
separation between control and ANXA11mut lines, which was not statistically significant. (C) The
resting membrane potentials were; control 4, -44.30+2.71; control 5, -46.66+2.41; ANXA11 G38R 2,
-47.33+3.15; ANXA11 D40G 2, -51.00£2.84 (mV). The data sets for each cell line are comprised of
measurements from 10-12 neurons collected across three motor neuron inductions (control 4, n =
12; control 5, n =10, ANXA11 G38R 2, n=12; ANXA11 D40G, n = 12). (C) Statistical analysis: Ordinary

one-way ANOVA with Tukey’s multiple comparisons test (p > 0.05).
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Figure 5.15 Synaptic proteins bassoon and Synapsin 1 are expressed in iPSC-derived motor neurons
iPSC-derived motor neurons were maintained in co-culture with astrocytes and fixed on day 40 of
motor neuron differentiation. Immunocytochemistry using antibodies targeting the pre-synaptic
proteins bassoon (red) and Synapsin 1 (magenta) revealed the presence of synapses in motor neuron

neurites. Images were taken with a Nikon iSIM system. Scale bars represent 10um.
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Figure 5.16 Annexin A11 localises to vGLUT2 positive puncta in neurites

(A) Immunocytochemistry with antibodies targeting the neurite marker f3-Tubulin (B3-Tuj, green),
Annexin A1l (magenta), and the glutamatergic synaptic vesicle protein vGLUT2 (red) in day-50
control 1 motor neurons. (B) Magnified regions show co-localisation of Annexin A1l and vGLUT2,
indicated with white arrows. (C) Intensity traces represent puncta indicated from left to right by
white arrows in (B). Colours included in intensity traces represent Annexin A1l (magenta), vGLUT2

(red), and B3-Tubulin (green). Scale bar represents 10um.
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5.4 Discussion

The utilisation of stem cell-derived neuronal cultures to model neurological disease allows
assessment of neurite specific processes, including initial outgrowth of neurites and the subsequent
formation of connections between axons and dendrites. Perturbation to neurite outgrowth can
indicate multiple dysregulated cellular pathways, and assessment of neuronal activity can indicate
altered signalling or homeostatic imbalance. Here, initial neurite outgrowth was unchanged in
ANXA11mut motor neurons on day 12 and day 17 of motor neuron differentiation (Figure 5.4; Figure
5.6). Intriguingly, distal axon integrity appeared to be affected in patient lines, indicating that
although primary neurite formation was successful, the maintenance of cellular compartments

distant from cell bodies was affected (Figure 5.8).

To assess whether spontaneous activity and functional connections had been established in iPSC-
derived neuronal cultures, live calcium imaging and electrophysiological recordings were
implemented. This revealed that cultures were indeed active and often synchronous, and implied
altered states of calcium activity across control and ANXAI11mut groups (Figure 5.13). Patch-clamp
analysis did not reveal differences in action potential firing frequency or resting membrane voltage
(Figure 5.14). Evidence of synaptic proteins in motor neurons on day 40 of differentiation indicated
that neurons were expressing proteins necessary for intercellular communication, with some
evidence that Annexin Al1l is localised to synaptic regions in glutamatergic neurons (Figure 5.15;

Figure 5.16).

5.4.1 Neurite outgrowth in ANXA11 ALS motor neurons

The highly polarised nature of neurons is necessary for their function. Neuronal polarity is under the
tight control of initial neurogenesis and is maintained in mature neurons in part by the axon initial
segment (Barnes & Polleux, 2009; Ho & Rasband, 2011). Neurite outgrowth is the process by which

young neurons extend out, led by growth cones at the tip of spindle-like protrusions, forming
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structures that develop into axons and dendrites. The cytoskeleton mediates this process, and an
array of transcription factors are involved in neurite extension including neurogeninl (Kim et al.,
2002), neurogenin2 (Liu et al., 2013), Pea3 (Kandemir et al., 2020), STAT3 (L. Zhou & Too, 2011), and
the Neurod family (Lee et al., 2020; Tutukova et al., 2021), to name a few. This enables neurons to
create networks of highly specific and complex interactions. These interactions are mediated by
chemical synapses, where neurotransmitters are released into the synaptic cleft from the
presynaptic compartment and bind to the post-synaptic compartment, causing an influx of ions,

depolarisation of the membrane, and induction of action potentials (Bean, 2007).

Alterations in axons and dendrites have been identified in multiple cellular and animal models of
neurodegenerative diseases, including ALS/FTD (Akiyama et al., 2019; Geng et al., 2017; Harjuhaahto
et al., 2020; Sasaki & Ilwata, 1999). Additionally, many studies show perturbation at the synaptic,
axonal, or NMJ level prior to soma pathology or neuronal loss (Fischer et al., 2004; Juan et al., 2022;
Lépez-Erauskin et al., 2018; Ozdinler et al., 2011; Shahidullah et al., 2013; So et al., 2018; Zhang et
al., 2022). Some ALS/FTD associated proteins have been shown to mediate neurite outgrowth
including progranulin (Van Damme et al., 2008), TDP-43 (Atkinson et al., 2021; Fiesel et al., 2011,
Mitsuzawa et al., 2021), and FUS (Stoklund Dittlau et al., 2021). The initially unaffected neurite
outgrowth observed here (Figure 5.4) might suggest that transcriptional regulation and cytoskeletal
dynamics that initiate neurite outgrowth are not primarily perturbed, but instead there is a failure
to support distal axon function. It should be noted that these early neurites include axons and
dendrites, and it may be informative in future analysis to include specific markers such as Map2 and
Tau to differentiate between the two. Overlap of pan-neuronal 3-Tubulin with dendrite specific
Map2 was assessed in control cells on day 12 of differentiation, indicating that most neurites are
Map2 positive, however some 3-Tubulin positive neurites where Map2 is absent are highlighted
(Appendix Figure 9.29). This suggests that many of the neurites quantified in day-12 analysis are early
dendrites, and in future investigation it will be important to specifically assess axons to identify the

time point at which they become affected.
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Substantial evidence exists for the “dying back” hypothesis, where initial insult at the NMJ leads to
gradual degeneration of the motor neuron in a retrograde fashion (Arbour et al., 2015; Fischer et al.,
2004; Genin et al., 2019; Mejia Maza et al., 2021; Narai et al., 2009; Picchiarelli et al., 2019; So et al.,
2018; Tremblay et al., 2017). The reduced distal axon health seen here (Figure 5.8) cannot be
attributed to dysfunctional NMJs as without co-culture with muscle cells NMJ function cannot be
assessed. Microfluidic systems with muscle cells and iPSC derived motor neurons enable inspection
of NMJ formation and function, and would be a valuable tool in elucidating distal axonopathy in
ANXA11 ALS. Implementation of such cultures has revealed reduced formation of NMJs in mutant

FUS conditions, which was rescued with HDACS6 inhibition (Stoklund Dittlau et al., 2021).

Axon degeneration independent of initial outgrowth is mediated by multiple neuronal pathways. For
example, degeneration of iPSC derived mutant SOD1 motor neuron axons is linked to aggregation of
neurofilament proteins (Chen et al., 2014). Contrastingly, axon destruction can occur in response to
injury, which is mediated by metabolic sensors and the SARM1 protein (Figley et al., 2021), which is
implicated in ALS (Bloom et al., 2022; Gilley et al., 2021). It was beyond the scope of this project to
investigate specific degeneration pathways and additional analysis will be necessary: Time-lapse
imaging of neurite outgrowth in iPSC derived neurons will be useful for assessing at which point axon
integrity is lost in ANXA11 ALS, to confirm whether axons grow and degenerate, or whether distal
axon formation is perturbed. Implementation of axonopathy experiments, where axons are severed
and regrowth is assessed (Stoklund Dittlau et al., 2021), will be informative in assessing ANXA11mut
motor neuron response to injury. In conjunction, specially optimised axon interrogation allows RNA
sequencing of distal axons (Nijssen et al., 2019) and it will be important to assess the axonal

transcriptomic profiles of ANXA11 ALS motor neurons in future studies.

Distal axons were not quantified here as different antibodies were used in immunocytochemistry,
and so quantification could be misleading (Figure 5.8). In Experiments 2 and 3, neurites were
immunolabelled for FUS, Annexin A11, and puromycin, as the motor neurons were assessed for local
translation (6.3.3). The representative images in Figure 5.8 show FUS with increased contrast to
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highlight neurites. Experiment 1 includes neurites immunolabelled for $3-Tubulin, and, due to time
restraints, it was not possible to repeat this experiment multiple times. For Experiment 1,
guantification of total fluorescent intensity from neurites before and after the microgroove region
supports a reduction in distal axon outgrowth in ANXA11mut lines (Appendix Figure 9.26). It will be
important to confirm and quantify distal axon outgrowth using consistent experimental parameters,
and data shown here should serve only as an initial indication that distal axon density is reduced in
ANXA11mut lines. Bright-field imaging was attempted to visualise distal axons without the inclusion

of different antibodies, but image quality was poor and so neurites were visualised as described.

To ensure that the observed reduced axon outgrowth seen here was due to neurite instability
instead of reduced motor neuron count, neuronal plating compartments of microfluidic devices were
stained with DAPI and neuronal nuclei were counted (Appendix Figure 9.25). This revealed
apparently comparable numbers of neurons present in devices at the point of fixation, however was
only included for Experiment 1. One culture condition that was not applied here was a differential
concentration of growth factors across microfluidic devices. In many instances in the literature,
growth factors are added at a higher concentration on the distal side of the device to encourage
neurite growth through to the compartment where growth factors are more abundant. Microfluidic
devices in this instance were not maintained in this way, and complete motor neuron media was
applied to the entire culture. This may have resulted in an exaggerated phenotype in ANXAl1Imut
lines, and the inclusion of a growth factor gradient may have encouraged more successful outgrowth
(Spijkers et al., 2021). Additionally, the inclusion of muscle cells, or other supportive cell types such
as glial cells, in distal axon compartments would be an informative way to assess the role of non-cell-
autonomous mechanisms in axon maintenance. An absence of glia from iPSC neuron derived co-
cultures has been shown to cause motor neuron-specific axon degeneration (Chen et al., 2014). In
this project, astrocyte co-culture was partly included to maintain culture longevity due to

fragmentation of neurites in aged neurons (3.3.6). This suggests that axon integrity is partially
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dependent on extracellular support, and it would be useful for therapeutic targeting to assess the

functional consequences of non-neuronal cells in axon stability.

Collectively these data indicate an early dysfunction in axons, however mechanistic insight into the
cause of axon instability remains to be explored. Axon specific functions of Annexin A1l are not well
defined. Recent evidence shows that Annexin A1l acts as a tether between lysosomes transported
along axons and RNA granules that “hitch-hike” on lysosomes (Liao et al., 2019). The highly polarised
and exceptional length of neurons, particularly long lower motor neurons, means that many cellular
components need to be transported a substantial distance to synaptic terminals. RNA is an essential
cargo, and local translation throughout the axon relies on the delivery of RNA, highlighting RNA
dynamics as an essential avenue for investigation in ANXA11 associated ALS. Axonal RNA transport

and local translation in ANXA11 ALS motor neurons are explored in Chapter 6.

5.4.2 Spontaneous calcium activity and action potentials

Once initial neurite outgrowth has occurred, synapses form between neurons, and synaptic plasticity
orchestrates the network of cells that make up the CNS. Once synaptic connections are made,
random firing events stimulate connectivity between cells and aid the maturation of functional
networks (Ben-Ari, 2001; Cohen et al., 2008; Zhang & Poo, 2001). The synaptic connections between
neurites that determine cell-to-cell communication have been associated with early disease events
in many neurodegenerative diseases. Multiple ALS related genes and proteins have recently been
implicated at the synaptic level, including TARDBP and FUS (Dyer et al., 2021; Ling, 2018; Markert et
al., 2020; Mejia Maza et al., 2021; Picchiarelli et al., 2019; Sahadevan et al., 2021; Salam et al., 2021,
Wong et al., 2021), C9ORF72 (Butti et al., 2021; Catanese et al., 2021; Jensen et al., 2020; Nishimura
& Arias, 2021; Perkins et al., 2021; Xiao et al., 2019) and SOD1 (Song, 2020). Loss of synaptic function
of dynactin subunit 1 leads to loss of synaptic stability and impaired growth of motor neurons
(Bercier et al., 2019), highlighting the importance of synapse integrity in axon outgrowth. Although
evidence of synaptic proteins was included here (Figure 5.15), limitations in time and antibody
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availability meant that in-depth analyses of synaptic composition and structure were not feasible
within this project, and notably no post-synaptic markers were included. The potential localisation
of Annexin A1l to vGLUT2 positive synaptic vesicles implies Annexin A11 may have a role at synapses

(Figure 5.16), and this would be an intriguing avenue for further investigation.

Disease-associated altered synaptic connections can manifest as dysregulated calcium signalling, and
calcium fluctuations can be utilised to measure culture activity in iPSC derived neurons, indicating
the presence of functional ion channels or release of calcium from endogenous stores (Burley et al.,
2022; Sharma et al., 2020). There are multiple arguments for assessment of calcium activity in iPSC
derived neurons; as an indication of culture maturity, and to recognise disease associated calcium
activity profiles. Of relevance to this thesis is the role of calcium-dependent protein function:
Annexin A1l binds to phospholipid membranes in the presence of calcium, so evidence of calcium
signalling in iPSC derived neurons might be necessary to accurately assess the characteristics of
Annexin Al1 protein. In most instances, some level of spontaneous calcium activity was observed in
control and ANXA11mut groups on days 40 and 64 of differentiation. In all groups, some recordings
showed an absence of calcium activity, with the exception of day-64 ANXA11 G38R neurons which
showed consistent activity (Figure 5.13). This indicates that iPSC-derived neurons were mature and
confirms that cultures are functionally active, which is important when considering experimental

results.

Calcium activity was categorised based on observed fluctuation patterns, including large
synchronous bursts at varying frequencies, unsynchronised activity in individual cells or neurites, and
no observable activity. In the absence of more stringent quantification options, AF/FO was
implemented to normalise fluorescent signal to the background and enable data visualisation of
signal over time (Figure 5.9 — Figure 5.13). AF/FO is commonly used to measure calcium signals in
biological research and is often included in automated analysis tools such as EZCalcium (Cantu et al.,
2020), or implementation of quantification algorithms (Cornelissen et al., 2013; Kuijlaars et al.,
2016). Unfortunately, the optimisation of these tools was beyond the scope of this project, but would
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be useful for further investigation into the calcium dynamics of ANXA11 patient motor neurons.
Qualitative analysis of calcium fluctuations suggests a relative increase in the amount of rapid,
repetitive, synchronous bursts in ANXA11 G38R neurons compared to the control group on day 40
and day 64 of motor neuron differentiation, and an increase in large, synchronous fluctuations in
day-64 ANXA11 R235Q neurons (Figure 5.13). A more marked difference between control and
ANXAllmut lines was observed in day-64 neurons, suggesting that calcium alterations are

progressive and exacerbated with culture maturity.

iPSC-derived neurons have been shown to exhibit synchronous firing as they form functional
networks, which is increased in the presence of astrocytes which improve the maturation of network
functionality (Kuijlaars et al., 2016). This suggests that the observed synchronous activity is expected
in iPSC-derived neuronal cultures. The differential presence of such activity in control and
ANXA1lmut groups indicates altered calcium homeostasis in mutant groups. Interestingly, the
ANXA11 D40G group showed a different calcium fluctuation pattern and displayed decreased
calcium fluctuations in day-64 neurons compared with day-40, suggesting altered calcium dynamics
are mutation specific in ANXA11 ALS (Figure 5.13). Recent analysis of C9ORF72 expansion iPSC-
derived motor neurons highlighted hyperexcitability in mutant neurons on day 40 of differentiation,
which was associated with increased release of calcium from internal stores in the absence of altered
electrophysiological profile (measured by patch-clamp) (Burley et al., 2022). This hyperexcitability
was transient, and more mature cultures (day 47 of differentiation) showed a reduction in
excitability, reflecting the age-associated reduction in activity seen in ANXA11 D40G neurons (Figure
5.13). This highlights the need to assess multiple time points and suggests a developmental aspect
in ALS hyperexcitability. Further, the data from C9ORF72 motor neurons (Burley et al., 2022) reflect
results from ANXA11mut motor neurons, which displayed increased calcium activity compared to
control (Figure 5.13) in the absence of alterations to electrophysiological profile (Figure 5.14). A
culture maturity dependent decrease in calcium activity does not apply to ANXA11 G38R and R235Q

motor neurons in qualitative analysis, and further culture aging would be useful for clarification of
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temporally mediated calcium activity in ANXA11 motor neurons. ldentification of similar activity
profiles in C9ORF72 and ANXA11lmut motor neurons indicates a common phenotype, and a direct
comparison of ALS genetic subtypes in the context of neuronal activity may be important for

elucidation of shared cellular pathologies and disease targeting.

Calcium homeostasis is affected in multiple instances of ALS, including ANXA11. Calcium-dependent
translocation of Annexin All was altered in Hela cells expressing ANXA11-GFP constructs
harbouring ALS associated mutations in response to treatment with ionomycin. Further, ANXA11
patient fibroblasts had increased basal calcium levels compared to controls and showed reduced
calcium release in response to thapsigargin treatment. Knockdown of ANXA11 in patient
mesenchymal stem cells resulted in the same features, which were rescued by WT ANXA11
expression, but not mutant ANXA11 (Nahm et al., 2020). The observed increase in basal calcium in
patient fibroblasts might reflect the increased calcium fluctuation propensity seen here in ANXA11

G38R and R235Q neurons (Figure 5.13).

Measurement of spontaneous calcium fluctuations without stimulation is useful for assessing
endogenous neuronal profile and can indicate whether altered calcium dynamics are involved in
pathology. However, the nature of calcium fluctuations remains unidentified. The utilisation of drugs
influencing calcium release from internal stores, such as ionomycin and thapsigargin, would clarify
whether intracellular calcium buffering is dysfunctional. Similarly, calcium channel blockers such as
AMPA antagonists or action potential mediators such as potassium chloride can be used to assess
whether changes to calcium activity are caused by altered regulation of calcium influx into neurons
from the extracellular space. This, alongside profiling a range of channels associated with calcium
homeostasis, such as AMPA receptor subunits, would shed light on ANXA11 ALS and excitotoxicity.
AMPA receptors are post-synaptic calcium-permeable glutamate receptors which alter in
permeability depending on subunit inclusion (GluA1-GluA4). Alterations to calcium dynamics in iPSC-
derived models of ALS are associated with glutamate receptor properties, with mutation specific
nuances (Bursch et al., 2019). Studies evaluating C90RF72 neurons indicate upregulation of GluAl
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AMPA receptor subunits in motor neurons but not cortical neurons, resulting in enhanced
vulnerability to excitotoxicity as a consequence of increased calcium permeability (Selvaraj et al.,
2018). NMDA receptors are also implicated in excitotoxicity (Gerber et al. 2013; Paul & de Belleroche,
2014; Sasabe et al., 2007; Spalloni et al., 2013), indicating it may be informative to interrogate a

range of glutamatergic receptors in ANXA11mut motor neurons.

It may be true that both intracellular calcium and external calcium influx are affected. Evidence from
hippocampal neurons reveals a link between ER calcium store release into the synaptic cytoplasm
and enhanced spontaneous neurotransmission (Chanaday et al., 2021). This highlights a relationship
whereby fluctuations in intracellular calcium, including as a result of ER stress, can modulate
neurotransmission. Additionally, iPSC-derived motor neurons harbouring mutations in C90ORF72 or
TARDBP showed upregulation of calcium-permeable receptor subunits and impaired mitochondrial
calcium buffering capacity, resulting in altered glutamate-mediated calcium release (Dafinca et al.,
2020). Although the calcium fluctuations seen in ANXA11 ALS motor neurons cannot be specifically
attributed to the release of calcium from internal stores or calcium influx through calcium channels,
the synchronised nature of calcium fluctuations in neighbouring neurons indicates that cell-to-cell

signalling is occurring.

As well as chemical synapses, gap junctions, or electrical synapses, exist between neurons and
mediate ion gradients across neuronal membranes. Connexin 40 gap junctions exist between
developing spinal neurons and have a role in mediating NMJ formation. Knockdown of connexin 40
in mice leads to reduced electrical coupling between lumbar motor neurons and fewer
neuromuscular synapses, highlighting the importance of neuronal gap junctions in motor neuron
function (Personius et al., 2007). Gap junctions between glial cells support glutamate buffering, and
are mediated by connexins, including connexin 43. Astrocyte specific knockdown of connexin 43
slowed disease progression and protected motor neurons in ALS mice (Almad et al., 2020), and
connexin 43 was shown to be upregulated in patient brain and spinal cord, and in iPSC-derived
astrocytes (Almad et al., 2016). Increased levels of connexin 43 were associated with increased
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cellular calcium levels in astrocytes expressing mutant SOD1 (Almad et al., 2016), indicating that it
may be necessary to assess the function of astrocytes when investigating calcium dysregulation in
patient-derived co-cultures. Astrocytes alter GIuA2 expression in motor neurons, and consequently
influence motor neuron vulnerability to excitotoxicity (Van Damme et al.,, 2007), and C9ORF72
astrocytes cause loss of action potential and reduced magnitude of voltage-activated ion currents in
co-cultured motor neurons (Zhao et al., 2020). Further evaluation of calcium fluctuations in mixed
co-cultures, with control neurons in culture with mutant astrocytes and vice versa, would elucidate
whether calcium alterations in ANXA1Imut motor neurons are caused by endogenous neuronal

changes or non-cell-autonomous events.

Calcium activity in neurons is complex, and dysregulation of multiple organelles and pathways
mediating neuronal calcium has been associated with ALS. Examples include lysosome function
(Tedeschi et al.,, 2019), autophagy (Bootman et al., 2018), apoptosis (Sukumaran et al., 2021)
mitochondrial dysfunction (Jaiswal, 2014), and mitochondrial-ER tethering (Chen et al., 2021;
Gomez-Suaga et al., 2022; Peggion et al., 2021). Many proteins whose genes are mutated in ALS are
somehow related to calcium signalling, including VAPB, ALS2, and MATR3 (Leal & Gomes, 2015). To
assess the affect of intracellular calcium accumulation on ALS associated proteins, multiple WT cell
lines were treated with ionomycin or thapsigargin, which caused a decrease in the abundance of the
ALS-associated proteins TDP-43, C90ORF72, Matrin3, VCP, FUS, SOD1, and profilin-1, and an increase
in p62 (De Marco et al., 2022). This suggests a shared vulnerability of ALS-associated proteins to
fluctuating calcium levels, indicating that hyperexcitability might exacerbate dysregulated protein
function in ALS. The heterogeneous nature of calcium dynamics in ALS highlights the necessity to

investigate specific calcium-mediated pathways in ANXA11 ALS patient motor neurons.

As discussed above, multiple studies implicating dysregulated calcium dynamics in ALS focus on the
dynamics of glutamatergic signalling. vGLUT2 is present in excitatory neurons and spinal
interneurons (Wang et al., 2018), and a small subset of spinal motor neurons have been shown to
express both vGLUT2 and ChAT (Herzog et al., 2004). ChAT is present in lower motor neurons where

251



it functions at the NMJ as spinal motor neurons synapse onto muscle, and is present in other brain
regions including subcortical regions (Li et al., 2018). Recent evidence from rodents indicates that in
addition to individual neurons expressing multiple neurotransmitters, a small percentage (2%) of
synaptic vesicles can contain more than one type of vesicular transporter, including a small subset
expressing both vGLUT2 and VAChT (Upmanyu et al., 2022). Additionally, spinal cholinergic
interneurons have been shown to modulate motor neurons and locomotor behaviour in zebrafish
(Bertuzzi & Ampatzis, 2018), indicating that although ChAT is present in motor neurons, confirmation
of ChAT expression will not identify motor neurons exclusively. The motor neuron differentiation
protocol used here was based on published data reporting the production of spinal motor neurons
(Maury et al., 2015), however current culture standards mean that mixed motor neuron populations
are usually achieved. The presence of both vGLUT2 and ChAT in motor neuron cultures indicates a
diverse population of neurons (Appendix Figure 9.27; Appendix Figure 9.28). Some non-motor
specific neurons likely persist in culture as the percentage of Islet 1 positive nuclei in young neurons
was between 70-80% (Figure 3.10), and it will be informative to assess the presence of additional
neuronal subtypes, including interneurons. Due to limited antibody availability, ChAT and vGLUT2
were probed for in neurons from the same motor neuron induction, rather than in a co-stain in the
same cells. The presence of both vGLUT2 and ChAT positive neurons means that delineation of
specifically vulnerable sub-populations of neurons was not achieved in this project. It may be the
case that vGLUT2 and ChAT positive neurons are both affected, or that interaction between neuronal
subtypes leads to altered calcium signalling. Co-localisation of Annexin A1l to vGLUT2 positive
synaptic vesicles indicates a potential function of Annexin A11 in excitatory synaptic function (Figure
5.17). This, alongside evidence that calcium signalling is disrupted in ANXA11 ALS, warrants further

investigation into the role of ANXA11 mutations in excitotoxicity and calcium homeostasis.

Altered calcium fluctuations can be associated with altered electrophysiological properties, and so a
subset of motor neurons was subject to electrophysiological readings by patch-clamp analysis. Two

control and two ANXA11mut lines, one with a G38R mutation and one with a D40G mutation, were
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included for analysis. These were selected based on apparently altered calcium dynamics in ANXA11
G38R neurons (5.13), and D40G was included as it is the most commonly reported mutation in
ANXA11 ALS. Control lines were selected based on the closest age and sex match of the original LCLs
selected for iPSC derivation (Table 3.1). Patch-clamp analysis was implemented to measure firing
frequency, inter-firing event, and resting membrane potential. There was a slight trend towards
reduced firing rate and frequency in the patient-derived lines, however no significant difference was
observed. The resting membrane potential was broadly consistent across control and ANXA1Imut

cell lines, with no statistically significant difference observed (Figure 5.14).

Both hyperexcitability and hypoexcitability have been observed in cellular models of ALS and vary
depending on mutation status and culture maturation of iPSC-derived neurons. Mutations in FUS
(R495QfsX527, R521C, R521H, R521L, P525L) can result in hypoexcitability (Guo et al., 2017; Naujock
et al., 2016), as can mutations in SOD1 (D90A, R115G) (Naujock et al.,, 2016). Conversely,
hyperexcitability has been detected in iPSC-derived motor neurons harbouring FUS (M511fs,
H517Q), C90RF72, and SOD1 (A4V, G85S, D90A) mutations (Wainger et al., 2014), which was rescued
when the genetic mutation in the A4V SOD1 line was corrected. Although these data are seemingly
contradictory, they include mostly different mutations, suggesting that within one gene separate
mutations can have vastly different effects on neuronal activity. The time at which activity
measurements are taken may also affect whether neurons are hyper- or hypo- excitable, and it has
been demonstrated that iPSC-derived cortical cultures display an initial phase of increased activity,
followed by a decrease in activity, with eventual establishment of non-synchronous and ordered
activity patterns (Kirwan et al., 2015). However, the three studies referenced above all perform
recordings around day 50 of motor neuron differentiation (Guo et al., 2017; Naujock et al., 2016;
Wainger et al., 2014). Motor neuron differentiation protocols often differ subtly between research
institutions and groups, and as such reproducibility of experimental results can be challenging. This
reflects of a larger issue in medical research and highlights the necessity of repeated measurements

for faithful elucidation of disease phenotypes.
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Axonal excitability is measurable in patients and is increased in individuals with ALS (Park et al.,
2017), as is cortical excitability (Higashihara et al., 2021). This implies that models displaying
hyperexcitability are more closely representing the human pathology, however it should be noted
that measurements collected in patients are predominantly taken after disease onset, and it is
possible that hypoexcitability occurs at a different stage of disease. In the case of ANXA11mut motor
neurons where no statistically significant differences were detected between control and patient
derived lines in patch-clamp analysis (Figure 5.14), it may be that motor neurons at day 40 of
differentiation were too immature for such alterations to appear. The suggestion of altered calcium
fluctuations in the absence of altered electrophysiological abnormalities is intriguing and raises
further questions as to the nature of calcium fluctuations in motor neuron-astrocyte cultures, as

discussed above.

5.5 Conclusions

Initial neurite outgrowth in ANXA11 ALS motor neurons was not affected in this study, however distal
axons appear to be vulnerable. This may indicate that pathology arises in the axon, indicative of the
dying back hypothesis, or that there is a failure to generate or maintain distal neurites. This may be
particulary relevant for long motor axons where, for example, the bioenergitc demand, delivery of
cargos, and relay of signals may be influcenced by the additional pressure of supporting long axons.
The role of axon specific functions of Annexin A1l remain to be fully elucidated, and it is possible
that such processes mediate disease. Some of the axonal functions of Annexin Al11 are explored in

Chapter 6.

An apparent alteration in calcium homeostasis or signalling in ANXA1Imut neurons alludes to an
overlapping pathology in multiple instances of ALS, as evidence exists for calcium dysregulation in
the context of multiple ALS associated genes. Further investigation into the role of calcium in ANXA11

pathology is necessary, however novel data for calcium alterations in patient-derived motor neurons
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offers preliminary evidence that calcium dysregulation is an early pathology in ANXA11 associated

ALS.
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Chapter 6 RNA biology in ANXA11 patient motor neurons

6.1 Overview

Multiple steps of RNA processing are affected in ALS, and the role of Annexin A1l in these processes
is largely unexplored. RNA metabolism describes a broad range of cellular processes: Initial
transcription of genes, mRNA processing including splicing and transcript regulation, mRNA
trafficking, mRNA regulation in response to stress, and translation of mRNA into protein (1.10). RNA
biology is an attractive target for understanding ALS pathology; incorrect transcription or processing
of RNA species specific to motor neuron function could explain the cell-specific pathology seen in
the disease. Further, the intricate orchestration of RNA processing in specific neuronal
compartments including the soma, axon, synapses, and dendrites means that there are multiple

levels at which the delicate balance of RNA biology can be disrupted.

Stress granules are small membraneless organelles that form in response to stress, transiently
sequestering non-translating mRNA to enable rapid return to neuronal homeostasis when stressful
stimuli are removed (Protter & Parker, 2016). As discussed in 1.10.5, evidence for a stress granules
pathology in ALS is substantial, with data suggesting that dysfunctional stress granule assembly
and/or disassembly act as seeding events for pathological protein aggregation. Annexin A11 was first
implicated in stress granule biology in a large proximity labelling screen (Markmiller et al., 2018) and
has been shown to localise to stress granules in fibroblasts and cell line overexpression models (Liao
et al., 2019; Nahm et al., 2020). The localisation of Annexin A11 to stress granules in patient-derived
motor neurons has not yet been reported. Therefore, the inclusion of Annexin A1l to G3BP1 positive
stress granules was explored in response to a range of stress-inducing stimuli. This was further
explored through a comparison of Annexin All overlap with G3BP1 positive stress granules in

ANXA1Imut and control motor neurons.
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Annexin All is ubiquitously expressed throughout the body, and prior to the association of
mutations in ANXA11 with ALS, neuron specific Annexin A11 functions were poorly established. One
of the first reported neuron specific functions of Annexin A1l is a role in axonal RNA trafficking (Liao
et al., 2019). Annexin A1l was shown to act as a tether between RBPs and lysosomes, which are
transported by motor proteins, such that RBPs use Annexin A1l to “hitch-hike” on lysosomes. The
transport of fluorescently labelled RBPs and axon-abundant actin mRNA was shown to be perturbed
in the presence of ANXA11 mutations in overexpression models in the same study. Quantification of
anterograde and retrograde RNA trafficking was included here to evaluate whether any gross change

in RNA transport is detectable in ANXA11 ALS patient-derived motor neurons.

One of the essential functions of axonal transport is the delivery of cargos to support translation
throughout neurons. Local protein translation is a means for highly polarised cells such as neurons
to respond rapidly to changes in the local environment, enabling neuronal plasticity in response to
intracellular and intercellular cues (Biever et al., 2019; Monday et al., 2022). Local translation has
recently been implicated in ALS pathology (Altman et al., 2021; Birsa et al., 2021; Briese et al., 2020;
Burguete et al., 2015; Chu et al., 2019; Ishiguro et al., 2016; Lehmkuhl et al., 2021; Lopez-Erauskin et
al., 2018; Majumder et al., 2016; Murakami et al., 2015; Nagano et al., 2020; Sephton et al., 2014;
Wong et al., 2021), and multiple studies have demonstrated altered global protein translation in cell
and animal models (Charif et al., 2020; Gao et al., 2021; Lehmkuhl et al., 2021; MacNair et al., 2016;
Majumder et al., 2016; Marques et al., 2020; Neelagandan et al., 2019; Russo et al., 2017).
Interestingly, Rab7-positive late endosomes were shown to act as sites of local protein translation in
neurons (Cioni et al., 2019). The unique structure of Annexin A1l as a phospholipid membrane-
binding protein with a low-complexity domain (Figure 1.3) make it an attractive target for
understanding how RBP and vesicle interactions might be stabilised in this process. In line with this,
ribopuromycylation was used to determine Annexin Al1l inclusion to sites of local translation in
axons, and protein translation in distal axons in ANXA11mut and control motor neurons were

compared. Annexin A1l interacts directly with FUS (Nahm et al., 2020), which is implicated in
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translation (Birsa et al., 2021; Lopez-Erauskin et al., 2018; Murakami et al., 2015; Salam et al., 2021;
Sévigny et al., 2020), and Annexin A1l was upregulated in post-mortem brain tissue from an ALS
patient with a FUS p.G504Wfs*12 mutation (Nahm et al., 2020). Hence, FUS protein level in ANXA11
ALS patient motor neurons was measured. Finally, global protein translation was measured by

puromycin incorporation in neurons with quantitative imaging.

6.2 Methods

6.2.1 Annexin Al11 and stress granules

G3BP1 positive stress granules were probed for Annexin A11 in response to multiple stressors. These
included sodium arsenite, puromycin, and sorbitol. Co-cultured motor neurons at day 21 of
differentiation (2.1.7) were subject to various drug treatment conditions (2.3.1), fixed, and
immunolabelled with antibodies detecting the stress granule protein G3BP1 and Annexin A11 (2.4.1).
Imaging was completed with a Nikon Spinning Disk confocal microscope before processing and
guantification with Nikon NIS-Elements (2.4.3). In some instances, stress granules were imaged with
super-resolution microscopy (2.4.3). For comparison of control vs. ANXA11mut groups, motor
neurons were treated with sodium arsenite (2.3.1) and eight images were taken for each cell line for
each technical repeat with a Nikon Spinning Disk confocal microscope. Thresholding and
guantification were performed on individual image z-planes, and the mean of these was taken as the
result for each image. Two biological repeats were included, with each comprised of two technical
repeats where neurons from the same batch of iPSC differentiation were maintained separately. Five
control and five ANXA11mut lines were included and were separated into control, ANXA11 G38R,

ANXA11 D40G, and ANXA11 R235Q groups for analysis.
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6.2.2 RNA transport in iPSC-derived motor neurons

Motor neurons (2.1.7) were maintained in microfluidic devices (2.1.11) with astrocytes (2.1.10) until
day 26 of differentiation and incubated with SYTO™ RNASelect™ which increases in fluorescent
intensity when bound to RNA (2.4.5). Live imaging of RNA particles was completed with a Nikon
Spinning Disk microscope (2.4.5), and time-lapse images were quantified with KymographClear and

KymographSelect (Mangeol et al., 2016).

6.2.3 Local translation in iPSC-derived motor neurons

Motor neuron-astrocyte co-cultures (2.1.10) were maintained on glass coverslips or in microfluidic
devices (2.1.11). Translational hotspots were identified by ribopuromycylation which includes co-
treatment with emetine and puromycin (2.3.2), and cells were fixed and subject to
immunocytochemistry with antibodies targeting puromycin and endogenous proteins (2.4.1).
Neurites were imaged with super-resolution microscopy (2.4.3) and images were quantified in Nikon
NIS-Elements and Fiji. Puromycin labelled hotspots of axonal translation were detected by the ‘Bright
spot detection’ tool with the ‘Different sizes’ parameter selected in Nikon NIS-Elements, and
fluorescent intensities of target proteins were measured within these spots. The correlation of
fluorescent intensities was measured by Pearson’s correlation coefficient in GraphPad, and the line
of best fit was added with the linear regression tool. To measure the number of hotspots per neurite
length, neurites were traced in Fiji to yield the total neurite length per image, and puromycin spot

counts from Nikon NIS-Elements were normalised to these values.

6.2.4 Global translation and protein abundance

Twenty-one-day old motor neurons maintained in co-culture with astrocytes were incubated with
puromycin to detect newly synthesised peptides (2.3.3), fixed, and subject to immunocytochemistry

with antibodies targeting puromycin and $3-Tubulin to detect neurons (2.4.1). Cultures were imaged
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with the Opera Phenix® High Content Screening System and mean puromycin intensity in neurons

was measured using Harmony® (2.4.2).

The relative abundance of FUS protein was measured in day-17 motor neurons by western blot, by

normalising the signal from FUS to total protein stain (2.5.1).

6.3 Results

6.3.1 Annexin A11 and stress granules

Initial investigation of Annexin A11 stress granule dynamics included the interrogation of puromycin-
treated motor neurons with super-resolution microscopy, revealing modest localisation of Annexin
A11 to G3BP1 stress granules (Figure 6.1). As TDP-43 is known to localise to stress granules, and TDP-
43 inclusions have been identified in post-mortem tissue from ANXA11 ALS patients, overlap of
Annexin All, TDP-43, and G3BP1 in response to stress was assessed, again with puromycin
treatment in control motor neurons, and super-resolution imaging. This revealed no overlap of
Annexin A1l and TDP-43 in the same stress granules in qualitative analysis and fluorescent intensity
tracing (Figure 6.2), however indicated successful stress granule formation. Additionally, a marked
localisation of TDP-43 to G3BP1 stress granules was seen, indicating that localisation of ALS-
associated proteins to stress granules is observable in this system. In this instance, although the
treatment conditions were consistent, little if any overlap of Annexin All to stress granules in

response to puromycin treatment was observed in fluorescent intensity tracing (Figure 6.2).

To further explore Annexin A11 stress granule dynamics, control motor neurons were exposed to a
range of stressful stimuli and probed for G3BP1 stress granules. Motor neurons were imaged with
normal confocal microscopy, with the aim to interrogate an increased number of neurons compared
to super-resolution microscopy. Various methods for the induction of stress granules have been
reported in the literature; puromycin (Figure 6.3), sodium arsenite (Figure 6.4), and sorbitol (Figure

6.5) are shown here. Successful induction of the stress granule response was seen in all treatment
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conditions, demonstrated by G3BP1 localisation to focal granules throughout neurons (Figure 6.3;
Figure 6.4; Figure 6.5). Treatment with sodium arsenite or puromycin resulted in large G3BP1
cytoplasmic aggregates, and osmotic stress induced by sorbitol resulted in smaller stress granules
throughout the nucleus and cytoplasm. Qualitative analysis indicates that Annexin All is poorly
detected in puromycin-induced G3BP1 stress granules with the image acquisition settings used here
as fluorescent intensity tracings do not indicate an increase in Annexin Al1 intensity in parallel with
G3BP1 intensity changes (Figure 6.3). Intensity tracings across sodium arsenite induced G3BP1 stress
granules revealed an increase in Annexin A1l intensity in some, but not all, stress granules (Figure
6.4). Similarly, stress granules induced by osmotic stress showed a modest increase in Annexin A11
intensity in some cases, with an absence of Annexin A11 fluctuation in others (Figure 6.5). These data
indicate that under specific conditions, modest localisation of Annexin A1l to stress granules is a
feature of control motor neurons, and that Annexin A11 inclusion to stress granules is dynamic and
stressor specific. A more marked stress granule response in terms of Annexin A1l localisation to
G3BP1 stress granules was observed with sodium arsenite treatment, which was selected for

comparison of stress granule dynamics in control and ANXA11 ALS patient motor neurons.

Co-cultured motor neurons at day 21 of differentiation were either treated with sodium arsenite or
untreated, probed for Annexin Al1, the stress granule marker G3BP1, and the neuronal marker 33-
Tubulin, and imaged with a Nikon Spinning Disk Confocal Microscope (Figure 6.6; Figure 6.7; Figure
6.8; Figure 6.9). Images were quantified with Nikon NIS-Elements software which included various
thresholding steps whereby fluorescent intensity was used to define cellular regions. For example,
the neuronal area was defined by thresholding 3-Tubulin, DAPI thresholding was used to define
nuclei, and G3BP1 thresholding was used to define stress granules (Figure 6.10). Stress granule
induction was confirmed by measuring the percentage of G3BP1 granule area normalised to the
neuronal area, which was increased in response to sodium arsenite treatment (Figure 6.11.B).
Despite an observable difference in G3BP1 pattern in untreated vs. treated neurons in representative

images (Figure 6.6; Figure 6.7; Figure 6.8; Figure 6.9), it should be noted that some “stress granules”
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were identified in the untreated group (Figure 6.11.B). This is due to the nature of image analysis
with thresholding, and the necessity to maintain a consistent threshold across treated and untreated
conditions, and across all cell lines, to ensure unbiased quantification. As G3BP1 is present in
untreated motor neurons, it was not possible to set a threshold that specifically detected stress
granules without some unspecific inclusion of G3BP1 in untreated neurons. However, the increase
in relative stress granule area (Figure 6.11.B) and visual confirmation of stress granule formation in

representative images indicate that stress granule induction was successful.

A significant difference in stress granule area per neuron was observed in ANXA11 R235Q compared
to control motor neurons, suggesting perturbed stress granule formation in the context of mutations
in the ANXA11 C-terminal (6.11.B). The nucleocytoplasmic ratio of G3BP1 was reduced in sodium
arsenite treated compared to untreated neurons (6.11.A) which was mirrored by a significant
increase in cytoplasmic intensity (6.11.D), and the nuclear intensity was unchanged (Figure 6.11.C).
The mean intensity of Annexin A11 inside G3BP1 stress granules was consistent across cell lines and
conditions, indicating no change in Annexin A1l inclusion to stress granules in this model (Figure
6.11.E). Additionally, Annexin A1l was subject to thresholding, and overlap between Annexin A1l
and G3BP1 stress granule binary masks was measured as a percentage (6.11.F). A trend towards
increased overlap of Annexin A11 and G3BP1 stress granules in sodium arsenite treated neurons was
seen, however particularly large data variability across biological replicates meant that this was not

statistically significant.

The number of Annexin A11 spots per cell (calculated as the number of bright Annexin A1l spots
normalised to the neuronal area as defined by thresholding $3-Tubulin) was unchanged across
treatment and cell line conditions (6.12.C), however the number of Annexin A1l spots per number
of DAPI positive nuclei increased in response to sodium arsenite treatment across all cell lines groups
(6.12.A), indicating an Annexin A1l stress response. Mean Annexin A1l spot fluorescent intensity
(Figure 6.12.B), nucleocytoplasmic ratio (Figure 6.12.E), mean nuclear intensity (Figure 6.12.F), and
mean cytoplasmic intensity (Figure 6.12.G) were unaffected by sodium arsenite treatment or
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ANXA11 mutation. The mean Annexin Al1 spot size was not changed in response to stress, however
a general increase in spot size in ANXA11 G38R neurons compared to control was observed (Figure
6.12.D). These data suggest Annexin All is responsive to stress and that perturbations to stress
response are mutation specific, with no altered stress granule dynamics observed in ANXA11 G38R

or D40G neurons, and a reduction in stress granule formation propensity in ANXA11 R235Q.
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Figure 6.1 Annexin A11 localisation to puromycin-induced stress granules with high-resolution
imaging

(A) Control motor neurons at day 21 of differentiation were treated with puromycin to induce stress
granule formation, fixed, subject to immunocytochemistry with antibodies targeting neuronal
marker 3-Tubulin (green), stress granule marker G3BP1 (red), and Annexin A1l (magenta), co-
stained with DAPI (blue), and imaged with super-resolution microscopy (iSIM). (B) A fluorescent

intensity trace across a stress granule (indicated with a white arrow in (A) reveals an increase in
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G3BP1 intensity across the granule, which is mirrored by a subtle increase in Annexin A11 fluorescent

intensity. Scale bar indicates 10um.
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Figure 6.2 Annexin A11 and TDP-43 do not localise to the same G3BP1 stress granules in response
to puromycin treatment

(A) Control motor neurons at day 21 of differentiation were treated with puromycin to induce stress
granule formation, fixed, subject to immunocytochemistry with antibodies targeting stress granule
marker G3BP1 (red), TDP-43 (green), and Annexin A11 (magenta), co-stained with DAPI (blue), and
imaged with super resolution microscopy (iSIM). (B) A fluorescent intensity trace across a stress
granule (indicated with a white arrow in A) reveals an increase in G3BP1 intensity across the granule,

which is mirrored by an increase in TDP-43 intensity, but not Annexin A11. Scale bar indicates 10um.
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Figure 6.3 Annexin A1l does not consistently localise to G3BP1 stress granules in response to
puromycin treatment

(A) Control motor neurons were maintained in co-culture with astrocytes until day 21 of motor
neuron differentiation, treated with puromycin, fixed, and subject to immunocytochemistry with
antibodies targeting the stress granule protein G3BP1 (red), Annexin A1l (magenta), and 3-Tubulin
(green), and were co-stained with DAPI (blue). The white box in (B) highlights the image region
included in (C). (C) The formation of stress granules was confirmed by typical stress granule
morphology of G3BP1. Annexin All did not appear to specifically localise to stress granules
(indicated by white arrows). (D, E) Intensity traces across stress granules show focalised intensity of
G3BP1 signal, with Annexin All intensity showing no paralleled increase in intensity. Scale bar

represents 50um.

265



DAPI B3-Tubulin B. Composite

G3BP1 Annexin Al11

\

5 . ) )

> - SN

§ o~ H

] £

€ g

& [

g
I T T T T 1 T T T T
0 2 4 6 a8 0 2 4 6 8

Distance (uM) Distance (M)
Annexin A11 B3-Tubulin

— G3BP1 — DAPI

m

DAPI B3-Tubulin Annexin Al1l Composite

. l ’

Figure 6.4 Annexin A1l sometimes localises to G3BP1 stress granules in response to sodium
arsenite treatment

(A) Control motor neurons were maintained in co-culture with astrocytes until day 21 of motor
neuron differentiation, treated with sodium arsenite, fixed, and subject to immunocytochemistry
with antibodies targeting the stress granule protein G3BP1 (red), Annexin A1l (magenta), and [53-
Tubulin (green), and were co-stained with DAPI (blue). The white box in (B) highlights the image
region included in (C). (C) Formation of stress granules was confirmed by typical stress granule
morphology of G3BP1. Annexin All appeared to localise to some, but not all, stress granules
(indicated by white arrows). (D, E) Intensity traces across stress granules show focalised intensity of
G3BP1 signal, which was mirrored by a modest increase in Annexin A1l intensity in one example (D),

and no associated Annexin A11 signal fluctuation in another (E). Scale bar represents 50um.
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Figure 6.5 Annexin A1l sometimes localises to G3BP1 stress granules in response to sorbitol
treatment

(A) Control motor neurons were maintained in co-culture with astrocytes until day 21 of motor
neuron differentiation, treated with sorbitol, fixed, and subject to immunocytochemistry with
antibodies targeting the stress granule protein G3BP1 (green), Annexin A1l (red), and Map2
(magenta), and were co-stained with DAPI (blue). The white box in (B) highlights the image region
included in (C). (C) Formation of stress granules was confirmed by the presence of small punctate
G3BP1 species. Annexin All appeared to localise to some, but not all, stress granules (indicated by
white arrows). (D, E) Intensity traces across stress granules show focalised intensity of G3BP1 signal,
which was mirrored by a modest increase in Annexin A1l intensity in one example (D), and no

associated Annexin A1l signal change in another (E). Scale bar represents 50um.
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Figure 6.6 Stress granules in control motor neurons

Representative images of control motor neurons in untreated vs. sodium arsenite treated conditions.
Motor neurons were maintained in co-culture with astrocytes until day 21 of differentiation, treated,
fixed, subject to immunocytochemistry with antibodies targeting neuronal marker $3-Tubulin (B3-
Tuj, green), stress granule marker G3BP1 (red), and Annexin A1l (magenta), co-stained with DAPI

(blue), and imaged with a Nikon Spinning Disk confocal microscope. Scale bars represent 50um.
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Figure 6.7 Stress granules in control motor neurons

Representative images of control motor neurons in untreated vs. sodium arsenite treated conditions.
Motor neurons were maintained in co-culture with astrocytes until day 21 of differentiation, treated,
fixed, subject to immunocytochemistry with antibodies targeting neuronal marker £3-Tubulin (B3-
Tuj, green), stress granule marker G3BP1 (red), and Annexin A1l (magenta), co-stained with DAPI

(blue), and imaged with a Nikon Spinning Disk confocal microscope. Scale bars represent 50um.
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Figure 6.8 Stress granules in ANXA11mut motor neurons

Representative images of ANXAIlmut motor neurons in untreated vs. sodium arsenite treated
conditions. Motor neurons were maintained in co-culture with astrocytes until day 21 of
differentiation, treated, fixed, subject to immunocytochemistry with antibodies targeting neuronal

marker $3-Tubulin (B3-Tuj, green), stress granule marker G3BP1 (red), and Annexin A11 (magenta),
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co-stained with DAPI (blue), and imaged with a Nikon Spinning Disk confocal microscope. Scale bars

represent 50um.
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Figure 6.9 Stress granules in ANXA11lmut motor neurons

Representative images of ANXAI1Ilmut motor neurons in untreated vs. sodium arsenite treated
conditions. Motor neurons were maintained in co-culture with astrocytes until day 21 of
differentiation, treated, fixed, subject to immunocytochemistry with antibodies targeting neuronal
marker $3-Tubulin (B3-Tuj, green), stress granule marker G3BP1 (red), and Annexin A1l (magenta),
co-stained with DAPI (blue), and imaged with a Nikon Spinning Disk confocal microscope. Scale bars

represent 50um.
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Figure 6.10 Stress granule quantification with Nikon NIS-Elements

(A-D) Representative image for stress granule analysis. (E-H) Representative binary masks in Nikon
NIS-Elements. (A, E) DAPI staining was used to create the nuclear binary. (B, F) 3-Tubulin (B3-Tuj,
green) was used to define the neuronal and cytoplasmic regions. (C, G) G3BP1 (red) was used to
identify stress granules, and the binary mask was adjusted such that bright stress granule regions
were isolated from more diffuse G3BP1 signal. (D, H) Annexin A1l (magenta) could be defined by
multiple binary masks in multiple regions including the nucleus (H; green), cytoplasm (H; orange),
and bright spots which were quantified in spot analysis (H; small green dots). Non-specific staining
caused by cell debris or background (for example) were excluded from quantification by
incorporating defined neuronal regions into target protein binary mask parameters; see exclusion of

non-neuronal Annexin A11 in (H; yellow). Scale bars represent 50um.
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Figure 6.11 Stress granule analysis in sodium arsenite treated motor neurons

(A) The nucleocytoplasmic ratio of G3BP1 was reduced in sodium arsenite treated neurons, with no
difference between control and any ANXA11mut group (p = 0.0010; untreated vs. arsenite groups).
(B) Stress granule area per neuronal area was increased in response to sodium arsenite treatment (p
=0.0003; untreated vs. arsenite groups), and was significantly reduced in ANXA11 R235Q compared
to control (p = 0.0407). (C) The intensity of G3BP1 in motor neuron nuclei was unchanged across
control and ANXA1lmut groups, and in response to stress. (D) Increased G3BP1 intensity was
observed in the cytoplasm of motor neurons in response to stress, and was not statistically different

across control and ANXA11mut groups (p = 0.0189; untreated vs. arsenite groups). (E) The average
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intensity of Annexin A1l inside stress granules was not changed across groups, or in response to
stress. (F) A trend toward increased overlap of Annexin A1l positive regions with G3BP1 stress
granules was seen in the arsenite treated group, which was not significant. (G) Key for motor neuron
cell line groups. Data are presented as mean  SD, n = 4 (two motor neuron inductions, each with
two technical replicates). Each data point represents a control or ANXAl11imut cell line in one
technical replicate. Statistical analysis: Ordinary Two-Way ANOVA with Dunnett’s multiple

comparisons test (* = p <0.05, *** = p <0.001).
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Figure 6.12 Annexin A11 response to sodium arsenite treatment
(A) Annexin A11 spot count per DAPI positive nuclei was increased in response to stress (p = 0.0152;

untreated vs. arsenite groups). (B) Fluorescent intensity of Annexin A11 spots was consistent across
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groups and did not change in response to stress. (C) The number of Annexin A1l spots normalised
to f3-Tubulin area was unchanged across mutation groups and in response to stress. (D) Annexin
A1l average spot size was significantly larger in ANXA11 G38R motor neurons compared to control
(p = 0.0172). (E) The nucleocytoplasmic ratio of Annexin A1l was consistent across groups and did
not change in response to stress, and the nuclear (F) and cytoplasmic (G) intensity of Annexin A1l
was consistent across groups. (H) Key for groups included. Data in are presented as mean + SD, n =
4 (two motor neuron inductions, each with two technical replicates). Each data point represents a
control or ANXA11mut cell line in one technical replicate. Statistical analysis: Ordinary Two-Way

ANOVA with Dunnett’s multiple comparisons test (* = p < 0.05).

6.3.2 Global axonal RNA transport velocity is increased in ANXA11mut motor neurons

To measure RNA transport, iPSC derived motor neurons were cultured in microfluidic devices to
permit quantification of transport in anterograde and retrograde directions (Figure 5.7). Cultures
were maintained for 26 days and stained with the dye SYTO™ RNASelect™, revealing transport of
RNA in both the anterograde and retrograde direction. Time-lapse images were quantified using the
tools KymographClear and KymographDirect (Mangeol et al., 2016). Kymographs were manually
traced in Fiji using the KymographClear plugin, and particle velocity was quantified in
KymographClear (Figure 6.13). In all control and ANXA11mut lines, the number of traceable RNA
particles moving in the retrograde direction was higher than in the anterograde direction (Table 6.1,

Figure 6.14).

Mean RNA particle velocities for each cell line were; control 1, anterograde 1.103+0.626, retrograde
1.297+0.610; control 2, anterograde 1.257+0.725, retrograde 1.39310.634; control 4, anterograde
1.154+0.631, retrograde 1.490+0.639; ANXA1l G38R, anterograde 1.36710.737, retrograde
1.574+0.714; ANXA11 D40G, anterograde 1.247+0.731, retrograde 1.572+0.688; ANXA11 R235Q,
anterograde 1.508%0.919, retrograde 1.527+0.618 (data are presented as mean um/s * SD).
Individual particle velocities were subject to Kruskal-Wallis one-way analysis of variance with Dunn’s
multiple comparisons test for anterograde and retrograde transport separately. In instances where

a significant difference was detected between control and ANXA11mut lines, particle velocity was
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increased in ANXA11 patient lines compared to control, in both the anterograde and retrograde
direction (Figure 6.15). Results from statistical analysis are displayed in a grid format and show an
increase in the number of statistically significant differences between control vs. ANXAI1I1mut lines
compared to control vs. control and ANXAl1Ilmut vs. ANXAl1lmut (Figure 6.15). In anterograde
velocity analysis, a significant difference was detected between control vs. ANXAIImut in 56% of
comparisons, 34% of ANXAllmut vs. ANXAllmut, and 0% of control vs. control. In retrograde
analysis, a significant difference was detected between 67% of control vs. ANXA11mut pairs, 34% of
control vs. control, and 0% of ANXA11mut vs. ANXA11mut. The abundance of RNA particles was such
that counting stationary particles was not possible, and so the percentage of moving particles was

not quantified.

In ribopuromycylation experiments (see 6.3.3), control motor neurons were co-labelled with
Annexin A11 and Lamp1. Data collection focused on neurites, as opposed to the cell body, as local
axonal translation was targeted for quantification. It was observed during data collection that the
staining pattern of Lamp1 differed substantially in the soma and neurites, with large vesicle-like
Lamp1 positive structures observable only in the soma. Interestingly, a few examples where Lamp1
vesicles co-localised with a single bright spot of Annexin A1l at the vesicle edge were present,
mirroring the staining pattern originally identified in the characterisation of Annexin All as a
lysosome-RBP tether for axonal transport (Liao et al., 2019), an example of this staining pattern is
included in Appendix Figure 9.30. Although these structures weren’t observed in neurites, it is
notable that structures similar to those observed in the identification of the RNA transport function

of Annexin A11 are present in iPSC-derived motor neurons (Figure 6.16).
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Figure 6.13 Quantification of RNA granule velocity in motor neuron axons
(A-D) An example of RNA transport data collected from one microgroove in a microfluidic device. (A)
Example images from one microgroove show the movement of RNA granules over a 60 second
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period, the collection time of each frame is shown on the left-hand side. Black upwards pointing
arrows indicate the movement of an RNA granule, in some cases two arrows are included where the
RNA granule in question crosses over another moving granule. A white box in the first and last frame
highlight a stationary RNA granule, which is visible across all time frame images. (B) Quantification
of particle velocity was completed in KymographDirect, retrograde individual particle traces are
highlighted in blue. (C) Kymographs were generated with KymographClear, the example shown
corresponds to the full time-lapse image (> 60 seconds) from which the time frames in (A) are taken.
The section of the kymograph corresponding only to the still images shown in (A) is included in (D),
which has been cropped and elongated to aid the visualisation of kymograph representation of
image data. Black arrows in (C) and (D) indicate the point at which the particle indicated by black
arrows in (A) comes into the field of view and is traced in the kymograph. (E) An example of a full
single time frame image acquired for RNA transport quantification, with three microfluidic
microgrooves seen. (F) A max projection image of the entire time series corresponding to (E), dense
lines indicate tracks where RNA granules are moving, which were used as a guide for kymograph

production in KymographClear. Scale bars represent 50um.
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Table 6.1 Traceable RNA particle count in transport analysis

Cell line

Control 1

Control 2
Control 4
ANXA11 G38R

ANXA11 D40G

ANXA11 R235Q

s o o
L= [=:] (=]
1 1 |

e
Y}
]

Anterograde to retrograde ratio
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Figure 6.14 RNA particle anterograde to retrograde transport ratio

Number of traceable Number of traceable

anterograde particles

218

229
418
381

312

391

retrograde particles

363

408
1408
669

516

1022

Anterograde to retrograde

transport ratio

0.60

0.56
0.30
0.57

0.60

0.38

Visualisation of the anterograde to retrograde transport ratio, including all traceable RNA granules

from two biological replicates.
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Figure 6.15 RNA granules display increased velocity in ANXA11lmut motor neurons

(A) Anterograde velocity of individual RNA particles was plotted for each cell line. (B) Anterograde
velocity data were subject to Kruskal-Wallis one-way analysis of variance with Dunn’s multiple
comparisons test, significant differences between cell line comparisons are indicated by asterisks.
(C) Retrograde velocity of individual RNA particles was plotted for each cell line and are displayed as
negative values reflecting the raw data read out from quantification of velocity in KymographDirect.

(D) Retrograde velocity data were subject to Kruskal-Wallis one-way analysis of variance with Dunn’s
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multiple comparisons test, significant differences between cell line comparisons are indicated by
asterisks. (B, D) In instances where a significant difference was detected between a control and
ANXA1lmut, the relevant box is shaded green where the ANXAllmut velocity was increased
compared to control. (E) Key for (A and C). (* = p < 0.05; ** =p < 0.01; *** = p < 0.001; ****=p <

0.0001; number of motor neuron inductions = 2).
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Figure 6.16 Large Lamp1 vesicles are observed in the soma but not neurites of motor neurons

control motor neurons from ribopuromycylation analyses were subject to immunochemistry with
antibodies targeting Annexin A1l (red), Lamp1 (green), and puromycin (magenta), and were co-
stained with DAPI (blue). (A) Lampl was present throughout cells, with vesicular like structures
present in the soma, and punctate neurite staining observable with increased brightness/contrast.

Large and small white boxes in (A) correspond to (B) and (C), respectively. (B) Lamp1 positive vesicles
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were present in the soma (indicated by white arrows), with focal points of Annexin A11 observed at
the vesicle edge in some instances (inset images). (C) Annexin A1l is abundant in proximal neurites
alongside some Lamp1 punctate structures, which does not appear to co-localise with Annexin A11.
Representative images of puromycin are included for transparency as images were collected from

neurons subject to ribopuromycylation. Scale bars represent 10um.

6.3.3 Annexin Al11 in local translation

Local translation was assessed by ribopuromycylation which can be used to visualise hotspots of
translation in neurites (David et al., 2013; Graber et al., 2013). Firstly, ribopuromycylation was
performed on motor neurons on day 21 of differentiation which were immunolabelled for
puromycin, £3-Tubulin, and Annexin All. Focal points of local translation were identified by
puromycin signal, and Annexin A1l was seen to localise to a subset of these spots (Figure 6.17),
suggesting that Annexin A1l is present at sites of local translation in iPSC-derived motor neurons.
Untreated motor neurons showed some unspecific staining; however this was of reduced intensity

compared with treated neurons (Appendix Figure 9.31).

Next, control motor neurons were subject to ribopuromycylation and immunolabelled for a panel of
proteins with potential to co-localise with Annexin A1l at points of local translation. These were
imaged with super-resolution microscopy and points of local translation were defined as puromycin
labelled “spots”. Thresholding in Nikon NIS-Elements was used to identify bright puromycin spots
which were taken as focal points of translation, and fluorescence intensity values from Annexin A11
and proteins of interest were measured in these puromycin spots. Examples of puromycin spot
detection are included in Figure 6.18. Analysed proteins include; ribosomal protein S6, FUS, G3BP1,
Lampl, Rab7, TDP-43, FMRP, snRNP70, and ChAT. Markers were selected based on published
literature indicating that target proteins are involved in local translation, or that Annexin A11 binds
to said proteins, and are discussed in 6.4.3. Examples of ribopuromycylation targeting Annexin A11
and these proteins are included in Figure 6.19, Figure 6.20, and Figure 6.21. Fluorescent intensities

of Annexin Al11 and target proteins were plotted with linear regression on XY graphs and correlation
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between the two signals was measured by Pearson’s correlation coefficient, a positive measure of
correlation indicating that the intensity of each protein at sites of translation is mirrored (Figure
6.22). Results from Pearson’s correlation coefficient are included in Table 6.2. Statistically significant
positive correlations were detected between Annexin A1l and FUS, G3BP1, S6, and snRNP70,
suggesting that there could be a functional link between these proteins in translation. No correlation
was detected between Annexin All and Lampl, Rab7, TDP-43, FMRP, or ChAT, indicating that
although some of these proteins have a role in protein translation, they might be comparatively less

associated with Annexin A11 function.

To compare local translation across control and ANXA11 ALS patient motor neurons, a subset of lines
including three control and three ANXA11mut lines were grown in microfluidic chambers so that
distal neurites could be assessed (Figure 5.7). Neurons were subject to ribopuromycylation and
immunolabelled for puromycin and Annexin A11. FUS was included as a co-label due to its apparent
correlation with Annexin Al1 at points of local translation (Figure 6.22; Table 6.1). Representative
images show that Annexin A1l and FUS localise to the same translational hotspots in distal neurites
(Figure 6.23). Fluorescent intensities of Annexin A1l and FUS were measured as described above
and subject to Pearson’s correlation coefficient, revealing significant correlation in all cell lines
(Figure 6.24; Table 3). To enable visualisation of the strength of Annexin A11 and FUS correlation
across cell lines, r values from correlation analysis are included in a bar chart, indicating a stronger

correlation in control 1 and control 2 compared to the other cell lines (Figure 6.25).

The intensity of Annexin A11 and FUS at sites of local translation were compared separately and
subject to Kruskal-Wallis analysis of variance with Dunn’s multiple comparisons test (Figure 6.26).
Significant differences were detected between most cell line pairings. For Annexin Al1, significant
differences between control and ANXA11mut lines were detected in four out of nine cell line
pairings, and where significant differences were detected the signal in ANXA11mut lines was always
increased compared to control. For FUS, significant differences were detected in six out of nine
control vs. ANXAl11mut cell line pairings. Reduced FUS signal was detected in ANXA1Imut lines
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compared to control in instances where significance was reached, excluding the comparison of

control 2 and ANXA11 D40G, where FUS signal was increased in the ANXA11 D40G line.

To measure the overall amount of local translation, the number of puromycin spots was normalised
to neurite length. Results from individual images were included in analysis, as opposed to mean
values from each cell ling, to highlight the large variability observed within each cell line. Data were
subject to Kruskal-Wallis one-way analysis with Dunn’s multiple comparisons test, revealing a
significant increase in the number of puromycin spots per neurite length in ANXA11 G38R compared
to control 1 and ANXA11 R235Q (Figure 6.27). Distal axons were sparser in some cell lines and
acquired images included a range of total neurite lengths; the total length of distal axons quantified

for each cell line is included in Figure 6.27 to demonstrate this more clearly.

As a crude measurement of global protein translation, 21-day old motor neurons maintained in co-
culture with astrocytes were incubated with puromycin, fixed, and immunolabelled with an antibody
detecting puromycin and the neuronal marker $3-Tubulin (Figure 6.29; Figure 6.30). Cultures were
imaged with the Opera Phenix® High-Content Screening System and neurons were quantified in
Harmony®. Comparable levels of puromycin intensity were seen across control and ANXAllmut

groups, indicating no change in global translation under these conditions (Figure 6.31).

Lastly, the relative abundance of FUS protein was measured in iPSC-derived motor neurons. Control
and ANXA1lmut iPSCs were differentiated into motor neurons and RIPA-soluble protein was
collected on day 17 of differentiation. Samples were separated by western blot and signal from an
antibody detecting endogenous FUS protein was normalised to total protein (Figure 6.32), indicating

no change in the amount of FUS protein in ANXA11mut motor neurons compared to control.
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Figure 6.17 Annexin A11 localises to points of local translation in motor neuron neurites

(A) Control motor neurons were subject to ribopuromycylation and immunocytochemistry with

antibodies detecting £3-Tubulin (B3-Tubulin, green), Annexin A1l (red), and puromycin (magenta)
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to detect sites of local translation. (B, C) Puromycin hotspots are identified in neurites, some with no
Annexin A1l (B), and some with Annexin A1l co-localisation (C). White boxes in (A) correspond to
(B; large box) and (C; small box). Translational hotspots are indicated by white arrows. (D) Intensity
traces across bright puromycin spots indicate translation hotspots where Annexin All is absent
(corresponding to (B)) and where Annexin Al1l is present (corresponding to (C)), colours included in

the intensity traces reflect the fluorescent signals in (A-C). Scale bars represent 10um.
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Figure 6.18 Quantification of translational hotspots in motor neurons

Analysis of translational hotspots in motor neuron neurites was completed in Nikon NIS-Elements.
Ribopuromycylation was completed and bright puromycin spots were detected using “Spot
detection — Different sized spots” to localise points of translation. Fluorescent intensities of Annexin

Al1 and target proteins were measured at these sites. Magnified areas are indicated by white boxes.
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The example included in the left-hand panel is Rab7 (green), the right-hand panel shows

interrogation of Lamp1 (green). Scale bars represent 10um.
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Figure 6.19 Localisation of Annexin A11, FUS, G3BP1, and snRNP70 to ribopuromycylation spots

Examples of neurite translational hotspots detected by ribopuromycylation, including an antibody
detecting puromycin (magenta), Annexin A11 (red), and target proteins FUS, G3BP1, and snRNP70
(green). Intensity traces were drawn across puromycin spots (indicated by white arrows) and are
represented below each image panel, with the intensity traces representing the indicated puromycin
spots from left to right in each instance. The colours used in intensity traces reflect the colours

indicated in representative images. Scale bars represent S5um.
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Figure 6.20 Localisation of Annexin A11, Lamp1, Rab7, and TDP-43 to ribopuromycylation spots

Examples of neurite translational hotspots detected by ribopuromycylation, including an antibody
detecting puromycin (magenta), Annexin A1l (red), and target proteins Lamp1, Rab7, and TDP-43
(green). Intensity traces were drawn across puromycin spots (indicated by white arrows) and are
represented below each image panel, with the intensity traces representing the indicated puromycin
spots from left to right in each instance. The colours used in intensity traces reflect the colours

indicated in representative images. Scale bars represent S5um.
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Figure 6.21 Localisation of Annexin A11, FMRP, S6, and ChAT to ribopuromycylation spots

Examples of neurite translational hotspots detected by ribopuromycylation, including an antibody
detecting puromycin (magenta), Annexin A11 (red), and target proteins FMRP, S6, and ChAT (green).
Intensity traces were drawn across puromycin spots (indicated by white arrows) and are represented
below each image panel, with the intensity traces representing the indicated puromycin spots from
left to right in each instance. The colours used in intensity traces reflect the colours indicated in

representative images. Scale bars represent S5pum.
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Figure 6.22 Characterisation of Annexin A11 translational hotspots in control motor neurons

Fluorescent intensities of Annexin A11 and target proteins at sites of local translation were plotted
on XY graphs in GraphPad Prism, with each data point representing an individual translational
hotspot as defined by puromycin labelling. Linear regression lines were included to represent the
line of best fit with 95% confidence intervals. Annexin A11 fluorescent intensity is included on the y

axis, and target proteins are in x.
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Table 6.2 Pearson's correlation coefficient of Annexin A11 and target proteins at sites of local

translation

Target protein
FUS

G3BP1

S6

Lampl

Rab?7

TDP-43

FMRP
snRNP70
ChAT

Pearsonr
0.4171
0.1073
0.8035
0.06337
0.03114
0.00902
0.01969
0.1332
0.0318

95% confidence interval

0.3389 to 0.4896
0.01913 to 0.1937
0.7603 to 0.8396
-0.009285 to 0.1354
-0.03950 to 0.1015
-0.1350 to 0.1527
-0.06161 to 0.1007
0.06889 to 0.1965
-0.04219 to 0.1054

P

0.174
0.01151
0.6456
0.004016
0.00097
0.00008136
0.0003879
0.01775
0.001011

P (two-tailed)
<0.0001 (****)
0.0172 (*)
<0.0001 (****)
0.0873 (ns)
0.3875 (ns)
0.9027 (ns)
0.6351 (ns)
<0.0001 (*¥***)
0.3995 (ns)

# XY pairs
463 (n =3)
493 (n=2)
312 (n=3)
729 (n=3)
772 (n=2)
186 (n =1)
583 (n=2)
911 (n=1)
704 (n =2)
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Figure 6.23 Annexin A11 and FUS localise to the same translational hotspots in distal neurites

(A) Motor neurons grown in microfluidic devices to compartmentalise distal neurites were subject
to ribopuromycylation and immunocytochemistry targeting FUS (green), Annexin A1l (red), and
puromycin (magenta) to detect translational hotspots. The white boxes in the left-hand panel
indicate the region magnified in the right-hand panel. White arrows indicate translational hotspots
where both Annexin A1l and FUS are localised. (B) Intensity traces across the spots indicated with
white arrows in (A) show mirrored increase in puromycin, Annexin All, and FUS signal, and
represent the white arrows from left to right in (A) from top to bottom in (B). (C) Key for (B). Scale

bars represent 10um.
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Figure 6.24 Correlation of Annexin A11 and FUS at sites of local translation in distal neurites

Fluorescent intensities from ribopuromycylation in distal neurites were plotted on XY graphs in
GraphPad Prism for each cell line, each data point represents an individual translational hotspot as
defined by puromycin labelling. Annexin A1l fluorescent intensity is included on the y axis, and FUS
fluorescent intensity is in x. Linear regression lines with 95% confidence intervals are included to

represent the line of best fit. Number of motor neuron inductions = 2.
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Table 6.3 Correlation of Annexin A11 and FUS at sites of local translation in control and ALS patient
motor neurons

Cell line Pearsonr 95% confidence interval  r? P (two-tailed) # XY pairs
Control 1 0.3862 0.3175 to 0.4508 0.1491  <0.0001 627
Control 2 0.3456 0.3118 t0 0.3785 0.1194  <0.0001 2687
Control 4 0.1545 0.1107 to0 0.1978 0.02388 <0.0001 1932
ANXA11 G38R 0.1926 0.1508 t0 0.2338 0.03711 <0.0001 2072
ANXA11 D40G 0.1176 0.05550t0 0.1789 0.01384 0.0002 982
ANXA11R235Q  0.2001 0.1286 to 0.2695 0.0405  <0.0001 714
0.5
0.4
1.
.2 0.3+
(=]
P
s 0.2+
o
0.1
0.0-
A G A .
ooo o°° 8 N *yf"\ '\"Q'
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Figure 6.25 Visualisation of r values from Pearson's correlation coefficient in ribopuromycylation
analysis

R values from Pearson’s correlation coefficient are shown side by side to aid visualisation of the

strength of correlation between Annexin A11 and FUS at puromycin spots across cell lines.
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Figure 6.26 Intensity of Annexin A11 and FUS at sites of local translation in distal neurites

The fluorescent intensity of Annexin A11 (A) and FUS (B) at sites of local translation are shown for
control and ANXA11mut motor neuron distal axons. Data were subject to Kruskal-Wallis one-way
analysis of variance with Dunn’s multiple comparisons test, and significant differences between each
cell line pair are indicated for Annexin A11 (C) and FUS (D). Where significant differences were
detected in control and ANXA11mut pairwise comparisons, an increase in fluorescent intensity in the
ANXA11mutline compared to control is shaded green, and where significant difference is associated
with reduced intensity in the ANXA11mut line compared to control, orange shading is included (* =

p <0.05, *** p <0.001, **** = p < 0.0001; number of motor neuron inductions = 2).
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Figure 6.27 Density of translational hotspots in distal neurites

(A) The number of puromycin labelled translational hotspots was normalised to the total neurite
length per image (um) and the value for each image is included in the violin plot. Data were subject
to Kruskal-Wallis one-way analysis of variance with Dunn’s multiple comparisons test, and significant
differences are indicated (** = p < 0.01; number of motor neuron inductions = 2). (B) The total length
of neurites in images used for quantification of local translation in distal neurites was inconsistent
across cell lines due to differences in distal axon density. A bar chart with the total neurite length

qguantified per cell line is included to demonstrate this.
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Puromycin Composite

Control 4 Control 3 Control 2 Control 1

Control 5

Figure 6.28 Global translation in control motor neurons

Control motor neurons were maintained in co-culture with astrocytes until day 21 of motor neuron
differentiation, treated with puromycin, fixed, and subject to immunocytochemistry with antibodies
targeting puromycin (red) and the neuronal marker 3-Tubulin (B3-Tuj, green), nuclei were stained

with DAPI (blue). Scale bars represent 100pum.
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Figure 6.29 Global translation in ANXA11lmut motor neurons

ANXA11 patient derived motor neurons were maintained in co-culture with astrocytes until day 21
of motor neuron differentiation treated with puromycin, fixed, and subject to immunocytochemistry
with antibodies targeting puromycin (red) and the neuronal marker $3-Tubulin (B3-Tuj, green),

nuclei were stained with DAPI (blue). Scale bars represent 100um.
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Figure 6.30 Global protein translation is unaffected in ANXA11 ALS patient motor neurons

Quantification of data represented in Figure 6.28 and Figure 6.29. Total intensity of puromycin in
neurons was used as a measure of total protein translation and was not changed in any ANXA11
mutation group compared to control. Data are presented as mean + SEM, number of motor neuron
inductions = 2. Each data point represents one cell line in one motor neuron induction, with each
comprised of three technical replicates. Control lines are grouped and ANXA11 ALS patient lines are
grouped by mutation. Statistical analysis: Brown-Forsythe one-way ANOVA with Dunnett’s multiple

comparisons test (p > 0.05).
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Figure 6.31 FUS protein levels are consistent across control and ANXA11mut motor neurons

(A) Representative western blot loaded with RIPA-soluble protein harvested from motor neurons on
day 17 of differentiation, probed for FUS and total protein stain. (B) FUS protein was measured and
normalised to total protein. Data are presented as mean + SEM, number of motor neuron inductions
= 3. Each data point represents relative FUS protein abundance in one cell line in one motor neuron
induction, control lines are grouped and ANXA11 ALS patient lines are grouped by mutation.

Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05).

6.4 Discussion

RNA processing is dysregulated in ALS, and multiple RNA pathways are implicated in pathology.
Annexin A11 has been associated with stress granule dynamics (Markmiller et al., 2018; Nahm et al.,
2020), RNA transport (Liao et al., 2019), and global protein translation (Nahm et al., 2020). These
processes were explored in ANXA11 ALS patient and control motor neurons to elucidate the role of
endogenous Annexin A1l in cell-type specific RNA biology, and to establish the influence of ALS

associated ANXA11 point mutations on these functions.
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6.4.1 Annexin A11 and stress granules

Annexin All was first implicated in stress granule biology through APEX proximity labelling to
identify proteins in close contact with the stress granule marker G3BP1; Annexin A1l was shown to
localise to stress granules in HEK293 cells, but not in neural progenitors (Markmiller et al., 2018). A
separate study showed that Annexin A1l localised to sodium arsenite-induced TIA1 positive stress
granules in fibroblasts from controls and patients harbouring G38R, H390P, and R456H mutations in
ANXA11 (Nahm et al., 2020). Overexpression of ANXA11 constructs in Hela cells showed reduced
dissociation of mCherry-TIA1 and Annexin-GFP stress granules harbouring ANXA11 mutations (G38R,
D40G, H390P, R456H), compared to WT ANXA11, in the recovery time after stress exposure (Nahm
et al., 2020). The same study showed Annexin A1l co-aggregation with FUS in response to osmotic
stress. Overexpression of mEmerald-tagged ANXA11 constructs in U20S cells subject to heat-shock
showed significant overlap of WT Annexin A1l with G3BP1 and Oligo-dT positive stress granules,
which was not significantly reduced in ANXA11 D40G expressing cells, but was reduced in ANXA11
R235Q or R346C expressing cells (Liao et al., 2019). Collectively these data indicate that Annexin A11
has a role in stress granule biology, but do not measure stress granule assembly or Annexin A1l

inclusion to stress granules in motor neurons with endogenous protein expression levels.

Initially, control motor neurons were subject to known stressors to interrogate the inclusion of
Annexin A1l to G3BP1 positive stress granules in iPSC-derived motor neurons. Puromycin is typically
used as a protein translation inhibitor and works by destabilising polysomes by promoting
termination. Puromycin has been shown to exacerbate stress granule formation in co-treatment
with drugs such as sodium arsenite, and prolonged treatment of motor neurons with puromycin is
thought to lead to stress granule induction by increasing the pool of cytoplasmic mRNA thus lowering
the threshold for stress granule formation (Aulas et al., 2017; Bounedjah et al., 2014; Kedersha et
al., 2000; Markmiller et al., 2018; Wolozin & lvanov, 2019). Assessment of puromycin induced stress
granules with super resolution microscopy revealed a modest increase in Annexin All intensity

across G3BP1 positive stress granules (Figure 6.1), however these results were inconsistent (Figure
307



6.2). Additionally, striking inclusion of endogenous TDP-43 to puromycin induced stress granules in
the absence of Annexin All localisation to the same region suggests that Annexin All is not
consistently recruited to stress granules in response to puromycin treatment in iPSC derived motor

neurons (Figure 6.2).

Differential inclusion of proteins to stress granules depending on the nature of the stress inducing
event have been reported (FrydrySkova et al., 2020; Markmiller et al., 2018), and so additional
stressors were investigated in control motor neurons. Motor neurons were treated with puromycin,
sodium arsenite, and sorbitol, and were imaged with confocal microscopy with a view to increase
the number of neurons in later quantification, compared to low-throughput super resolution
microscopy. Motor neurons treated with puromycin did not display inclusion of Annexin All to
stress granules at lower resolution (Figure 6.3). Sodium arsenite is well reported to induce stress
granules in cellular systems and was shown to induce the stress granule response in control motor
neurons, resulting in localisation of Annexin A1l to some G3BP1 stress granules (Figure 6.4).
Induction of stress granule formation with the osmotic stressor sorbitol resulted in formation of
small stress granules throughout the nucleus and cytoplasm, which appeared to occasionally co-
localise with Annexin A11 (Figure 6.5). Induction of the stress granule response with heat-shock has
been reported in many cell line studies and was attempted here but was unsuccessful as no stress
granules could be detected (data not shown). These data show that localisation of Annexin A11 to
stress granules is context-dependent and subtle. To investigate this further, stress granule
characteristics were assessed in control and ANXA1Imut motor neurons. Due to the detection of
Annexin A1l in stress granules in response to sodium arsenite treatment, this stressor was selected

for a full comparison of stress granule dynamics in control and ANXAI11mut motor neurons.

Stress granule analysis was completed in five control and five ANXA11 ALS patient-derived cell lines
(Figure 6.6; Figure 6.7; Figure 6.8; Figure 6.9). As quantification was performed by thresholding entire
images (Figure 6.10), reported data are representative of stress granule characteristics in multiple
cells, as opposed to the interrogation of individual stress granules. Such quantification can dilute

308



signal seen in individual stress granules, but instead represents protein localisation across multiple
cells, giving a broad analysis of stress granule characteristics. The effectiveness of threshold-based
guantification is evidenced by the statistically significant decrease in G3BP1 nucleocytoplasmic ratio
and increase in G3BP1 granule area per neuron in response to sodium arsenite treatment (Figure
6.11.A, Figure 6.11.B, respectively). The stress granule area per neuronal area was reduced in
ANXA11 R235Q neurons compared to control, suggesting that stress granule induction is impaired in
this instance (Figure 6.11.B). No similar reduction was observed in ANXA11 G38R or D40G motor
neurons, indicating a C-terminal mutation specific event. This might be unexpected as the G38R and
D40G mutations reside in the low-complexity RBP binding domain, and so it might be assumed that
mutations in this region are more likely to affect stress granule dynamics. Interestingly, evidence
that folded domains in hnRNPA1 affect the liquid-liquid phase-separation of the low-complexity
region implicate that phase-separation events are not mediated solely by disordered regions (Martin
et al.,, 2021). Therefore, if stress granule formation is affected by the low-complexity region of
Annexin Al1l, it may be the case that C-terminal mediated tertiary structure of Annexin Al1l is
necessary for the proper functioning of the disordered region, and thus stress granule formation.
Alternatively, formation of stress granules might be unrelated to the Annexin A11 disordered region,
and altered phospholipid and calcium interactions might be responsible for reduced stress granule
formation in ANXA11 R235Q motor neurons. Importantly, a similar phenotype was seen in U20S
overexpression studies, where mutations in the Annexin core domain specifically reduced Annexin

A11 localisation to stress granules, whereas the D40G mutation did not (Liao et al., 2019).

The same image thresholding method was used to measure overlap of Annexin A11 with G3BP1,
which revealed no statistically significant difference in control and ANXA1lmut neurons (Figure
6.11.F), however mean values did suggest an increase in overlap in response to treatment in all
groups. This measurement showed a large spread of data evidenced by large SDs, highlighting the
variable and dynamic nature of Annexin A11 localisation. This variability can be seen when assessing

individual cells, where intensity traces across stress granules reveal different amounts of Annexin
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A1l inclusion to separate stress granules within one cell (Figure 6.4). The variable nature of protein
inclusion to stress granules is well established, often focused on the inclusion of proteins to
specifically labelled stress granules (e.g. G3BP1, TIA1, PABP), or localisation of proteins to stress
granules in specific cell types or in response to specific stressors (Aulas et al., 2017; Markmiller et al.,
2018). In addition to recognition of these types of variability, it may be important to consider
variability within cell-type and protein-specific stress granules, and the large data spread seen here
indicates the inclusion of proteins (i.e. Annexin A11) to specific stress granules (i.e. G3BP1 stress

granules in iPSC-derived motor neurons) is also highly variable.

Fluorescent intensity of Annexin A11 inside G3BP1 stress granules indicated no difference between
control and ANXAI1lmut lines (Figure 6.11.E). Due to the nature of thresholding for image
guantification, “stress granules” were also detected in the untreated condition and represent
brighter regions of diffuse G3BP1 fluoresence, rather than focal stress granules, which is evident in
representative images where G3BP1 signal is present in untreated neurons (Figure 6.6; Figure 6.7;
Figure 6.8; Figure 6.9). Annexin A11 intensity was unchanged between “stress granules” detected in
untreated cells and stress granules in the sodium arsenite condition, suggesting that overlap of
Annexin A1l and G3BP1 is not stress specific. These data suggest that although Annexin A1l
occasionally localises to stress granules in young iPSC-derived motor neurons, this is a subtle
characteristic. The disparity seen between these data and published investigation into Annexin A11
inclusion into stress granules may be due to overexpression artefact, as most evidence comes from
expression of constructs with fluorescently labelled Annexin A11. This could result in an exaggerated
phenotype compared to endogenous events and might explain why Annexin A1l signal in stress
granules is so much higher in cell line studies than has been seen in the present body of work. Sodium
arsenite induced stress in fibroblasts resulted in endogenous Annexin A11 localisation to TIA1 stress
granules, which was comparable in control and ANXA11mut fibroblasts. In this study the inclusion of
mutant, but not WT, Annexin A11 to stress granules was affected by the addition of an intracellular

calcium chelator prior to sodium arsenite treatment, indicating that altered stress granule inclusion
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of Annexin A1l in overexpression studies could be a consequence of impaired calcium response, as
opposed to a direct affectation of Annexin A1l stress granule inclusion (Nahm et al., 2020). Annexin
A11 has been shown to bind to RBPs (Liao et al., 2019), and it is plausible that inclusion of Annexin
A1l to stress granules is a by-product of interaction with other RBPs, localising Annexin A1l to stress
granules as a consequence of these interactions, as opposed to Annexin A1l having an important
role in stress granule biology. This could lead to an exaggerated Annexin Al1 stress granule signal in
over-expression models, and might explain the often weak Annexin Al1 stress granule signal seen in

motor neurons.

Disease-associated disruption of the nucleocytoplasmic ratio of ALS-associated proteins and RBPs is
well documented and may be associated with stress inducing events. ALS-associated proteins (TDP-
43, FUS, SFPQ, hnRNPA1, hnRNPK) localise to the cytoplasm in response to osmotic stress in iPSC-
derived neurons, and some RBPs become more cytoplasmic in response to oxidative (TDP-43) or heat
(TDP-43, FUS) stress (Harley & Patani, 2020). The RNA binding capacity of Annexin Al1 is not well
defined, however its role in binding RBPs has been described (Liao et al., 2019). Additionally, the
Annexin A1l low-complexity N-terminal mirrors disordered regions that are frequently present in
proteins associated with ALS and other neurodegenerative diseases (March et al., 2016), and these
regions are often implicated in phase-separation and RNA binding. The nucleocytoplasmic ratio of
Annexin A1l was unchanged in response to sodium arsenite induced stress (Figure 6.12.E) which
may be expected as altered nucleocytoplasmic ratio of RBPs does not to appear to be a robust
feature of sodium arsenite induced stress specifically (Harley & Patani, 2020). Interestingly, the
nucleocytoplasmic ratio of G3BP1 was decreased in response to sodium arsenite treatment (Figure
6.11.A), reiterating that this phenotype is both detectable and present in iPSC-derived motor

neurons when assessing appropriate target proteins.

Annexin A1l nucleocytoplasmic ratio was highly variable in all cell lines and across treatment
conditions, which was also seen in high-throughput analyses (Figure 4.7), emphasising the fluid
nature of Annexin Al1l localisation and supporting the notion that Annexin A1l is not fixed to one
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cellular compartment in either homeostatic or stressed conditions. Most spot characteristics of
Annexin All in untreated neurons were not statistically different, including spot fluorescent
intensity (Figure 6.12.B) and the number of Annexin A1l spots normalised to neuronal area (Figure
6.12.C). These data are in conjunction with high-throughput analyses of Annexin A1l in unstressed
cells, where no discernible differences in Annexin A1l localisation or spot characteristics were
identified in motor neurons on day 17 and day 42 of differentiation (Figure 4.7; Appendix Figure 9.13;
Appendix Figure 9.15). However, the mean Annexin A1l spot size was increased in ANXA11 G38R
compared to control motor neurons (Figure 6.12.D), indicating that some spot characteristics may
not have been recognised in high-throughput analyses. Although increased spot size in this instance
cannot be attributed to an aggregation event, altered spot characteristics may be indicative of early
altered Annexin A11 self-interaction or processing. An increase in Annexin A1l spot count per DAPI
positive nuclei was observed in response to sodium arsenite treatment (Figure 6.12.A), however the
same trend was not seen when Annexin A1l spot count was normalised to f3-Tubulin area (Figure
6.12.C), indicating that further analysis of Annexin A11 response to stress is necessary. Post-mortem
analysis of patient tissue revealed large Annexin A1l positive inclusions (Smith et al., 2017; Teyssou
et al., 2020), and an increase in Annexin A1l spots in response to sodium arsenite treatment could
be indicative of a stress response that is upstream of later aggregation events if recovery after stress

is perturbed.

Exposure to cellular stress did not cause alterations in Annexin A1l inclusion to stress granules,
which may argue against a stress granule hypothesis for Annexin Al1; instead of aberrant stress
granules acting as seeding events for aggregate formation, another cellular dysfunction may be the
root cause of end-stage aggregation. It may be the case that the neurons assessed here are too
immature for alterations in endogenous Annexin A1l localisation to be readily observed, or that
higher power magnification would be necessary for identification of subtle changes. Alternatively,
assessment of stress granule characteristics in the recovery period after stress exposure might reveal

stress granule associated perturbations that are not identified when interrogating neurons
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immediately after the stressful event. The recovery of neurons after exposure to stress could not be
measured here due to technical and time limitations. Additionally, heat stress has been shown to
more accurately mimic ALS pathology compared to drug induced stress, including sodium arsenite
treatment, and it may be important in future studies to carefully consider the translation of artificial
stressful conditions to disease processes (Verzat et al., 2022). The potential localisation of Annexin
A11 to sorbitol induced G3BP1 stress granules also warrants further investigation (Figure 6.5), and
whether ANXA11 mutations cause altered response to osmotic stress in patient derived motor

neurons remains to be established.

One noteworthy observation was the apparent increase in £3-Tubulin across G3BP1 stress granules
in sodium arsenite treated neurons (Figure 6.4; Figure 6.6; Figure 6.7; Figure 6.8; Figure 6.9).
Literature review does not indicate localisation of microtubule proteins to stress granules, however
pan-neuronal markers such as $3-Tubulin are not often included in representative images. Some
evidence exists for a role of microtubules in stress granule formation, namely fusion of small stress
granules into large granules via transport of RBPs (Chernov et al., 2009; Fujimura et al., 2009; lvanov
et al., 2003; Loschi et al., 2009), and a role in cancer stress granule biology (Franchini et al., 2019),
but direct evidence for inclusion to neuronal stress granules is absent. Interestingly, microtubule
associated proteins co-aggregate with TDP-43 via a distinct mechanism compared with TDP-43
aggregation with RBPs, indicating that subsets of aggregates occur in ALS, and some may be
associated with microtubule proteins (Watanabe et al., 2020). Additionally, RBP delivery to stress
granules could result in increased signal from $3-Tubulin across the surface of granules rather than
from within. Microtubule regulation of stress granules in the context of ALS is not well reported, and
it would be interesting to investigate this further as both stress granule and microtubule dysfunction

are implicated in ALS/FTD.
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6.4.2 RNA trafficking in ANXA11 ALS

Axonal transport is predominantly mediated by motor proteins that bind to and move along
microtubule subunits, transporting cargos that are bound at the opposite end of the transport
machinery. Kinesins are responsible for moving cargos in the anterograde direction, and dyneins and
dynactin mediate retrograde transport. Axonal transport is perturbed in ALS, and mutations have
been identified in genes mediating transport machinery including the motor protein subunit KIF5A
(Baron et al., 2022; Faruq et al., 2019; Nicolas et al., 2018). ALS associated mutations have also been
identified in the microtubule protein TUBA4A (Pensato et al., 2015; Smith et al., 2014), and are

associated with trafficking defects (Buscaglia et al., 2020).

Evidence for the role of Annexin A1l in axonal transport is predominantly RBP-lysosome tethering
mediated transport (Liao et al., 2019), and detailed exploration of the consequences of such
transport are likely underway. This function of Annexin Al1 is intriguing as it is potentially neuron
specific, and so could help explain targeted motor neuron degeneration in ANXA11 ALS. To
investigate axonal transport in ANXA11 ALS patient-derived motor neurons, a broad measurement
of RNA transport was completed to assess global movement of RNA species in the anterograde and

retrograde directions.

Global RNA transport was measured in motor neurons in microfluidic devices and average velocity
of RNA granules was calculated. In all control and ANXA11mut motor neurons there was an increase
in retrograde compared to anterograde transport (Table 6.1, Figure 6.14). An analysis of axonal
transport deficits across neurodegenerative diseases found that regardless of the cause of transport
defects, the main central impairment is a disrupted ratio between retrograde and anterograde
transport (Mitchell et al., 2012). However, this ratio fluctuated independently of disease status in
the parameters included here (Table 6.1, Figure 6.14). The microfluidics paradigm used here did not

include any supporting cell types at the distal axon side of the microfluidic chambers, and it would
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be interesting to evaluate whether predominantly retrograde mRNA transport is observed as a

consequence of reduced input at the distal axon.

The total number of moving particles could not be measured here as in many instances it was clear
that multiple axons were growing through microfluidic microgrooves, and in others only one or two.
It was not possible to measure the total number of neurites per microgroove, hence the number of
moving particles could not be normalised in this way. The use of SYTO™ RNASelect™ to measure RNA
transport resulted in an extremely high signal from axons, due to the global staining and high
abundance of RNA in axons. This meant that quantification of every particle was impossible, and
equally meant that measurement of stationary particles was rendered unachievable. The
comparison of moving vs. stationary RNA particles is an important measurement in the assessment
of disease associated changes to RNA transport, and so it is unfortunate that this could not be reliably
measured in the current dataset. Efforts were made to increase magnification and resolution,
however this led to bleaching of the SYTO™ RNASelect™ dye. Further, quantification of individual
particle dynamics using particle trafficking functions in image analysis software was attempted, but
the abundant signal and often low signal-to-noise ratio of small particles meant that the results from
such analysis were not reliable. In future studies, bleaching could be utilised to remove the signal
from neurite regions prior to recording, so that RNA particles entering the field of view post bleaching
could be specifically measured. This was beyond the scope of this project but might enhance

detection of moving particles in future analysis.

Measurement of RNA transport characteristics in motor neurons indicates that ALS-associated
mutations in ANXA11 result in increased mean RNA particle velocity. In both anterograde and
retrograde transport groups, there is an increase in the number of statistically significant differences
between control and ANXA1Imut cell line parings compared to control vs. control and ANXA11mut
vs. ANXA11mut (Figure 6.15). In all instances of statistical significance between a control line and an
ANXA11mut line, RNA particle velocity is increased in the ANXA1Imut line compared to the control.
The increased velocity of RNA transport in ANXA11mut lines may seem counter-intuitive, as multiple
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studies have shown axonal transport to be perturbed in ALS (Akiyama et al., 2019; Alami et al., 2014;
Mehta et al., 2021; Sleigh et al., 2020). Data on the effect of ANXA11 mutations on RNA transport
has focused on association with lysosomes and RNPs, rather than direct measurement of transport
velocity. Quantification of CAPRIN1 positive RNA granule transport in zebrafish expressing
fluorescently labelled CAPRIN1, Annexin Al1l, and lysosomes showed a reduced number of moving
CAPRIN1 positive vesicles in D40G and R235Q ANXA11 overexpressing axons vs. WT. Analysis of
CAPRIN1 RNA granule velocity showed no difference between axons expressing WT or mutant
ANAX11. However, both WT and D40G ANXA11 overexpression were associated with significantly
faster retrograde CAPRIN1 RNA transport compared to untransfected axons (Liao et al., 2019). Other

than this, no measurement of RNA transport velocity in ANXA11 ALS has been reported.

Although it remains to be explored, one explanation might be that a reduction in Annexin A1l
mediated transport results in an increased average RNA transport velocity. Multiple mechanisms for
RNA transport exist, each with specific cargos. Annexin A11 associated transport involves a large
cargo consisting of a membrane-bound vesicle, Annexin A1l tether, and RNP likely containing
multiple RBPS. Direct interaction of transport machinery with RBPs, which occurs in the case of
MRNA bound SFPQ and KIF5A (Fukuda et al., 2021), for example, may be less cumbersome compared
with Annexin A11 mediated RNA transport. It might therefore be logical that reduced slow transport
leads to an unexpected increase in overall RNA transport velocity. As different mechanisms are
involved in separate branches of transport control, it may be necessary to separate transport for
analyses, for example into fast and slow axonal transport categories, to identify any reduction in
Annexin A1l mediated transport. It should be noted that RNA species that are mediated by Annexin
A1l tethering account for a small percentage of overall transport (Liao et al., 2019) which may
suggest that reduced Annexin A11 function would not be sufficient to present as an overall increase
in RNA transport velocity. Alternatively, the reduced distal axon growth observed in microfluidic
experiments (Figure 5.8) indicates that distal axons are abnormal in ANXA11mut lines: Increased

retrograde transport velocity could indicate an upregulated signalling pathway that is relaying
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distress signals to the nucleus and soma, or increased transport of faulty cargo for degradation. This
is speculative and it would be necessary to explore these hypotheses further to understand the true
impact of ANXA11 mutations on RNA transport. Live imaging of RNA and fluorescently tagged
endogenous ANXA11 would be useful for visualisation of RNA that is co-trafficking with Annexin A11
specifically. Further, identification of which RNA species are associated with Annexin A11 mediated
transport by proximity assay, and targeted transport assays such as RNA beacons would reveal
whether certain RNA is vulnerable to Annexin A1l transport defects. The selective loss of motor
neurons in ALS hint that dysregulation is not global, and so the identification of motor neuron specific
RNA might shed light on why these cells are affected in disease, and might present a target for

therapeutic intervention.

Individual particle velocities were calculated by KymographDirect based on tracing lines in
kymographs. Therefore, average velocity of particles does not give an indication of whether particles
tend to fluctuate in velocity, as each velocity measurement is the average velocity for that line trace.
The standard deviation of each individual particle velocity gives a measure of velocity fluctuation for
individual particles, however kymographs were not drawn over vertical sections of traces (i.e.
stationary particles), and so measurements represent velocity only when particles are moving, and
do not consider whether particles are pausing. In cases where RNA granules were moving, paused,
and moved again, individual velocity readings were taken for each period of movement. The data
shown here therefore focus on the function of transport machinery when in motion. Insight into the
intricacies of transport such as the amount of time particles pause vs. time spent moving, and the
number of times particles pause during transport through the axon, could be important in elucidating
the consequences of ANXA11 mutations. As RNPs bind to lysosomes that are being transported by
Annexin A11 tethering (Liao et al., 2019) it is possible that mutations in ANXA11 result in perturbed
interaction between Annexin A11 and RNPs or lysosomes, which could manifest as altered cargo

dissociation and pausing characteristics.
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Although differences in RNA velocity were observed in transport analyses, this has not been directly
associated with the function of Annexin A1l as a lysosome-RBP tether. In motor neurons that were
included in local translation analysis, which is discussed in the next section, vesicular Lamp1 positive
structures were seen in the soma of control motor neurons (Figure 6.16). A staining pattern was
observed whereby a bright point of Annexin A11 was present at the edge of some Lamp1 positive
vesicles, which was originally observed in work detailing the tethering function of Annexin A11 (Liao
et al., 2019) (Appendix Figure 9.30). This is an important observation as it indicates that a similar
interaction is occurring in iPSC-derived motor neurons. Lampl vesicle-like structures are not
observed in neurites (Figure 6.16), which is consistent with other instances of neuronal
characterisation of Lamp1l structures (Cheng et al., 2018). The specific function of Annexin A1l in
RNA transport in motor neurons remains to be fully established, however the results presented here

support the hypothesis ANXA11 ALS is associated with RNA transport.

6.4.3 Protein translation and Annexin A11

Localised protein translation is an essential function of neurons, whose long axons need to be
reactive to local signals, and the ability of neurons to translate proteins quickly and locally accounts
for neuronal plasticity. Annexin A11 was shown to localise to puromycin spots in ribopuromycylation
experiments (Figure 6.17), suggesting it may have a role in local translation in motor neurons. Global
translation was reduced in patient fibroblasts harbouring ANXA11 G38R, H390P, or R456H
mutations, however was unaffected when ANXA11 was knocked down by siRNA in Hela cells (Nahm
et al., 2020), indicating that there may be a gain of function associated with ANXA11 mutations and

repressed translation.

To explore whether Annexin All is associated with other proteins of interest at sites of local
translation in axons, motor neurons were subject to immunocytochemistry co-labelling targeting
Annexin A1l and a panel of proteins in the context of ribopuromycylation (Figure 6.19; Figure 6.20;

Figure 6.21; Figure 6.22; Table 6.2). Proteins whose fluorescent intensity correlated with that of
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Annexin Al1l at sites of local translation included FUS, S6, G3BP1, and snRNP70. Correlation of
Annexin A1l and S6 further implicates Annexin A1l in local translation as it indicates an increase of
Annexin Al11 to sites of translation with increased ribosomal signal. The presence of multiple data
points with very low Annexin A1l fluorescent intensities (<100 a.u.) and corresponding S6 signals of
>100 a.u indicate that many translational hotspots that are positive for S6 do not include Annexin
All, indicating a diverse population of translational spots with Annexin A1l included in a subset.
Additionally, in Pearson’s coefficient, the r value for correlation between Annexin A11 and S6 was
higher than any other significant correlation, and at 0.8035 indicated an extremely strong correlation

between Annexin A1l and S6 at sites of translation (Table 6.2).

It should be noted that only one biological repeat was included for snRNP70 in ribopuromycylation
analysis, and it would be necessary to repeat this experiment before drawing conclusions from
correlation of Annexin All and snRNP70 at translational hotspots. snRNP70 is a small
ribonucleoprotein subunit of the U1 major spliceosome. FUS has been shown to regulate snRNP70
transcript and protein abundance (Nakaya, 2020), and snRNP70 protein is enriched in protein
fractions that immunoprecipitate with ALS associated FUS, EWSR1, and TAF15 (Chi et al., 2018). With
particular relevance to the present ribopuromycylation analysis is evidence that snRNP70 localises
to RNA-associated granules in zebrafish axons: snRNP70 regulates motor axon growth, generation
of NMlJs, and acetylcholine receptor clustering, with an additional role in the regulation of splice
isoforms at axonal locations (Nikolaou et al., 2020). This work is yet to be peer-reviewed, however is
interesting in the context of axonal functions of snRNP70. Recent data indicate that alternative
snRNP70 RNA splicing events are associated with a subtype of ALS (Nakaya, 2022), and that U7 snRNP
is required for NMJ integrity (Tisdale, 2022). These studies, alongside potential correlation between
Annexin A1l and snRNP70 at sites of translation, suggest that this relatively underexplored

gene/protein should be further investigated in the context of ALS and in ANXA11 ALS specifically.

A weak correlation was identified between Annexin A11 and G3BP1 at translation hotspots (Figure
6.22; Table 6.2). G3BP1 is well characterised as a stress granule protein, and sequestration of mRNA
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by RBPs can inhibit their translation. Axonal regrowth after axotomy is mediated by G3BP1 as it
sequesters mMRNA into stress granule-like structures which dissociate as G3BP1 becomes
phosphorylated, and overexpression of dominant negative G3BP protein increases axonal mRNA
translation and axonal regrowth, highlighting negative translational control by G3BP1 (Sahoo et al.,
2018). G3BP1 has additional roles in ribosomal quality control and turnover by prevention of
ribosomal degradation (Meyer et al., 2020), and mediation of mRNA degradation (Fischer et al.,
2020), emphasising the diverse functions of G3BP1 as a regulator of RNA biology. In stress granule
analysis, the localisation of Annexin All to G3BP1 positive granules was unchanged across
ANXA11mut and control groups (Figure 6.11), however indicated that there is overlap of Annexin
A1l and G3BP1 granules. The apparent correlation of Annexin A1l with G3BP1 at sites of local
translation is an important target for future validation and may have broad implications for ALS
pathology as G3BP1 stress granules have been assessed in the context of multiple ALS associated

mutations.

Correlation between Annexin A1l and FUS was highly significant in ribopuromycylation analysis
(Figure 6.22; Table 6.2), and the role of FUS in localised translation has been acknowledged since at
least 2013 (Yasuda et al., 2013). ALS associated mutations in FUS reduce axonal protein synthesis
which is associated with reduced expression of ion channels and transporters, leading to altered
synaptic function in the absence of cytoplasmic aggregation or nuclear loss of FUS (Lopez-Erauskin
etal., 2018). The same study found that mutant FUS accumulation causes axon specific stress granule
formation which reduces the rate of local translation. This may have implications for the stress
granule analysis reported here (6.3.1): In addition to assessing stress granules in the soma, it may be
essential to assess axonal stress granules, which was not included here. Mutations in FUS lead to
improper phase-separation propensity and reduced solubility, causing RNP granule dysfunction
which impairs protein synthesis at axon terminals (Murakami et al., 2015). Mutant FUS further
affects phase-separation of FMRP resulting in translational repression of FMRP bound mRNA (Birsa

et al., 2021). Proteomic analysis of FUS aggregates collected from N2a overexpression models of
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mutant FUS revealed sequestration of proteins involved in translation (Kamelgarn et al., 2018).
Interestingly multiple importins and exportins were also found to be sequestered in this analysis, as
were Annexins A2, A5, and A6, but not Annexin A11. Reduced transcription of genes associated with
translation and ribosomal localisation and biogenesis were identified in actinomycin D treated
FUSANLS mice compared to WT FUS mice (Sahadevan et al., 2021), suggesting that the effect of FUS
on translation is multi layered, through affecting transcription of translation-mediating genes and by
direct interaction with translation machinery. Mutant FUS mediated repression of translation and
the importance of localised stress granules in this process, in addition to direct interaction of Annexin
A1l and FUS (Nahm et al., 2020), are intriguing in the context of Annexin A1l correlation with both

FUS and G3BP1 at sites of translation.

Proteins selected for ribopuromycylation experiments that did not appear to correlate with Annexin
A1l include Lampl, Rab7, TDP-43, FMRP, and ChAT (Figure 6.22). As with snRNP70, only one
experimental repeat was completed for TDP-43 and so results should be interoperated with caution,
and multiple lines of evidence for TDP-43 function in local translation exist (Altman et al., 2021;
Briese et al., 2020; Chu et al., 2019; Coyne et al., 2015; Gao et al., 2021; Lehmkuhl et al., 2021;
Majumder et al., 2016). In addition to a role in local protein synthesis, overexpression of ANLS
cytoplasmic TDP-43 leads to reduced global protein synthesis (Charif et al., 2020), indicating that

pathology might not be restricted to specific cellular regions.

FMRP has a well characterised role in local translation (Brackett et al., 2013; Brown et al., 2001; Chen
et al.,, 2014; Chu et al.,, 2019; Coyne et al.,, 2015; Miyashiro et al., 2003), including through
interactions with TDP-43 (Majumder et al., 2016) and FUS (Birsa et al., 2021). FMRP has been recently
implicated in ALS and FMRP aggregates are detected in lumbar motor neurons in both fALS and sALS
(Freischmidt et al., 2021). The role of FMRP in the context of Annexin A11 local translation should
not be disregarded despite the lack of evidence in correlation analyses, particularly as subsequent
western blot data using the same FMRP antibody resulted in extremely weak protein detection
(Appendix Figure 9.31), indicating that the results from FMRP ribopuromycylation experiments may
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be unreliable. Additionally, due to limited antibody species availability, the Annexin A11 antibody
used in co-stain with FMRP was different to other experiments, and the characterisation of this
antibody is less well documented compared with the Annexin All antibody that was used

throughout the rest of this thesis.

One caveat of puromycin based techniques is that identification of proteins at translational sites
could indicate involvement of these proteins in the process of translation, or that said proteins are
being translated locally and therefore overlap with the signal from translational machinery. It will be
necessary to distinguish these events in future analyses, and ChAT was in part included to explore
whether Annexin Al1 is associated with translational spots where ChAT was being locally produced,
as there is no indication in the literature that ChAT has a role in local translation. A fluorescent signal
from ChAT was observed in some puromycin spots which suggests that ChAT is locally translated,
however this did not correlate with the Annexin A1l signal. Despite this, ChAT was an interesting
target to investigate as it could be hypothesised that Annexin Al1 is involved with the protein
turnover of motor neuron-specific proteins. Subtypes of cholinergic neurons exist in addition to
motor neurons, and so global analysis of protein abundance in axons, for example by mass-
spectrometry, might present better targets for investigating specific proteins affected by local

translation in distal axons in ALS.

The function of Annexin All as a tether between RBPs and membrane-bound vesicles, namely
Lamp1 positive lysosomes, has a proven role in RNP axonal transport (Liao et al., 2019), and local
protein translation occurs at Rab7 endosomes (Cioni et al., 2019). It is an attractive proposition that
Annexin A1l has a function in stabilising protein translation at the surface of membrane-bound
vesicles by facilitating interaction between endosomes and RNPs containing translating mRNA. In
ribopuromycylation analysis no correlation was detected between Annexin A1l and either Lamp1 or
Rab7. It is probable that many subsets of translational points exist, and that groups of mRNAs are
mediated by sometimes disparate groups of translational mediators; it may be the case that late
endosome-mediated neuronal translation is separate from Annexin A1l function. Evidence for Rab7
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vesicle-mediated translation comes from retinal ganglion cells, so it could be suggested that this is a
neuron subtype-specific function, however Rab7 was detected in puromycin spots in iPSC-derived
motor neurons (Figure 6.18; Figure 6.20). Alternatively, it may be true that the ribopuromycylation
technique implemented here is not sensitive enough to accurately quantify small but functionally
significant interactions. Indeed, although Lamp1 vesicles were shown to co-transport with G3BP1
more so than other organelles, Lamp1 vesicles co-localised with <30% of G3BP1 granules and co-
transported with only ~5% (Liao et al., 2019), and so broad analysis of a large number of translational
spots might dilute the signal from similar interactions. Further, lack of correlation does not negate
the localisation of Annexin A11 and other proteins to the same ribopuromycylation labelled spots;
instead strengthens the prioritisation of those that do correlate. The involvement of Rab7- and
Lamp1-positive vesicles in Annexin A1l function remain to be fully elucidated and represent an
important avenue for further investigation. The observation that Lamp1 is inconsistent in the soma
and proximal neurites suggests that Lamp1-positive species are diverse (Figure 6.16), and it may be
useful to create a distinction between these structures in future analysis of the role Lamp1 might

play in axonal transport and local translation.

Correlation of target proteins was completed in neuronal cultures on coverslips and so diverse axonal
and dendritic regions are likely included in images; further analysis in specific compartments such as
distal axons might reveal more subtle local translation characteristics. As thresholding puromycin
spots was implemented to identify translation hotspots, it may be the case that functionally relevant
protein interactions, where proteins are adjacent but not directly overlapping, will be missed. In
representative traces demonstrating Annexin A1l and FUS localisation to the same translation
hotspots in distal neurons, Annexin A11 and FUS appear to be side-by-side within the region defined
by puromycin in some cases (Figure 6.24). Such microscopic features of protein localisation might be
better defined with alternative super resolution systems, and subtle localisation characteristics may
be better visualised and quantified with 3D image analysis: Although this was initially included in this

project, thresholding in image analysis software for 3D quantification was insufficiently sensitive
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compared with thresholding in 2D analysis, and time limitations meant that further optimisation of

3D analysis could not be achieved.

Three control and three ANXA11mut cell lines were cultured in microfluidic devices so that local
translation could be assessed at the distal axon. Perturbed neurite outgrowth in distal axons
indicates a region-specific vulnerability (Figure 5.8), so analysis of localised translation here may be
more informative. Motor neurons were subject to ribopuromycylation and co-labelled for
puromycin, Annexin Al1, and FUS. Correlation analysis of Annexin A1l and FUS at sites of local
translation revealed sustained correlation across all control and ANXA11mut motor neurons, which
was slightly reduced in significance in ANXA11 D40G (Figure 6.24). Pearson’s correlation results are
included in Table 6.3 with r values indicating a stronger correlation between control 1 and control 2
compared to other cell lines, which can be visualised more readily in Figure 6.22. This trend was not
observed in control 4, highlighting individual differences in iPSC lines and indicating that further
analysis will be necessary to fully characterise whether the correlation of Annexin A11 and FUS at

sites of local translation is associated with ANXA11 ALS.

The fluorescent intensity of Annexin A1l and FUS at sites of translation were separately measured
and subject to Kruskal-Wallis one-way analysis with Dunn’s multiple comparisons test (Figure 6.26).
Significant differences in fluorescent signal were detected between most cell lines, however where
control and ANXA1imut lines were significantly different, Annexin A1l signal was consistently
increased in ANXA11mut lines. Conversely, where significant differences were detected in FUS signal,
this was reduced in ANXA11mut lines compared to control, with the exception of control 2 and
ANXA11 D40G, where FUS signal was higher in the ALS line. Collectively these data indicate that
mutations in ANXA11 impact the localisation of Annexin A11 and FUS to sites of translation in distal
neurons. Direct interaction of Annexin A1l and FUS has been demonstrated (Nahm et al., 2020)
however has not been reported in the context of ANXA11 mutations. Whether altered interaction
between these proteins is associated with altered localisation to sites of translation would be an
important step in understanding the role of Annexin A11 and FUS in local translation. As differences
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were also detected between control vs. control and ANXA11mut vs. ANXA1lmut it is apparent that
fluctuations in intensities are not only disease specific, however the sustained direction of
significance (i.e. reduced or increased signal intensity) in control vs. ANXA11mut pairings suggests a

disease specific event.

The function of Annexin Al1 at sites of translation remains to be elucidated, however an increase in
localisation could be a compensatory mechanism for reduced function, or as a consequence of
altered interaction with binding partners. As discussed above, the role of FUS in local translation is
better established, and in the context of ALS, mutant FUS is most often associated with translational
repression. Reduced FUS signal at sites of local translation in ANXA1Imut motor neurons could have
similar consequences, and reduced distal axon outgrowth (Figure 5.8) may be associated with
impaired translation as a result of reduced FUS localisation to translational spots. If the direct
interaction between Annexin A1l and FUS has a role in local translation and is affected by mutations
in ANXA11, this could result in reduced FUS at sites of translation, and upregulation of Annexin A11
at these sites may be compensatory as the neurons cope with perturbed protein turnover. These
preliminary data are in no way sufficient to support these hypotheses, but justify further
investigation into the role of Annexin A11 and FUS in local translation. In addition, it will be important
to determine whether Annexin A11 and FUS are altered in distal axons without drug treatment, as it
may be the case the altered protein abundance is not only associated with sites of local translation
but is dysregulated under normal conditions. The total abundance was not measured in the current
dataset as without a neuronal marker, signal from target proteins could not be normalised, and it
could be misleading to measure fluorescent intensity without normalisation, particularly as the
density of axons in images was variable (Figure 6.27). The relative abundance of FUS and Annexin
A1l protein was unchanged between control and ANXAI1Imut motor neurons in western blot
analysis (Figure 4.9; Figure 6.32), and it would be informative to measure this in axons specifically.
Both proteins are abundant in the nucleus and it is likely that a large proportion of signal from total

protein extracts represents non-axonal protein.
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The number of translational hotspots in control and ANXAl11lmut distal axons was measured by
normalising the number of puromycin spots to neurite length. Puromycin spots were detected by
thresholding as described, and neurites were measured by tracing neurites with the measure tool in
Fiji. No pan-neuronal marker was included due to experimental limitations. It will be important to
repeat this experiment with more thorough measurement parameters so that data can be more
accurately normalised, for example by neurite volume. Neurite length was utilised to achieve a crude
preliminary measure of the number of translational spots in distal axons, and revealed an increase
in ANXA11 G38R compared to control 1 and ANXA11 R235Q (Figure 6.27). An increase in translational
spots could indicate an attempt to upregulate the turnover of new proteins if distal neurites are
dysfunctional. Although no significant difference was detected between ANXA11 D40G or ANXA11
R235Q and control lines, graphical representation of densities highlight a trend toward increased
puromycin spot density in ANXA11 D40G and reduced density in ANXA11 R235Q compared to
controls, and it is noteworthy that mutations residing in different functional domains could have
opposing effects on local translation. ANXA11 R235Q resides in the phospholipid binding domain and
interferes with membrane binding including to Lamp1 vesicles (Liao et al., 2019). On the other hand,
ANXA11 G38R and D40G sit in the low-complexity domain which is associated with phase-separation
and interaction with RBPs and other proteins. It could be postulated that if Annexin A11 does have
a role in stabilising interactions in local translation, that a reduced interaction with membranes
(R235Q) could diminish the number of these focal points, whereas reduced interaction with RBPs
(G38R, D40G), and therefore reduced availability of RNA for translation, could result in upregulation
of these sites. Both scenarios could be associated with an overall reduction in local protein
translation. The reduced neurite outgrowth phenotype was observed consistently for ANXA11 G38R
and D40G. However, it was only present in 1 out of 3 biological repeats for ANXA11 R235Q,
suggesting that local translation abnormalities could be mutation-specific if they are indeed
associated with perturbed distal axon growth (Figure 5.8). Despite comparable numbers of images
being included for analysis, axon density per image was inconsistent meaning that the total neurite

length measured per cell line was uneven. The total neurite length measured per cell line is included
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in Figure 6.27 to demonstrate this. To more thoroughly measure the number of translational spots
in axons at different distances from the soma, alternative microfluidic devices could be utilised
whereby microgrooves are directly adjacent to the cell body compartment, allowing a direct measure
of axon length. Such experiments in iPSC-derived motor neurons revealed an increase in the relative
number of puromycin spots in long axons compared to short axons, and importantly showed that
TDP-43 and FUS are differentially dispersed throughout axons depending on whether axons are long
or short, which could have implications for translational hotspots assessed here (Hagemann et al.,

2022).

Although puromycin has been historically used in the interrogation of translation (Aviner, 2020)
there is some evidence that even with the inclusion of elongation inhibitors, nascent peptides diffuse
prior to fixation, and detection of puromycin spots may not specifically represent translational
hotspots in every instance (Enam et al., 2020; Hobson et al., 2020). Additionally, the use of puromycin
in SUNSET assays which measure the rate of protein synthesis (Schmidt et al., 2009) has been
subsequently shown to be unreliable when assessing protein synthesis in energy-starved cells
(Marciano et al., 2018), highlighting that specific cellular conditions might be necessary for accurate
interpretation of puromycin based experiments. Alternative methods for translation analysis include
live translational reporters (Biswas et al., 2019), however these often rely on overexpression and
fluorescent tags which can introduce additional variability. Another caveat with the interrogation of
puromycin spots is that delineating whether co-localised proteins constitute part of the translational
machinery or are themselves being translated is unclear. It will be necessary to complete further
experiments to elucidate whether alterations in Annexin A11 and FUS abundance at translational
spots are a consequence of increased and reduced translation of these proteins, respectively, or
whether the observed fluctuations are associated with altered function of these proteins at

translational sites.

As with any antibody-based technique, validation of specific protein detection is paramount for
producing reliable data. As discussed in 4.4.3, the Annexin A1l antibody used here has been well
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characterised. The FUS antibody utilised in ribopuromycylation analysis was included in broad
characterisation of FUS antibodies (Alshafie et al., 2021), and was shown to have good specificity in
immunocytochemistry in HEK293 cells, with some unspecific banding in western blot detection of
FUS. Some unspecific bands were also detected by western blot in iPSC motor neuron protein,
however were easily excluded from quantification (Appendix Figure 9.32). Due to antibody species
availability, the TDP-43 antibody used here differed from that used in Chapter 4. This and some other
antibodies included in ribopuromycylation analysis here are less well characterised, and selection
was based on use in literature and observation of expected cellular localisation. It was beyond the
scope of this project to include thorough characterisation of all antibodies, and it is essential to
acknowledge that antibody specificity can impact experimental readout. As previously discussed, the
FMRP antibody was shown to be unreliable in western blot analysis (Appendix Figure 9.31), and the

results from ribopuromycylation experiments with this antibody may be unreliable.

Global translation was unaffected in motor neurons (Figure 6.29; Figure 6.30; Figure 6.31), however
mutations in ANXA11 were shown to reduce global protein synthesis in patient fibroblasts with
SUNSET assay (Nahm et al., 2020). More sensitive techniques such as SUnSET (Schmidt et al., 2009)
or optimised AHA assays might reveal translation phenotypes that are missed with global puromycin
labelling. Despite this, apparent alterations at sites of local synthesis hint toward an axon-specific
dysfunction, and it may be the case that global translation deficiencies seen in fibroblasts do not

persist in neurons.

Together these data constitute preliminary evidence that Annexin A11 has a role in local translation
in motor neurons. Further, Annexin A1l is associated with FUS in local translation, which may be
affected in ANXA11mut distal axons. Additional validation will be necessary to confirm the functional
role of Annexin All in translation, and the co-function of Annexin A1l with FUS, G3BP1, and

snRNP70 at sites of axonal translation should be explored.
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Chapter 7 General discussion

7.1 Motor neuron pathology in ANXA11 associated ALS

As with many ALS associated genes, ANXA11 ALS represents a small percentage of the total ALS
population. ANXA11 ALS patients present with a mixed clinical phenotype, with variable site and age
of onset as well as disease duration (Smith et al., 2017). The identification of neuronal phenotypes
across multiple instances of ALS is useful for the prioritisation of therapeutic discovery, and, as
discussed in 1.6, categorisation of genes into functional groups might be useful for patient
stratification. The data presented here serve as preliminary characterisation of neuronal phenotypes
in ANXA11 ALS, and lead to generation of hypotheses for future investigation into the consequences

of novel mutations.

The aim of this thesis was to explore the neuronal phenotypes associated with ALS-causative
mutations in ANXA11. To achieve this, iPSC lines derived from ANXA11 ALS patients were generated
and characterised, and motor neuron-astrocyte co-culture was optimised to enable the exploration
of ANXA11 phenotypes in disease relevant cells (Chapter 3). Initial characterisation of motor neurons
included high-throughput analysis of Annexin Al11, TDP-43, and pTDP-43, revealing that ALS
associated protein characteristics are dependent on cell culture dynamics, including culture maturity
and the presence of astrocytes (Chapter 4). Some modest alterations were detected between control
and ANXA11mut neurons, however the characterisation of broad protein localisation and abundance
in motor neurons indicated that striking alterations in the subcellular localisation of the interrogated
proteins is not an early feature of ANXA11 ALS. The absence of broad changes in protein localisation
is perhaps unsurprising in immature iPSC-derived motor neurons, and in the context of additional
phenotypes indicates that Annexin A1l and TDP-43 mislocalisation or aggregation are downstream

of cellular perturbation. As is common across multiple forms of ALS, protein inclusions detected at
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disease end stage implicate pathological protein aggregation in neuronal death, and in the case of

ANXA11 mutations these may be a consequence of dysregulated calcium or RNA processing.

In summary of the predominant cellular phenotypes identified in this body of work; initial neurite
outgrowth was unaffected in motor neurons but was perturbed in distal axons of ANXA11mut motor
neurons grown in microfluidic devices (5.3.1). Motor neuron-astrocyte co-cultures displayed
spontaneous calcium fluctuations, which appeared to be increased in ANXA11 G38R and R235Q
motor neurons compared to control (5.3.2). Annexin A11 was shown to sometimes localise to stress
granules, and induction of stress granules was perturbed in ANXA11 R235Q motor neurons (6.3.1).
Global RNA transport velocity was increased in ANXA1Imut neurons compared to control in both
the anterograde and retrograde direction (6.3.2). Annexin A1l localised to focal points of local
translation and correlated with FUS at these sites. Correlation between Annexin A1l and FUS may
be affected in distal axons in patient derived neurons, and the amount of Annexin A11 and FUS at
sites of local translation was altered in motor neurons harbouring ANXA11 mutations (6.3.3). This
somewhat broad phenotyping of newly derived ANXA11mut iPSC lines has implicated various cellular
pathways in pathology, and how these neuronal phenotypes overlap with one another give rise to a

multifactorial hypothesis for the consequences of ANXA11 mutations.

Evidence that altered calcium signalling is associated with local translation is intriguing and highlights
how these cellular processes are intrinsically linked. Comparison of humanised mutant FUS and
humanised WT FUS mice revealed reduction in the expression of ion channels and transporter
proteins necessary for synaptic function (Lépez-Erauskin et al., 2018). This was associated with
repressed intra-axonal translation and resulted in reduced synaptic activity. No direct measure of
synaptic activity was included in this thesis; however, this demonstrates that potentially altered
calcium fluctuation phenotypes could be associated with altered expression levels of ion channels or
other proteins that mediate calcium activity. A similar phenotype was identified in C9ORF72 iPSC
derived neurons, which revealed hyperexcitability in young motor neurons associated with
upregulation of synaptic transcripts, which transitioned to hypoexcitability and reduced synaptic
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transcripts in matured neurons (Sommer et al., 2022). This reflects calcium activity of ANXA11 G38R
and R235Q motor neurons, which displayed increased spontaneous calcium fluctuations compared
to control (Figure 5.14). These data suggest a common phenotype whereby calcium homeostasis and
expression of proteins associated with neuronal activity collectively contribute to disease
characteristics in ALS. Future work should assess the hypothesis that altered calcium fluctuations in
ANXA11 ALS motor neurons are related to altered translation of proteins associated with neuronal
activity, including synaptic proteins. Additionally, calcium has a role in mediating local translation
(Mofatteh, 2020), indicating a bi-directional relationship that could be hypothesised to contribute to
a continuous exacerbation of neuronal dysfunction as dysregulated calcium affects protein

translation, which affects calcium homeostasis, and so on.

Local translation is reliant on transport of RNA from the nucleus to dendrites and axons, and it might
be unsurprising that these processes are together implicated in disease. This is particularly relevant
if proteins mediating the transport of RNA are also involved in local translation, as is that case for
TDP-43 (Alami et al., 2014; Chu et al., 2019; Gao et al.,, 2021; Majumder et al., 2016) and FUS
(Akiyama et al., 2019; Birsa et al., 2021; Imperatore et al., 2020; Lépez-Erauskin et al., 2018).
Although these functions remain to be fully elucidated for Annexin A11, its role in RNA transport has
been described (Liao et al., 2019), and preliminary data indicate an additional role in local protein
synthesis (6.3.3). An apparent increase in RNA axonal transport velocity is intriguing as it is not in
conjunction with studies indicating perturbed axonal transport in ALS (Buscaglia et al., 2020; Clark et
al., 2016; Gibbs et al., 2018; Ikenaka et al., 2013; Mehta et al., 2021; Sleigh et al., 2020). It should be
noted than in many of these reported cases of axonal transport defects, disease associated
perturbations include measures other than velocity, such as altered cargo pausing or relative number
of moving cargos, and include a range of cargos such as mitochondria and vesicles: It will be

informative to assess these transport dynamics in the context of ANXA11 mutations.

Liquid-liquid phase-separation of proteins involved in ALS pathology is implicated in many
dysfunctional pathways, including those assessed here: RNA transport (Wiedner & Giudice, 2021),
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local translation (Gao et al., 2021), protein aggregation (Babinchak & Surewicz, 2020), and stress
granule dynamics (Banani et al., 2017; Shin & Brangwynne, 2017) are reliant on phase-separation of
proteins. The N-terminal of Annexin Al1l is disordered and has been shown to phase-separate, and
ANXA11 mutations result in the formation of fibrous droplets that differ from the WT species (Liao
et al., 2019). Some recent lines of evidence indicate a role of calcium in regulation of protein phase-
separation (Huang et al.,, 2022; Mayfield et al., 2021), suggesting that dysregulated calcium
homeostasis might influence the wide-range of phase-separation-dependent protein functions,
however this remains to be established for ALS-associated proteins in neurons. Further, loss of the
stress granule protein G3BP1 can result in abnormal calcium homeostasis (Martin et al., 2013). The
reduction in G3BP1 stress granule formation in ANXA11 R235Q motor neurons (Figure 6.11),
occasional localisation of Annexin All to G3BP1 stress granules (6.3.1), and the potential co-
localisation of Annexin A1l and G3BP1 at sites of local translation (Table 6.2) warrant further
investigation into how these processes are linked in disease. In addition, Annexin A1l binding to
phospholipids is mediated by calcium and Annexin A1l interaction with RBPs is calcium dependent
(Nahm et al., 2020): Calcium dysregulation may have broad consequences for the function of both

the phase-separating and phospholipid-binding functions of Annexin A11.

7.2 The use of induced pluripotent stem cells in neurodegenerative research

Increasingly, the inclusion of iPSC-derived neurons in ALS research is considered necessary to
measure dysfunction in human derived cells. Their position in modelling specialised cell types
affected in disease means they are essential for understanding neuron specific and non-cell-
autonomous functions. Evidence of neuronal and glial perturbations collected from iPSC-derived
models are referenced throughout this thesis and have vastly benefited the understanding of
pathology. The variability often seen with these models is evidenced here, and it will be necessary in
future studies to improve the technology to increase reproducibility of data. Increasing complexity

in the systems that can be produced with iPSCs, such as high-order co-cultures and organoids, might
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increase such variability as more diverse cell types are included in cultures. Looking toward the future
of iPSC-based research, it would be incredibly informative to include hundreds of cell lines in
automated culture and analysis, so that individual cell line characteristics are minimised, and instead
population-based cellular phenotyping becomes the norm. As the feasibility of large-scale studies
increases, it will be an exciting time for ALS research. An unpublished meta-analysis incorporating
multiple published datasets recently highlighted the potential power in analysing large amounts of
ALS iPSC-derived neuron data: Combined analysis encompassing data from 429 donors identified
alterations in splicing and genomic instability as predominant disease pathways (Ziff et al., 2022).
The relatively underexplored utilisation of iPSCs for population studies may accelerate therapeutic

targeting in the near future.

Astrocytes were included in cell cultures used throughout this project primarily to improve neuronal
longevity and functional maturity, and it was not feasible to also analyse the impact of control vs.
ANXA11mut astrocytes on neuronal function. Astrocytes affect neuronal function in control and ALS
disease models (1.16.1), and neurons and neuronal activity affect astrocyte gene expression (Hasel
et al., 2017). Underpinning the influence of astrocytes on the neuronal phenotypes seen here will be
important. Additionally, no direct measurements of astrocyte function or characteristics were
included, and further analysis of ANXAl1Ilmut astrocytes will be important, particularly when

considering the translational impact of non-cell-autonomous disease mechanisms.

7.3 Conclusions and future direction

The utilisation of ANXA11 ALS patient-derived iPSCs has shed light on ALS pathology by recognising
alterations in axon integrity and calcium dynamics in patient motor neurons, and through
preliminary characterisation of Annexin A1l in local translation. The absence of alterations to gross
protein localisation, among other cellular characteristics, highlight the necessity of investigation into
specific cellular functions in search of targets for therapeutic intervention in ALS. Throughout this

work further hypotheses have arisen, and many questions remain to be answered. The strive to find
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a cure for ALS is ongoing, and the consideration of this work alongside evidence of overlapping and
disparate disease mechanisms will lead to a better understanding of pathology, to the end that viable

therapeutics will eventually be developed.
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9 Appendix
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Figure 9.1 Batch effects in high-throughput analysis

High-throughput image analysis, as included throughout Chapter 4, often yielded large variability
between biological replicates. (A) The nucleocytoplasmic ratio of TDP-43 in day-42 neurons shows
large SEM due to spread of data within ANXA11 mutation status groups. (B) When data is
represented by biological replicate (each biological replicate is indicated with a different colour), it
is evident that data spread is caused by fluctuations between biological replicates, and that the

relationship between cell lines in one replicate remains relatively consistent.

395



Figure 9.2 Newly derived iPSCs show typical iPSC morphology

iPSCs in culture were imaged with an in-hood EVOS light microscope. iPSCs show typical iPSC

morphology with small round cells with large nuclei, growing in colonies with well-defined edges.

Scale bars represent 400um.
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DAPI ALDH1L1 DAPI ALDH1L1

Control 2 Control 1

ANXA11 G38R2 ANXA11G38R 1
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Control 5
ANXA11 R235Q ANXA11D40G2 ANXA11D40G1

Figure 9.3 Cell cultures following astrocyte derivation are positive for ALDH1L1

iPSCs were differentiated into astrocytes until day ~50, immunolabelled for the astrocytic marker
ALDH1L1 (red), and stained with DAPI (blue). Representative images are included to demonstrate
the presence of ALDH1L1 positive cells with typical astrocyte morphology, indicating that astrocyte

derivation was achieved. Scale bars represent 100um.
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Figure 9.4 Motor neurons express the motor neuron markers HB9 and ChAT

(A) HB9 and Islet 1 were detected in day-17 motor neuron cDNA but not LCL cDNA, measured by RT-
PCR. (B) cDNA from motor neurons at day 21 of differentiation was positive for ChAT by RT-PCR,
which was absent in LCL cDNA. Samples used in experiments had been previously validated for

presence of cDNA, however house-keeping genes are not included in the representative image.
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Control 1
ANXA11 G38R 1

Control 2
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Control 3
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Control 4

ANXA11 D40G 2

Control 5
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Figure 9.5 Typical motor neuron cultures harvested for western blotting

Representative images of live neuronal cultures before harvesting for western blot. To ensure that
western blot data represented signal from neurons, visual inspection of cultures was implemented
before protein harvesting, confirming absence of contamination with other cell types. Images taken

with an in-hood EVOS light microscope with 4x magnification.
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Figure 9.6 Annexin A11 spot characteristics in young motor neurons

Quantification of data represented in Figure 4.1 and Figure 4.2. Spot characteristics measured with
Harmony® in control and ANXA11mut pure motor neuron populations, fixed on day 17 of motor
neuron differentiation. (A) Annexin A1l spot size was unchanged between cell lines in the nucleus
and (B) cytoplasm. (C) Spot count is represented as the number of Annexin A1l spots per nuclear

and (D) cytoplasmic area. (E) Fluorescent intensity of Annexin All spots was consistent in the
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nucleus and (F) cytoplasm. Data are presented as mean + SEM, n = 3. Each data point represents one
cell line in one motor neuron induction, with each induction comprised of three technical replicates.
Control lines are grouped and ANXA11mut patient lines are grouped by mutation. Statistical analysis:

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.5).
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Figure 9.7 Annexin A11 characteristics in young motor neurons

Quantification of data represented in Figures 4.1 and 4.2. (A) The nucleocytoplasmic ratio of Annexin
A11 showed large variability and was not statistically different between cell lines. (B) Annexin A11
intensity was consistent across control and ANXA11mut motor neurons. Data are presented as mean
+ SEM, number of motor neuron inductions = 3. Each data point represents one cell line in one
induction, with each biological replicate comprised of three technical replicates. Control lines are
grouped and ANXA11 ALS patient lines are grouped by mutation. Statistical analysis: Ordinary one-
way ANOVA with Dunnett’s multiple comparisons test (p > 0.05). (C) Graphical representation of the

total number of motor neurons included in analysis across all biological and technical replicates.
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Figure 9.8 Annexin A11 spot characteristics in young motor neurons maintained in co-culture with
astrocytes

Quantification of data represented in Figure 4.3 and Figure 4.4. Spot characteristics measured with
Harmony® in control and ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 17 of motor neuron differentiation. (A) Annexin A1l spot size the nucleus and (B) cytoplasm.
(C) Spot count is represented as the number of Annexin A1l spots per nuclear and (D) cytoplasmic
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area. (E) Fluorescent intensity of Annexin A1l spots was consistent in the nucleus and (F) cytoplasm.
Data are presented as mean + SEM, number of motor neuron inductions = 3. Each data point
represents one cell line in one induction, with each biological replicate comprised of three technical
replicates. Control lines are grouped and ANXAllmut patient lines are grouped by mutation.

Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.5).
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C. Number of neurons analysed

cell count

Figure 9.9 Annexin A11 in young motor neurons maintained in co-culture with astrocytes

Quantification of data represented in Figures 4.3 and 4.4. (A) The nucleocytoplasmic ratio of Annexin
A11 was not statistically different between cell lines. (B) Annexin A11 intensity was consistent across
control and ANXAI11mut motor neurons. Data are presented as mean + SEM, number of motor
neuron inductions = 3. Each data point represents one cell line in one induction, with each biological
replicate comprised of three technical replicates. Control lines are grouped and ANXA11mut lines
are grouped by mutation. Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple
comparisons test (p > 0.05). (C) Graphical representation of the total number of motor neurons

included in analysis across all biological and technical replicates.
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Figure 9.10 Annexin A11 spots in aged motor neurons maintained in co-culture with astrocytes

Quantification of data represented in Figure 4.5 and Figure 4.6. Spot characteristics measured with
Harmony® in control and ANXA11mut motor neurons maintained in co-culture with astrocytes, fixed
on day 42 of motor neuron differentiation. (A) Annexin A1l spot size in motor neuron nuclei. (B)
Annexin Al1 spot size in motor neuron cytoplasm. (C) Annexin A1l spot count in the nucleus was

variable across experimental repeats with no statistically significant differences detected between
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groups. (D) Annexin A1l spot count normalised to cytoplasmic area. (E) Fluorescent intensity of
Annexin A1l spots was consistent in the nucleus and (F) cytoplasm. Data are presented as mean +
SEM, number of motor neuron inductions = 3. Each data point represents one cell line in one
induction, with each biological replicate comprised of three technical replicates. Control lines are
grouped and ANXA11mut patient lines are grouped by mutation. Statistical analysis: Ordinary one-

way ANOVA with Dunnett’s multiple comparisons test (p > 0.5).
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Figure 9.11 Annexin Al1 in aged motor neurons maintained in co-culture with astrocytes

Quantification of data represented in Figures 4.5 and 4.6. (A) The nucleocytoplasmic ratio of Annexin
A11 fluctuated largely across experimental repeats and was not statistically different between cell
lines. (B) Annexin Al11 intensity was consistent across control and ANXA11mut motor neurons. Data
are presented as mean + SEM, number of motor neuron inductions = 3. Each data point represents
one cell line in one induction, with each biological replicate comprised of three technical replicates.
Control lines are grouped and ANXAllmut lines are grouped by mutation. Statistical analysis:

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05). (C) Graphical
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representation of the total number of motor neurons included in analysis across all biological and

technical replicates.

DAPI TDP-43 Annexin Al11 ChAT Composite

Control 2 Control 1

Control 3

ANXA11 R235Q ANXA11D40G1 ANXA1l1 G38R2 ANXA11G38R 1

Figure 9.12 High-resolution imaging of Annexin A11 and TDP-43 in day-42 co-culture with control
astrocytes

Motor neurons maintained in co-cultured were fixed on day 42 of differentiation, subject to
immunocytochemistry with antibodies targeting TDP-43 (green), Annexin All (red), and ChAT
(magenta), and co-stained with DAPI (blue). Cells were imaged with super resolution microscopy

(iSIM). Scale bars represent 20um.
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Figure 9.13 TDP-43 spot characteristics in young motor neurons maintained in co-culture
Quantification of data represented in Figures 4.13 and 4.14. Spot characteristics measured with
Harmony® across control and ANXA11mut motor neurons maintained in co-culture with astrocytes,
fixed at day 17 of motor neuron differentiation. (A) TDP-43 spot size in the nucleus was consistent
across groups. (B) TDP-43 spot size in the cytoplasm. (C) An increase in the number of nuclear TDP-
43 spots is seen in ANXA11 D40G (p = 0.0419) and ANXA11 R235Q (p = 0.0486) groups compared to
407



control. (D) TDP-43 spot count in the cytoplasm was variable between biological replicates but not
statistically different between groups. (E) TDP-43 spot intensity in the nucleus. (F) TDP-43 spot
intensity in the cytoplasm. Data are presented as mean + SEM, number of motor neuron inductions
= 2. Each data point represents one cell line in one induction, with each biological replicate
comprised of three technical replicates. Control lines are grouped and ANXA11 ALS patient lines are
grouped by mutation. Statistical analyses: (A, C, F) Ordinary one-way ANOVA, (B, D, E) Brown-
Forsythe one-way ANOVA, both with Dunnett’s multiple comparisons test (* = p < 0.05; indicates

statistical significance vs. the control group).
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Figure 9.14 TDP-43 characteristics in young motor neurons maintained in co-culture with
astrocytes

Quantification of data represented in Figures 4.13 and 4.14. (A) The nucleocytoplasmic ratio of TDP-
43. (B) TDP-43 intensity was consistent across control and ANXA1Imut motor neurons. Data are
presented as mean + SEM, number of motor neuron inductions = 2. Each data point represents one
cell line in one biological replicate, with each biological replicate comprised of three technical

replicates. Control lines are grouped and ANXAl1lmut lines are grouped by mutation. Statistical
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analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05). (C) Graphical
representation of the total number of motor neurons included in analysis across all biological and

technical replicates.
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Figure 9.15 TDP-43 spot analysis in aged motor neurons maintained in co-culture with astrocytes

Quantification of data represented in Figure 4.15 and Figure 4.16. Spot characteristics measured with
Harmony® across control and ANXA11mut motor neurons maintained in co-culture with astrocytes,
fixed on day 42 of motor neuron differentiation. (A) TDP-43 spot size in motor neuron nuclei. (B)
TDP-43 spot size in motor neuron cytoplasm. (C) TDP-43 spot count in the nucleus. (D) TDP-43 spot

count normalised to cytoplasmic area. (E) Fluorescent intensity of TDP-43 spots was consistent in the
410



nucleus and (F) cytoplasm. Data are presented as mean = SEM, number of motor neuron inductions
= 3. Each data point represents one cell line in one induction, with each biological replicate
comprised of three technical replicates. Control lines are grouped and ANXAI11mut patient lines are
grouped by mutation. Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple

comparisons test (p > 0.5).
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Figure 9.16 TDP-43 characteristics in aged motor neurons maintained in co-culture with astrocytes
Quantification of data represented in Figures 4.15 and 4.16. (A) The nucleocytoplasmic ratio of TDP-
43 showed large variability across experimental repeats, with no statistically significant differences
between groups. (B) TDP-43 intensity was consistent across control and ANXAI11mut motor neurons.
Data are presented as mean = SEM, number of motor neuron inductions = 2. Each data point
represents one cell line in one induction, with each biological replicate comprised of three technical
replicates. Control lines are grouped and ANXAl1lmut lines are grouped by mutation. Statistical
analysis: Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.05). (C) Graphical
representation of the total number of motor neurons included in analysis across all biological and

technical replicates.
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Figure 9.17 pTDP-43 spot characteristics in young motor neurons

Quantification of data represented in Figure 4.22 and Figure 4.23. Spot characteristics measured with
Harmony® across control and ANXAI1lmut motor neurons fixed at day 17 of motor neuron
differentiation. (A) pTDP-43 spot size was reduced in ANXA11 D40G (p = 0.0053), and increased in
ANXA11 R235Q (p = 0.0205) compared to control. (B) Cytoplasmic pTDP-43 spot size was unchanged
across groups. (C) An increase in the number of nuclear pTDP-43 spots was observed in ANXA11
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D40G compared to control (p = 0.0080). (D) Cytoplasmic pTDP-43 spot Data are presented as mean
+ SEM, n = 2. Each data point represents one cell line in one biological replicate, with each biological
replicate comprised of three technical replicates. control lines are grouped and ANXA11 ALS patient
lines are grouped by mutation. Statistical analysis: Ordinary one-way ANOVA with Dunnett’s multiple

comparisons test. (* = p <0.05, ** = p < 0.01; indicates statistical significance vs. the control group).
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Figure 9.18 pTDP-43 characteristics in young motor neurons

Quantification of data represented in Figures 4.22 and 4.23. (A) The nucleocytoplasmic ratio of pTDP-
43 was decreased in ANXA11 G38R (p =0.0475) and ANXA11 D40G (p = 0.0013) compared to control.
(B) TDP-43 intensity was consistent across control and ANXA11mut motor neurons. Data are
presented as mean + SEM, number of motor neuron inductions = 2. Each data point represents one
cell line in one induction, with each biological replicate comprised of three technical replicates.
Control lines are grouped and ANXAllmut lines are grouped by mutation. Statistical analysis:
Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (* = p < 0.05; ** = p < 0.01;
indicates significance vs. the control group). (C) Graphical representation of the total number of

motor neurons included in analysis across all biological and technical replicates.
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Figure 9.19 pTDP-43 spot characteristics in young motor neurons maintained in co-culture
Quantification of data represented in Figures 4.24 and 4.25. Spot characteristics measured with
Harmony® across control and ANXA11mut motor neurons maintained in co-culture with astrocytes,
fixed at day 17 of motor neuron differentiation. (A) pTDP-43 spot size in motor neuron nuclei. (B)
pTDP-43 spot size in motor neuron cytoplasm. (C) pTDP-43 spot count in the nucleus was variable
and not statistically different between groups. (D) pTDP-43 spot count in the cytoplasm fluctuated
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across experimental repeats but was not statistically different across groups. (E) Fluorescent
intensity of TDP-43 spots was consistent in the nucleus and (F) cytoplasm. Data are presented as
mean + SEM, number of motor neuron inductions = 2. Each data point represents one cell line in one
induction, with each biological replicate comprised of three technical replicates. Control lines are
grouped and ANXA11lmut patient lines are grouped by mutation. Statistical analysis: Ordinary one-

way ANOVA with Dunnett’s multiple comparisons test (p > 0.5).
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Figure 9.20 pTDP-43 in young motor neurons maintained in co-culture with astrocytes

Quantification of data represented in Figures 4.24 and 4.25. (A) The nucleocytoplasmic ratio of pTDP-
43. (B) pTDP-43 intensity was consistent across control and ANXAIImut motor neurons. Data are
presented as mean + SEM, number of motor neuron inductions = 2. Each data point represents one
cell line in one induction, with each biological replicate comprised of three technical replicates.
Control lines are grouped and ANXA11mut lines are grouped by mutation. Statistical analysis: (A)
Ordinary one-way ANOVA, (B) Brown-Forsythe one-way ANOVA, both with Dunnett’s multiple
comparisons test (p > 0.05). (C) Graphical representation of the total number of motor neurons

included in analysis across all biological and technical replicates.
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Figure 9.21 pTDP-43 spot characteristics in aged motor neurons maintained in co-culture

Quantification of data represented in Figures 4.26 and 4.27. Spot characteristics measured with
Harmony® across control and ANXA11mut motor neurons maintained in co-culture with astrocytes,
fixed at day 42 of motor neuron differentiation. (A) pTDP-43 spot size in motor neuron nuclei. (B)
pTDP-43 spot size in motor neuron cytoplasm. (C) pTDP-43 spot count in the nucleus was variable
and not statistically different between groups. (D) pTDP-43 spot count in the cytoplasm. (E)
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Fluorescent intensity of TDP-43 spots was consistent in the nucleus and (F) cytoplasm. Data are
presented as mean + SEM, number of motor neuron inductions = 2. Each data point represents one
cell line in one induction, with each biological replicate comprised of three technical replicates.
Control lines are grouped and ANXA11mut patient lines are grouped by mutation. Statistical analysis:

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (p > 0.5).
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Figure 9.22 pTDP-43 characteristics in aged motor neurons maintained in co-culture

Quantification of data represented in Figures 4.26 and 4.27. (A) The nucleocytoplasmic ratio of pTDP-
43. (B) pTDP-43 intensity was consistent across control and ANXAIImut motor neurons. Data are
presented as mean + SEM, number of motor neuron inductions = 2. Each data point represents one
cell line in one induction, with each biological replicate comprised of three technical replicates.
Control lines are grouped and ANXA11mut lines are grouped by mutation. Statistical analysis: (A)
Ordinary one-way ANOVA, (B) Brown-Forysthe one-way ANOVA, both with Dunnett’'s multiple
comparisons test (p > 0.05). (C) Graphical representation of the total number of motor neurons

included in analysis across all biological and technical replicates.
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Figure 9.23 TDP-43 and Annexin A11 full western blot
Representative western blots with all detected protein bands, the predicted bands which were

qguantified in western blot analysis are indicated with black arrows.

Islet 1 TDP-43-mScarlet-I Composite Greyscale

Example 1

Example 2

Figure 9.24 TDP-43 signal partially co-localises with Islet 1 positive neurons

To assess whether the intensity of nuclear TDP-43 was associated with neuronal subtypes in culture,
a control iPSC line with TDP-43 endogenously tagged with the fluorescent protein mScarlet-1 (red)
was fixed on day 17 of differentiation and immunolabelled with the motor neuron marker Islet 1
(green). Some neurons with comparatively reduced TDP-43 and Islet 1 signal in the nucleus can be
seen. Islet 1 positive neurons with no TDP-43 signal are highlighted with white arrows to indicate
that reduced TDP-43 signal is not specifically associated with non-motor neuronal cells. Scale bars

represent 50um.
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Figure 9.25 Cell density in microfluidic devices
Cell plating compartments in Experiment 1 in Figure 5.8. Nuclei count was completed to compare
the number of neurons in microfluidic devices. (A) Representative images of cell bodies in the cell
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plating compartment of microfluidic devices immunolabelled for f3-Tubulin (green) and stained with
DAPI (blue). (B) Cell count across representative images. (C) Comparison of the number of nuclei in
control and ANXA11mut neurons in microfluidic devices showed no statistical difference. Statistical

test: Unpaired T-test (p > 0.05). Scale bar represents 100um.
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Figure 9.26 Proximal neurites in microfluidic devices

Pre-microgroove compartments in Experiment 1 in Figure 5.8. (A) Representative images of 33-
Tubulin (green) positive neurons in the microfluidic compartment prior to microgrooves. (B) Total
fluorescent intensity from whole images was measured, indicating comparable neuronal signal
across lines (excluding ANXA11 R235Q which showed increased intensity compared to other cell
lines). (C) Total fluorescent intensity from post-microgroove compartments in the same experiment

(Experiment 1, Figure 5.8), indicating reduced neuronal signal from ANXA11mut lines compared to

control. Scale bars represent 500um.
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Figure 9.27 Interrogation of control cultures for ChAT and vGLUT2 positive neurons

Motor neurons derived from control motor neurons were probed for spontaneous calcium
fluctuations (5.3.2), then fixed and immunolabelled for the neuronal marker $3-Tubulin (B3-Tuj,
green), DAPI (blue), and probed for ChAT (orange - left hand panel), and vGLUT2 (orange —right hand

panel). Scale bar represents 100pum.
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Figure 9.28 Interrogation of ANXA11mut cultures for ChAT and vGLUT2 positive neurons

Motor neurons derived from ANXAI11mut motor neurons were probed for spontaneous calcium
fluctuations (5.3.2), then fixed and imunolabelled for the neuronal marker £3-Tubulin (B3-Tuj,
green), DAPI (blue and probed for ChAT (orange - left hand panel), and vGLUT2 (orange — right hand

panel). Scale bar represents 100pum.
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Figure 9.29 Day-12 motor neuron neurites are mostly positive for Map2
Motor neurons fixed on day 12 of differentiation, 20 hours after dissociation, were probed for the
pan-neuronal marker (3-Tubulin (green) and the dendritic marker Map2 (red). White arrows

indicate neurites positive for £3-Tubulin in the absence of Map2 signal. Scale bar represents 200pum.
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Figure 9.30 Lamp1 vesicles associated with Annexin A11 in U20S cells

Taken from (Liao et al., 2019). Fluorescently tagged Lamp1-HaloTag positive vesicles (magenta) were
shown to harbour small Annexin Al1-mEmerald (green) puncta at the edge of vesicles in heat-
shocked U20S cells, mirroring the staining pattern seen in Figure 6.16. (1) A U20S cell. (2-4) Zoomed

in regions of (1). Scale bar in (4) represents 1um.
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Figure 9.31 Ribopuromycylation untreated control

Untreated control motor neurons were fixed and incubated with antibodies detecting puromycin
(magenta) and Annexin A11 (red). Some unspecific binding from the puromycin antibody is detected,
however the signal is reduced in comparison to motor neurons subject to ribopuromycylation (6.3.3).

Scale bar represents 10um.
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Figure 9.32 Poor FMRP protein detection in western blotting

Motor neurons were harvested in RIPA buffer on day 17 of differentiation and separated via western
blot. Total protein stain indicates sufficient protein loading. Incubation with an FMRP antibody
resulted in extremely feint protein band detection, the expected band indicated by a black arrow,
which was not quantifiable in contrast adjusted images due to co-enhancement of background

staining (bottom panel).
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Figure 9.33 FUS antibody specificity

Characterisation of the FUS antibody 60160-1-1g was included in (Alshafie et al., 2021), including (A)
staining in WT Hela (highlighted with yellow) and FUS knockout Hela (highlighted with red) which
showed specific staining, and (B) western blotting of WT and FUS knockout HelLa which highlighted
some unspecific protein detection. (C) Western blot detecting FUS protein in 17-day old motor
neurons, as shown in Figure 6.32, with the entire blot shown to highlight detection of some

unspecific bands, which were not included in quantification.
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