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Abstract 

Spinal and bulbar muscular atrophy ({.a!ύΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ YŜƴƴŜŘȅΩǎ 5isease, is a 

slowly progressive neuromuscular disease caused by a trinucleotide CAG repeat 

expansion in the first exon of the androgen receptor (AR) gene which encodes for the 

polyglutamine repeat tract within the AR protein. The precise mechanisms of polyQ 

mediated toxicity in SBMA are complex and are yet to be fully understood. Cell lines 

and animal models of SBMA have provided key information about development and 

pathogenic mechanisms in neurodegeneration, however, successful translation to 

clinical therapeutic interventions has been limited.  

Further insight into molecular mechanisms of disease is likely to require an integrated 

approach utilising different models recognising the benefits and limitations of each 

individual model system. In this Thesis, I use the AR100 mouse model and a new 

human iPSC model of SBMA patient motor neurons to characterise early pathogenic 

events in SBMA. Using RNA sequencing and phenotyping assays, I found evidence of 

transcriptional dysregulation, mitochondrial dysfunction, p53/DNA damage response 

impairment and premature activation of the cell cycle and cellular senescence in both 

models of SBMA. Identifying these early disease mechanisms offers potential targets 

for future clinical treatments.   

This Thesis also describes the development of a portfolio of public engagement in 

motor neuron disease and proposes that public engagement should be encouraged 

for all PhD students.   
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Impact Statement 

For patients and patient organisations: 

- This research aims to provide insights into the mechanisms underlying SBMA. 

- These mechanisms may prove valuable for the development of mechanism-

targeted therapeutic agents. 

- A therapeutic drug would improve/prevent progression of disability and 

improve quality of life. 

- Active public engagement will inform patients about their disease, encourage 

patients to be involved in my research and highlight important research 

results for patients. 

For the wider public: 

- This research aims to contribute to the wider field of neurodegeneration. 

- Public engagement will introduce the wider public to the potential of induced 

pluripotent stem cells in research, particularly into motor neuron diseases.  

- Public engagement aims to inspire the next generation of scientists and 

thinkers. 

For academic researchers: 

- Developing motor neurons from iPSCs from patients with SBMA provides a 

new model for SBMA, within my lab and within SBMA research. 

- Due to tƘŜ ǎƛƳƛƭŀǊƛǘƛŜǎ ǿƛǘƘ ![{ όŀǎ ŀ ƳƻǘƻǊ ƴŜǳǊƻƴ ŘƛǎŜŀǎŜύ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ 

disease (as a polyglutamine disease), the findings in this Thesis could have 

wider impact on common pathways of neurodegeneration.  

For commercial and private sector beneficiaries: 

- A model to screen drugs could be beneficial to drug discovery. 
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- Identification of novel mechanisms in a rare, monogenic disease offers an 

opportunity for identification of potential therapies.  

For animal welfare: 

- Use of iPSC model of SBMA reduces the number of animals needed for 

experiments. 
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Chapter 1 Introduction 

 Spinal and bulbar muscular atrophy 

1.1.1 Clinical Features  

Spinal and bulbar muscular aǘǊƻǇƘȅ ό{.a!ύΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ YŜƴƴŜŘȅΩǎ ŘƛǎŜŀǎŜΣ ƛǎ ŀn 

x-linked, slowly progressive neuromuscular disease which affects men. Symptom 

onset typically occurs between the ages of 30 and 50, although presentation ranges 

from 18 to 64. Females may be carriers and experience muscle cramps but are largely 

asymptomatic (Schmidt et al., 2002). SBMA is characterised by a lower motor neuron 

pattern of weakness with muscle atrophy, tremor, fasciculations and wasting in the 

limb muscles innervated by the spinal motor neurons (MNs) (Fratta et al., 2014; 

Rhodes et al., 2009). Progression of weakness is slow in SBMA and quantitative 

muscle assessment indicates a decline in muscle strength of 2% per year (Fernández-

Rhodes et al., 2011). There is also loss of the lower motor MNs in the brainstem motor 

nuclei (except the third, fourth and sixth cranial nerves) leading to a bulbar palsy with 

perioral fasciculations, tongue wasting, dysarthria and dysphagia (Atsuta et al., 2006; 

Grunseich et al., 2015). There is frequently fatigue with chewing and occasional jaw 

drop with weakness of temporalis and masseter muscles (Sumner and Fischbeck, 

2002). Bulbar weakness can also lead to an increased susceptibility to aspiration 

pneumonia, which was identified as the leading cause of death in a natural history 

study of SBMA (Atsuta et al., 2006).  

Historically SBMA has been considered a condition of the lower motor neurons, 

however, clinical case series and natural history studies have provided fascinating 

evidence demonstrating that SBMA is a multisystem disease. It is clear that some 

patients also develop sensory and subclinical autonomic neuronal involvement with 

paraesthesia and neuropathic pain reported, particularly in the feet (Antonini et al., 

2000; Manganelli et al., 2007; Rocchi et al., 2011). Patients also frequently develop 

bladder outflow obstruction without clear evidence for benign prostatic hypertrophy, 

and other lower urinary tract symptoms (Querin et al., 2016). Interestingly, acute 
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urinary retention due to myotonic discharges in the skeletal muscle of the lower 

urinary tract due to decreased expression of skeletal muscle ion channels causes 

premature death in a knock-in mouse model of the disease (Yu et al., 2006). Taken 

together these findings suggest a primary neuro-urology component of SBMA.  

Evidence of non-neuronal features include that of androgen insufficiency, cardiac 

abnormalities and a metabolic syndrome. Prominent features of androgen 

insufficiency include gynaecomastia, reduced fertility, erectile dysfunction, testicular 

atrophy and reduced risk of androgenetic alopecia (Sinclair et al., 2007; Querin et al., 

2016). Pathological examination does not show evidence of structural or 

morphological abnormalities in the myocardium, however in 2014, cardiac 

abnormalities were reported for the first time in a case series of SBMA.  Brugada 

syndrome, a cardiac arrhythmia, was found in 12% of cases in a Japanese clinical 

study, as well as other rhythm abnormalities, and patients should now be routinely 

screened with an EEG in clinic (Araki et al., 2014). Metabolic dysfunction manifests in 

SBMA with raised cholesterol and low-density lipoprotein (LDL), increased insulin 

resistance and, recently, the presence of non-alcoholic steatohepatitis (despite 

normal BMI) in patients (Rhodes et al., 2009; Querin et al., 2016; Guber et al., 2017; 

Nakatsuji et al., 2017).  

Clinical investigation in SBMA can be used to detect the metabolic dysfunction on 

biochemical profiles, as well as elevated creatine kinase (CK) and lactate 

dehydrogenase which reflects a primary myopathy in SBMA which will be discussed 

later (Lombardi et al., 2019). Testosterone levels are usually within the normal 

reference range, however approximately one third of patients have androgen 

resistance (Querin et al., 2016). Neurophysiological testing typically shows evidence 

of reduced compound motor action potentials and decreased sensory nerve 

amplitudes on nerve conduction studies which correlate with length of the CAG 

repeat (Suzuki et al., 2007). Quantitative MRI has recently shown a characteristic 

pattern of fat infiltration in bulbar and limb muscles in SBMA which correlates with 

disease severity and allows differentiation between SBMA and ALS which makes it a 

useful new diagnostic tool (Klickovic et al., 2019).  Muscle biopsy studies have long 



21 
 

recognised the presence of neurogenic findings with a mixture of hypertrophic and 

atrophic fibres demonstrating a secondary pathology in the muscle (Borgia et al., 

2017). However, primary myogenic defects were also shown to present in muscle 

biopsies from SBMA patients (Sorarù et al., 2008). Post-mortem examinations of 

patients with SBMA identify motor neuron loss in the brainstem motor nuclei and the 

anterior horn of the spinal cord (Sobue et al., 1989).  

Diagnosis of SBMA is made by confirmation of a polyglutamine repeat expansion in 

the androgen receptor (AR) gene on genetic testing with a longer polyglutamine 

repeat correlating with an earlier age of disease onset (Doyfiscu et al., 1992). 

Diagnosis is often delayed and in the UK cohort of SBMA patients 30% of patients 

have received a previous, incorrect diagnosis prior to confirmation of SBMA (Fratta 

et al., 2014).  

The prognosis for SBMA is that the majority of patients have a normal life expectancy 

although patients with prominent bulbar involvement are at risk of developing 

aspiration pneumonia which may be fatal (Atsuta et al., 2006). There are currently no 

disease-modifying treatments in routine clinical practice to treat SBMA, however, 

some clinical trials are currently in progress or have recently completed (Querin et 

al., 2013; Shrader et al., 2015; Hashizume et al., 2017; Hijikata et al., 2018).  

1.1.2 The Androgen Receptor 

In 1991, a landmark finding was published by La Spada et al who first identified that 

SBMA is caused by a trinucleotide CAG repeat expansion  in the first exon of the 

androgen receptor (AR) gene which encodes for the polyglutamine repeat tract 

within the AR protein (La Spada et al., 1991). The androgen receptor (AR) gene is 

located on the X-chromosome and is composed of 8 exons that span approximately 

180kb of DNA. The AR gene encodes the androgen receptor (AR) protein through 

transcription and subsequent translation of its mRNA which consists of the 2.7kb 

ƻǇŜƴ ǊŜŀŘƛƴƎ ŦǊŀƳŜΣ ŀ мΦмƪō рΩ ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴ ό¦¢wύ ǿƘƛŎƘ ƛǎ ǘƘŜ ƭƻƴƎŜǎǘ ƻŦ ŀƴȅ 

ƻŦ ǘƘŜ ǎǘŜǊƻƛŘ ƘƻǊƳƻƴŜ ǊŜŎŜǇǘƻǊǎΣ ŀƴŘ ŀ сΦуƪō оΩ¦¢w (Faber et al., 1991). In prostate 
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cancer cell lines, expression of the AR gene has been shown to be directly suppressed 

by the AR binding to the second intron suggesting that it regulates its own expression 

(Cai et al., 2011).   

The AR is a member of the steroid and nuclear hormone receptor super family and is 

a ligand-activated transcription factor (Brinkmann et al., 2011). The AR mediates the 

physiological response to testosterone, or its metabolite dihydrotestosterone, and is 

therefore a key component in the development and maintenance of male sexual 

characteristics. The AR is ubiquitously expressed but with high expression in the male 

sexual organs as well as in the muscle and motor neurons. Testosterone is the 

principle circulating endogenous androgen and is produced in the testes of adult 

males. Intracellularly testosterone can be converted into dihydrotestosterone (DHT) 

through the action of the enzyme 5h-reductase which is highly expressed in motor 

neurons where DHT is the primary ligand for the AR. Higher levels of testosterone in 

males explains the sex specificity of SBMA. In a drosophila model of SBMA, transgenic 

flies expressing the polyQ AR only develop signs of neurodegeneration if fed with 

food containing androgens (Takeyama et al., 2002). Historically neurotoxicity of the 

polyglutamine expansion in SBMA was believed to occur after activation of the AR 

polyQ by its ligand, however, two recent studies have found pathogenic changes in 

iPSC MN precursors preceding exposure to testosterone (Malik et al., 2019; Xu et al., 

2018). 

The AR comprises three principle domains: the N-terminal transcriptional regulation 

domain (NTD) the central DNA-binding domain (DBD) and the carboxy-terminal 

ligand binding domain (LBD); as shown in Figure 1. 
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Figure 1 Schematic of the androgen receptor.  

The androgen receptor (AR) is a steroid hormone receptor that binds testosterone through 

the ligand binding domain (LBD). The polyglumatine (PolyQ) tract in which there is expansion 

in SBMA is shown bold and underlined and is in the N-terminal transcriptional regulation 

domain (NTD). This is usually 9-36 in healthy individuals but causes SBMA if there are more 

than 38 repeats. The NTD also contains two additional polyglutamine tracts, a polylycine tract 

and a polyproline tract. On binding to testosterone the AR undergoes a conformational 

change and is translocated to the nucleus where it binds AR target genes through the DNA 

binding domain (DBD) which contains a nuclear localisation signal and two zinc fingers to bind 

to nuclear DNA. The hinge region targets the AR protein for degradation through the 

ubiquitin-proteasome system. Two subdomains: activating factor 1 (AF-1) in the NTD and 

activating factor 2 (AF-2) in the ligand binding domain are involved in binding co-activators 

and regulators of transcription.  

The NTD is the least structured domain of the AR and this is where the polyglutamine 

tract involved in SBMA is found, as well as two additional polyglumatine tracts which 

can also negatively affect AR function (Harada et al., 2010). There is also a polyglycine 

tract, the length of which does not affect disease severity and a polyproline tract. 

Within the NTD there is a subdomain, called activating function 1 (AF-1), which 

recruits the p160 family of nuclear receptor coactivators, including the steroid 

receptor co-activator-1 (SRC-1) and c-AMP responsive element binging protein (CBP), 

to the AR, and both of these interactions are altered in models of SBMA (Stenoien et 

al., 1999; McCampbell et al., 2000). The DBD has a nuclear localisation signal (NLS), 

two zinc fingers and a hinge region. The NLS is bipartite with two clusters of 

conserved basic residues and works in a hormone-dependent fashion. There are two 
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zinc fingers, one of which controls the site of binding to the DNA and the one which 

stabilises this binding.  Finally, there is the hinge region which targets proteins to the 

ubiquitin proteasome system for degradation through a PEST sequence (proline, 

glutamic acid, serine and threonine). The LBD comprises 12 alpha helices and 4 beta 

strands and undergoes a conformational change in response to ligand binding with 

the formation of activating factor 2 (AF-2) which recruits co-regulators of 

transcription (Tan et al., 2015). Within the AR the interaction between the domains 

is critical to the function of the receptor (Beitel et al., 2013). The N/C terminal 

interaction occurs when the activation function 2 (AF2), a protein interaction surface, 

formed through a conformational change of the LBD, binds to the 23FQNLF27 motif 

near the AR N-terminus. This is essential for activation of specific genes in an 

androgen-dependent manner. 

The molecular weight of the AR is approximately 110kDa and is typically located in 

the cytoplasm in an inactive complex with heat shock proteins and molecular 

chaperones (Pratt et al., 1994). Hsp90 within the complex stabilises the protein 

conformation, prevents mis-folding and ensures that the AR complex is in a high 

affinity state for hormone binding which is important for an efficient response to 

testosterone (Fang et al., 1996). On ligand-binding, the AR homo-dimerises exposing 

the nuclear localisation signal in the DBD domain which binds to importin h thus 

facilitating translocation to the nucleus. Here, the zinc fingers of the DBD facilitate 

the direct binding of the AR to the promoter and regulator regions of the AR target 

genes. The NTD and LBD can stimulate or repress the transcription of these genes 

through androgen-response elements (ARE).  Transcriptional activity can also happen 

on targets which do not contain ARE, either indirectly or by binding to other regions. 

A complex forms at the ARE site between the AR, transcriptional activators and 

repressors and transcriptional machinery such as RNA polymerase II leading to 

transcriptional regulation of target genes. Following transcription the AR is exported 

from the nucleus and undergoes degradation by the ubiquitin-proteasome system 

(Gong et al., 2012).  
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The AR is a protein which undergoes hormone-dependent and hormone-

independent post-translational modifications throughout its normal metabolism 

including: phosphorylation, SUMOlyation, acetylation and ubiquitination (Gottlieb et 

al. , 2012) and some of these are altered by the polyQ expansion (Arnold et al., 2019; 

Chua et al., 2015; Montie et al., 2011). In the presence of the mutant AR these 

modifications can impact normal cellular trafficking, transcriptional activation, 

protein interactions and degradation (Arnold et al., 2019).   

1.1.3 Polyglutamine repeat disorders 

SBMA is one of a family of nine neurodegenerative diseases caused by an expansion 

of glutamine (CAG) repeats in the coding region of their respective determining gene 

(Table 1)Φ ¢ƘŜ ƻǘƘŜǊ ƳŜƳōŜǊǎ ƻŦ ǘƘƛǎ ƎǊƻǳǇ ŀǊŜΥ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜΣ ŘŜƴǘŀǘƻǊǳōǊŀƭ 

pallidoluysian atrophy (DRPLA) and six of the spinocerebellar ataxias SCA 1, 2, 3, 6, 7 

and 17. In SBMA the polyglutamine (polyQ) repeat expansion is found in the first exon 

of the AR gene (La Spada et al.,1991). Polyglutamine diseases have a clear genotype-

phenotype correlation in which a longer length of the CAG repeat correlates with 

increased clinical severity and earlier disease onset. In healthy individuals the CAG 

repeat length ranges from 9-36, however, a repeat length longer than 37 can result 

in SBMA. The critical threshold for several polyQ repeat disorders is around 40 

glutamines suggesting a structural change in the protein structure at this length 

(Perutz et al., 1994) which may have important implications for AR function.  

The proteins encoded in polyQ repeat disorders are expressed in multiple tissues, 

however in all these conditions neurons are particularly vulnerable, suggesting that 

an inherent property of the expanded polyglutamine tract is deleterious to neurons. 

Interestingly, the gene which contains the polyglutamine tract appears to guide the 

selection of neǳǊƻƴŀƭ ǎǳōǘȅǇŜ ǾŀǊƛŀōƛƭƛǘȅΦ CƻǊ ƛƴǎǘŀƴŎŜΣ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ 

preferentially affects the neurons of the striatum and SBMA the lower spinal and 

bulbar motor neurons. Nevertheless, there are likely to be common mechanisms that 

underlie disturbance of neuronal function due to the expression of polyQ proteins 
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which will provide insights into the development of effective therapies for these 

diseases.  

Table 1 Polyglutamine diseases 

Disease Gene Pathogenic CAG 
repeat threshold 

Clinical features 

SBMA AR >37 Neuromuscular weakness 

IǳƴǘƛƴƎǘƻƴΩǎ 
Disease 

HTT >35 Chorea, progressing to cognitive decline 

DRPLA ATN1 >47 Progressive myoclonic epilepsy, ataxia 

SCA 1 ATXN1 >38 Ataxia 

SCA 2 ATXN2 >32 Ataxia, parkinsonism, dementia 

SCA 3 ATXN3 >60 Ataxia, opthalmoplegia, spasticity 

SCA 6 CACNA1A >18 Ataxia, peripheral neuropathy, 
oculomotor involvement 

SCA 7 ATX7 >33 Ataxia, retinal degeneration 

SCA17 TBP >40 Ataxia, parkinsonism, psychiatric 
disturbance 

 

Polyglutamine diseases are caused by both loss of function and toxic gain of function 

mechanisms. In SBMA the endocrine phenotype of testicular atrophy, gynaecomastia 

and impotence may reflect androgen insensitivity due to a loss of AR function. 

However, loss of function is not sufficient to explain the neurological components of 

the disease as neuromuscular deficits are not seen in patients with complete 

androgen insensitivity syndrome (Brinkmann et al., 1996). It appears that the polyQ 

tract in the AR results in the loss of full androgen sensitivity as well as the gain of 

toxicity to motor neurons. 

1.1.4 Motor neuron diseases 

The motor system consists of upper motor neurons (UMN) and lower motor neurons 

(LMN). There are several motor pathways but here I will describe the path of the 

lateral corticospinal tract which is primarily involved in motor neuron diseases. The 

cell bodies of UMNs are located in the primary motor cortex (or precentral gyrus) 

with their axons projecting down through the posterior limb of the internal capsule 

to the brainstem where they decussate in the medulla oblongata to form the 



27 
 

contralateral lateral corticospinal tract and ultimately synapse through glutaminergic 

neurotransmission with lower motor neurons at the level of the appropriate spinal 

root. The cell bodies of the lower motor neurons are located in the anterior horn of 

the spinal cord with axons projecting to the target muscle.  

Voluntary movement is initiated in the pre motor cortex in the frontal lobe as a 

response to external stimuli which sends activating signals to the primary cortex. The 

signal is refined through feedback loops to the basal ganglia but ultimately leads to 

generation of action potentials in the UMNs. These electrical signals are then 

transmitted to the LMNs which depolarise in response to glutamate released by the 

UMN. The depolarisation triggers an action potential which travels down the length 

of the LMN axon through saltatory conduction to the neuromuscular junction. Here, 

the electrical signal of the action potential is converted to a chemical signal with the 

release of acetylcholine, a neurotransmitter. Post-synaptic acetylcholine receptors 

on the muscle bind to the acetylcholine instigating a change in conformational 

change of ion channels which allows the flow of potassium, chloride and sodium ions 

with the resulting change in potential ultimately leading to the release of calcium ions 

from the sarcoplasmic reticulum. This activates the contractile equipment of the 

muscle leading to the contraction of the muscle. The fibre type of an innervated 

muscles fibre is defined by the LMN that innervates it and they are divided into type 

1 (slow twitch), type 2A (fast oxidative) and type 2B (fast glycolytic) fibres which are 

normally distributed in a checkerboard pattern in healthy muscle.  

SBMA is one of several diseases caused by selective degeneration of the motor 

neurons, known as motor neuron diseases (MND). In MND there is progressive 

neurodegeneration that affects the motor neurons. As motor neurons die in MND 

there is denervation of the muscle which leads to muscular atrophy. There is some 

compensation with re-innervation from surviving motor neurons which sprout axons 

to synapse onto muscle fibres previously innervated by a LMN that has been lost to 

disease. This leads to fibre type grouping of muscle fibres of the same group rather 

than the checkerboard pattern in healthy individuals. Compensation through re-



28 
 

innervation decreases as the number of surviving motor units fall until approximately 

5% of the MNs are viable (Hansen et al., 1978).  

The most common subtype of MND is amyotrophic lateral sclerosis (ALS), but this 

group also includes primary lateral sclerosis (PLS), progressive bulbar palsy (PBP) and 

progressive muscular atrophy (PMA). Clinically UMN involvement is identified by the 

presence of increased tendon reflexes, spasticity and increased pathological reflexes, 

whilst LMN signs include muscle atrophy and muscle weakness as well as 

fasiculations. ALS typically presents with focal, asymmetric onset of wasting and 

weakness which spreads throughout an affected limb and then to contiguous body 

regions, although symptom onset can be generalised (Shefner et al., 2020). Patients 

may also present with dysarthria and dysphagia due to bulbar MN involvement and 

a subgroup of patients are also at risk of developing frontotemporal dementia. ALS 

affects the UMN and the LMN in contrast with SBMA which purely affects the LMN. 

ALS has a lifetime risk of 1:400 and is a rapidly progressive disease leading to death 

typically within 2-5 years of diagnosis with respiratory failure (Brown and Al-Chalabi, 

2017). PLS exclusively affects the upper motor neurons and occurs in approximately 

5% of patients. The prognosis is good with survival of 20 years relatively common. 

PBP however has a poor prognosis with a median survival of 2 years. It is limited to 

the bulbar musculature at presentation although there may be subsequent spread to 

cervical regions. PMA is a very rare subtype with a better survival rate than ALS which 

only affects the lower motor neurons.  

Most research in MND has focussed on ALS and significant advances have been made 

in identifying ALS-causing genetic mutations, although the majority of patients do not 

have a genetic diagnosis (Al-Chalabi et al., 2017). This is reflected in the variable 

phenotype of ALS with regard to age of onset, rate of progression etc. The disruption 

of numerous cellular mechanisms have been identified in motor neurons in ALS 

including, but not limited to, oxidative stress, axonal transport, mitochondrial 

dysfunction, disrupted protein homeostasis leading to aggregation and aberrant RNA 

metabolism (Hardiman et al., 2017). Comparing and contrasting mechanisms 

between ALS and SBMA can inform our understanding of both diseases.   
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 Pathomechanisms involved in the development of SBMA 

The precise mechanisms of polyQ mediated toxicity in SBMA are complex and are yet 

to be fully understood. Multiple cellular mechanisms have been found to be 

disrupted in motor neurons in SBMA models including alterations in the structure and 

functional ability of the AR, protein homeostasis, transcriptional dysregulation and 

mitochondrial impairment which are discussed in detail below. The complex 

interaction of, and between, these mechanisms leads to the development of SBMA. 

More controversial are the roles that axonal transport deficits, nuclear inclusions and 

inhibition of the ubiquitin-proteasome system play in disease.  

1.2.1 Alterations in AR structure and function 

In SBMA the polyglutamine repeat expansion is found in the N-terminal domain of 

the AR and this expansion has been shown to lead to a conformational change in the 

protein with an increase in the h-helices and decrease in the ̡-structures seen in the 

presence of a 45Q repeat sequence (Davies et al., 2008). This altered structure was 

subsequently found to be more sensitive to urea-induced unfolding (Davies et al., 

2008). This finding supports the view that the polyQ repeat is involved in modulating 

the structure and folding of the AR.  

These proteins with altered protein conformation have then been shown to form 

oligomers or aggregates (Beitel et al., 2013). In SBMA, investigations have explored 

the formation of polyQ AR oligomers, defined as sub-macromolecular structures that 

are soluble after high speed centrifugation, as pathological in SBMA as large 

intracellular inclusions do not always correlate with SBMA phenotype in models of 

SBMA (Beitel et al., 2013; M. Li et al., 2007). One study utilised atomic force 

microscopy to characterise the sub-micrometre aggregates in a neuronal cellular 

model of SBMA and found that the wildtype (WT) AR formed annular oligomers with 

a diameter of 120-180nm, whilst polyQ AR formed oligomeric fibrils 300-600nm in 

length (Jochum et al., 2012). These oligomeric forms of the pathogenic proteins may 

in fact be the primary focus of early pathology and may lead to microaggregates 
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which are not visible on conventional microscopy but are detrimental to MNs (Malik 

et al., 2013). 

Nuclear inclusions of polyQ AR in the spinal and brainstem motor neurons are a 

pathological hallmark of SBMA and were first identified in post mortem tissue (Li et 

al., 1998). These inclusions were not seen in neural tissue that was unaffected by the 

disease. Subsequent studies have revealed that these inclusions are ligand-

dependent or formed following specific AR selective modulators (Stenoien et al., 

1999; Rusmini et al., 2007). This may be due to testosterone triggering a 

conformational change from a non-toxic to a toxic structure which generates 

aggregates (Simeoni et al., 2000). The extent to which these inclusions disrupt normal 

cellular function, represent an active process by the cell to try and maintain protein 

homeostasis, or a feature of final disease rather than a mechanism leading to it 

remains contentious with little direct relationship between cell death and the 

presence of inclusions. Nevertheless the presence of proteins involved in protein 

homeostasis within these inclusions suggest they are involved in the pathology even 

if they do not represent the earliest pathogenic event.  

Within the cytoplasm the AR interacts with approximately 250 proteins (Gottlieb et 

al., 2012). The AR NTD allows the participation in protein-protein interactions with 

other transcription factors and co-regulatory proteins through a transactivation 

domain. Therefore the structural changes seen in the AR as a result of the polyQ tract 

in the NTD can strengthen or reduce these interactions (Davies et al., 2008). For 

example, cytochrome c oxidase subunit Vb (COXVb) interacts with WT AR more 

strongly than polyQ AR in a dose-dependent manner (Beauchemin et al., 2001), whilst 

in contrast, p23, which is an essential component of the Hsp90 complex has a greater 

affinity for polyQ AR (Waza et al., 2005).  These altered interactions may have 

downstream consequences, with polyQ AR able to specifically interact with Pax-

Transactivation-domain-interaction protein (PTIP), which functions in the DNA 

damage response and failure of which can lead to the accumulation of mutations and 

further cellular dysfunction in SBMA (Xiao et al., 2012).  



31 
 

1.2.2 Protein homeostasis 

In most neurodegenerative diseases, proteins fold aberrantly due to either their 

underlying structure, or, due to a causative mutation. Protein homeostasis reflects 

the ability of the cell to deal with misfolded proteins. Intracellular pathways maintain 

protein homeostasis at baseline and in response to cellular stress. In the presence of 

misfolded proteins, the protein homeostasis system activates through the chaperone 

heat shock protein family, through the ubiquitin-proteasome system and/or through 

the autophagy-lysosomal pathway.  Disruption of these homeostasis systems are 

implicated in multiple neurodegenerative disorders. When this happens, misfolded 

proteins are not properly disposed of and can exert toxic effects on the cell leading 

to cellular vulnerability and ultimately cell death. In SBMA protein homeostasis is 

disrupted as the expanded PolyQ proteins are prone to misfold (Perutz et al., 1994). 

The polyQ segment is proposed to cause misfolding either through (i) intramolecular 

factors, with the polyQ causing an intrinsic propensity to misfold (ii) the elongated 

size causes improper folding (iii) intermolecular factors with oligomerisation or 

aggregate formation between polyQ AR proteins (Rusmini et al., 2016). The aberrant 

AR proteins are prone to aggregation which is seen as a pathological hallmark of 

SBMA (Li et al., 1998; Rusmini et al., 2016). Protein homeostasis may be particularly 

disturbed in cells with a high level of expression of AR including lower motor neurons 

as well as muscle cells.  I will now discuss the experimental evidence for the disruption 

of protein homeostasis in SBMA in the three key pathways for protein quality control.  

1.2.3 The heat shock response 

A family of endogenous, ubiquitous proteins called heat shock proteins (HSPs) 

provide the first line of cellular defence in protein homeostasis. HSPs form part of the 

heat shock response which is activated in response to a number of cellular stressors 

(Welch et al., 1991) On exposure to cellular stress, the transcription factor heat shock 

factor 1 (HSF-1) trimerises and translocates to the nucleus where is binds to heat 

shock elements in the DNA, leading to upregulation of the heat shock proteins 

(Morimoto et al., 1996). Hsps are categorised according to their molecular weight: 
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small HSPs, HSP40, HSP60, HSP70 and HSP90 (Brehme et al., 2014) These molecular 

chaperones stabilise and refold misfolded proteins, transport irreparably damaged 

proteins to the proteasome and inhibit apoptosis (Beere et al., 2000). Small HSPs and 

HSPпл ŀŎǘ ŀǎ άƘƻƭŘŀǎŜǎέΣ ƛƴƘƛōiting aggregation and facilitating other chaperones and 

the larger Hsps are ATP-ŘŜǇŜƴŘŜƴǘ άŦƻƭŘŀǎŜǎέΦ  

Cell types vary in the threshold and strength of the heat shock response they can 

generate in response to cellular stress (Sala et al. 2017; Tsvetkov et al., 2013). 

Interestingly, motor neurons require a very high threshold for induction of the heat 

shock response  (Batulan et al., 2003) whilst astrocytes respond robustly to stress 

with upregulation of Hsps (Kalmar et al., 2002). Supplementation of HSPs to MNs by 

astrocytes has been hypothesised as part of the supportive role of astrocytes (Kalmar 

et al., 2017). The WT AR is held in the cytoplasm by a complex with heat shock 

proteins, suggesting a close relationship between the AR and protein handling even 

under normal physiological conditions. 

Heat shock proteins (HDJ1, HSC7, HSP70 and HSP90) are sequestered in nuclear 

inclusions in SBMA, supporting the importance of these chaperones within the 

pathogenesis of the disease (Stenoien et al., 1999). In general, over expression of 

Hsps leads to a reduction in the total amount of polyQ AR in neuronal cells (Adachi et 

al., 2009). This can be mediated by HSF-1 expression as observed by Kondo et al, who 

also found that HSF-1 expression was lower in the anterior horns of AR97Q mice 

compared with controls (Kondo et al., 2013). Furthermore, knocking out HSF-1 led to 

considerable pathological accumulation of AR aggregates, particularly in the liver and 

motor neurons, accompanied by a more severe phenotype. In contrast, 

overexpression of HSF-1 led to upregulation of heat shock proteins and amelioration 

of disease (Kondo et al., 2013). In addition to active refolding of aberrant proteins, 

chaperone effects can be mediated through interaction with other proteins such as 

the C-terminus of HSC70 interacting protein (CHIP) which ubiquitinates the polyQ AR 

trapped in the chaperone machinery, thus initiating degradation in the proteasome 

as discussed below. CHIP reduces polyQ AR in neuronal cell models and 

overexpression was found to reduce neuronal nuclear accumulation of polyQ AR and 
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ameliorate the phenotype in the AR97Q mouse model of SBMA (Adachi et al., 2007).  

The small HSPs also play a role in anti-aggregation activity in SBMA. HSPB8 has proven 

to be a potent inhibitor of aggregation of AR, by forming a complex with a co-

chaperone, BAG3, which promotes the degradation of misfolded proteins which are 

resistant to refolding through the autophagy pathway, rather than the ubiquitin-

proteasome system .  

The ubiquitin proteasome system 

The ubiquitin-proteasome system (UPS) targets short-lived or misfolded cellular 

proteins for degradation through a tightly controlled, highly complex, temporally 

regulated process which is a post-translational modification to the AR protein which 

modulates the activity of the AR but with multiple ubiquitin moieties this triggers the 

polyubiquitin degradation signal, followed by the breakdown of the protein by the 

26S proteasome complex. In neurodegenerative diseases with aggregated specific 

proteins, this can inhibit the activity of the UPS in addition to potentially 

overwhelming the capacity of the system. Disruption of the UPS has been implicated 

in AD, PD and ALS (Ciechanover and Brundin, 2003).  

There are two ubiquitination sites on the AR protein and three main ubiquitin ligases 

known to interact with the AR: MDM2, c-terminus of the heat shock cognate protein 

70 interacting protein (CHIP) and RNF6 (Lin et al., 2002; Xu et al., 2009). CHIP and 

MDM2 are involved in the degradation of the AR through polyubiquitinating the 

protein, whilst RNF6 promotes AR dependent transcription. Both WT AR and polyQ 

AR are processed by the proteasome and inhibition of the UPS leads to large 

accumulations of either WT or mutant AR in neuronal and non-neuronal cells 

(Rusmini et al., 2007; Dossena et al., 2014).  

In SBMA, the nuclear inclusions observed in autopsy tissue are heavily ubiquitinated, 

which supports a clear role for altered UPS degradation in disease pathogenesis (Li et 

al., 1998). Neuronal cells form inclusions more readily than in other cell types, 

perhaps due a less efficient protein homeostasis in these cells,  and aggregates of 
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ligand induced polyQ AR have been observed in IPSC derived MNs treated with DHT, 

but not in iPSCs or fibroblasts (Nihei et al., 2013). There are components of the UPS 

(NEDD8 and PA700) which are sequestered into the inclusion bodies and this, in 

combination with inhibiting the UPS could alter protein repair and degradation, as 

observed in other polyQ disorders (Rusmini et al., 2016). Certainly there is evidence 

for inhibition of proteasome activity in SBMA using a drosophila model of the SBMA 

expressing a reporter for proteasome function (Pandey et al., 2007).  However, 

Rusmini et al found that nuclear UPS activity was unaffected in the NSC34 cell model 

despite the presence of aggregates polyQ AR in response to testosterone (Rusmini et 

al., 2007). In addition to this finding Tokui found that UPS activity was well preserved 

in the AR97Q mice, and was even increased in advanced stages despite a severe 

phenotype, further raising questions about the significance of UPS dysregulation as a 

key pathomechanism in SBMA (Tokui et al., 2009). Therefore, the role of the UPS in 

SBMA remains somewhat controversial and requires further investigation.  

1.2.4 Autophagy 

Autophagy is the molecular process by which damaged or misfolded proteins are 

targeted for break down in the lysosome.  Neurons have a high rate of basal 

autophagy and alterations in the autophagy pathway have been reported in many 

neurodegenerative disorders including HD, AD and PD. Activation of autophagy has 

been shown to reduce DHT dependent neuronal cell loss in AR112Q mice and AR121Q 

drosophila (Pandey et al., 2007). Despite the upregulation of expression of autophagy 

genes, the presence of autophagosomes and accumulation of lipidated microtubule 

associated protein 1A/1B light chain 3 and sequestosome 1 (Sqstm1 and p62) 

suggests that autophagic flux may be altered in SBMA (Hashizume et al. , 2020).  

1.2.5 The unfolded protein response 

The unfolded protein response (UPR) is a protein control pathway located in the 

endoplasmic reticulum (ER). The ER is well known as a point of quality control as well 

as being involved in cellular functions including calcium homeostasis (Kaufman, 



35 
 

1999). The UPR is activated through the activation of protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) following dissociation from binding 

immunoglobulin protein (BiP) which is essential for protein folding (Szegezdi et al., 

2006). Activation of PERK induces phosphorylation of EIF2A which attenuates protein 

translation and therefore reduces protein load. ATF4 is exempt from translational 

arrest and translocates to the nucleus where it induces the transcription of pro-

survival and pro-apoptotic proteins. The survival of the cell depends on the balance 

of these proteins (Szegezdi et al., 2006). Apoptosis occurs when there is prolonged 

ER stress leading to the inability of the UPR to restore ER homeostasis.   

Our lab has shown that ER stress and calcium depletion are present in cultured motor 

neurons from the AR100Q mouse model of SBMA, with activation of the UPR. In 

addition, markers of ER stress were observed in the spinal cords of pre-symptomatic 

AR100Q mice, suggesting that disruption of the UPR may represent one of the causal 

roles in the pathogenesis of SBMA. Finally, pharmacological inhibition of this pathway 

with salubrinal significantly reduced the activation of ER stress induced associated 

apoptosis with the suppression of activation of caspase 12 representing a potential 

early target for therapeutics. However, the complex interaction between the UPR and 

autophagy has not been completely decoded in SBMA, for example the UPR is 

increased in skeletal muscle from male AR113Q knock-in mice and patients with 

SBMA (Yu et al., 2011). However disruption of this pathway led to muscle atrophy 

despite increased autophagy, whilst impairing autophagy also led to muscle atrophy.  

1.2.6 Transcriptional dysregulation 

The AR is a transcription factor that controls the expression of androgen-responsive 

genes, which is activated by ligand binding (Cary and La Spada, 2008). It has been 

demonstrated that the mutant AR has increased binding to DNA, despite reduced 

transactivation (Belikov et al., 2015). Pathogenic polyQ AR leads to transcriptional 

dysregulation and this is considered to be a major contributor in the molecular 

pathology of SBMA. It has been proposed that transcription is affected by pathogenic 

polyQ AR accumulating in the nucleus, aberrantly sequestering and/or hindering the 
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essential function of transcription factors and co-activators such as heat shock 

proteins (Hsps) and CREB-binding protein (CBP) (McCampbell et al., 2000; Sopher et 

al., 2004; Katsuno et al., 2005). Further evidence for this possibility is the finding that 

normal AR promotes transcription factor EB (TFEB) transactivation, whereas polyQ 

AR interferes with. TFEB acts as a master regulator for the coordinated lysosomal 

enhancement and regulation (CLEAR) gene network that controls lysosomal function 

and is therefore key to autophagy.  

The pathogenic AR also directly affects the transcription of diverse genes in both MNs 

and muscles of mice and patients with SBMA, resulting in reduced mRNA levels of 

vascular endothelial growth factor (VEGF), skeletal muscle chloride channel 1, 

skeletal muscle sodium channel h-subunit, neurotrophin 4 and glial cell derived 

neurotrophic factor (Sopher et al., 2004; Yu et al., 2006). Some transcriptional 

dysregulation is seen in genes involved in neuronal maintenance, clearly highlighting 

a potential mechanism for MN loss with transcriptional dysregulation of these genes 

(Katsuno et al., 2002; Minamiyama et al., 2012). Transcription has been shown to be 

disrupted with an inverse relationship between the length of the polyQ tract and total 

transcriptional activity (Kazemi-esfarjani et al., 1995; Nakajima et al., 1996). More 

recently, in depth studies of transcriptional activity have highlighted transcriptional 

dysregulation in SBMA patient iPSC-derived MNs. Sheila et al used microarray 

analysis to gain insights into the transcriptional differences between control and 

SBMA patient iPSC MNs and identified a novel gene, FAM135B, which was 

significantly downregulated in SBMA. Subsequently, RNA sequencing of SBMA iPSC 

MNs identified dysregulation of genes involved in synapses, epigenetics and the 

endoplasmic reticulum (Onodera et al., 2020). 

1.2.7 Alternative splicing 

RNA splicing is the process through which the pre-mRNA is processed through intron 

removal and connection of exons to make the mRNA molecule that is used in 

translation to make a protein. This process is catalysed by a large RNA-protein 

complex called the spliceosome. Alternative splicing allows for different proteins to 
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be synthesised from the same gene by varying the exon composition of the mRNA. 

This can occur through exon skipping, mutually exclusive exons, alternative donor 

sites, alternative acceptor sites or intron retention. In our lab we have found that 

increased intron retention (IR) is a dominant and early feature of ALS pathology which 

has been observed in mutant VCP, SOD1 and FUS MNs, with the most significant IR 

seen in the splicing factor proline and glutamine rich (SFPQ) transcript. IR may 

therefore be a common molecular hallmark of MN loss. The AR has been shown to 

interact with RNA splicing factors PTD-associated (PSF) and p54nrb  (Dong et al., 

2007). Alternative RNA splicing of the mRNA encoding the chlorine channel Clcn1 has 

been observed in a hormone dependent manner in the AR113Q mouse model of 

SBMA and was associated with an increase in expression of the RNA-binding protein 

CUGBP1 (Yu et al., 2009). This suggests that the polyQ AR can influence RNA 

processing and splicing events, an observation which requires further exploration.   

1.2.8 Mitochondrial dysfunction 

Mitochondria are subcellular organelles which undertake an essential role in cellular 

metabolism through their primary function which is the generation of ATP by 

oxidative phosphorylation (OXPHOS). Mitochondrial function is closely linked to its 

double-membraned structure. The outer mitochondrial membrane encapsulates the 

mitochondria and allows the passage of small molecular weight substances. The 

mitochondrial respiratory chain is localised on the highly-folded, highly impermeable 

inner mitochondrial membrane. The respiratory chain consists of four complexes: 

NADH coenzyme Q reductase (complex I), succinate coenzyme Q reductase (complex 

II) ubiquinol cytochrome c reductase (complex III) and cytochrome c oxidase (complex 

IV), and two electron carriers, cytochrome C and ubiquinone. In the centre of a 

mitochondria is the matrix, which contains the enzymes involved in mitochondrial 

fatty acid oxidation and the tricarboxylic acid cycle. Electrons are transported along 

the respiratory chain through a series of oxidoreduction reactions to molecular 

oxygen, generating an electrochemical gradient which drives ATP synthesis by ATP 

synthase (complex V).  
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Within the cell, mitochondria form networks and are continually undergoing fission 

and fusion, with new mitochondria being formed and old mitochondria being 

degraded. In neurons, mitochondria also have to travel up and down axons. 

Disruption to any of these processes can be severely detrimental to the cell. 

Mitochondria are also involved in numerous other cellular processes such as 

apoptosis, calcium homeostasis and biogenesis of iron-sulphur clusters (Alston et al., 

2017). Mitochondria are therefore critical to normal functioning of the cell, and 

mitochondrial dysfunction has been implicated in several neurodegenerative 

ŘƛǎŜŀǎŜǎ ƛƴŎƭǳŘƛƴƎ ![{ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ 5ƛǎŜŀǎŜ (Kodavati et al., 2020).  

It has been proposed that in SBMA, the polyQ AR can influence mitochondrial 

function through regulation of transcription of nuclear DNA-encoded mitochondrial 

proteins or mitochondrial DNA-encoded mitochondrial proteins, or may have indirect 

effects on mitochondria by interacting with proteins involved in cytoplasmic 

signalling or non-genomic control of cation flux (Gavrilova-Jordan and Price, 2007). 

Reduction in the expression of peroxisome proliferator-activated receptor gamma 

co-activator-1 (PGC-1) mRNA which is a master regulator of mitochondrial biogenesis, 

and has also been implicated in ALS and HD, is found in ligand-treated polyQ AR MN-

1 cells (Ranganathan et al., 2009). As a consequence of this there is reduced 

expression of mitochondrial transcription factor A and NADH dehydrogenase 1 which 

are nuclear-encoded genes regulated by PGC-1, as well as downregulation of 

superoxide dismutase 1 (SOD1) and SOD2.   

The AR can also directly interact with the mitochondria with both WT and especially 

polyQ AR associating with the mitochondria in MN-1 cells in culture (Ranganathan et 

al., 2009). Studies in motor neurons and muscle cells in SBMA have demonstrated 

nuclear-encoded mitochondrial proteins including COXVb, sequestered into mutant 

AR aggregates, AR localisation to mitochondria and alterations in mitochondrial 

distribution (Stenoien et al., 1999; Beauchemin et al., 2001; Borgia et al., 2017). In 

SBMA neurons this leads to mitochondrial membrane depolarisation and increased 

ROS production (Ranganathan et al., 2009). These findings are clinically validated in 

muscle biopsies from patients with SBMA which have  revealed that polyQ AR 
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accumulates at the mitochondria, with decreased mitochondrial mass and increased 

mitophagy (Borgia et al., 2017). A study using RNA sequencing in iPSC SBMA patient 

derived motor neurons revealed decreased expression of genes involved in 

mitochondrial metabolism (Pourshafie et al., 2020). Importantly, supplementation 

with pyruvate improved mitochondrial function and motor neuron viability. 

1.2.9 Axonal transport 

Axonal transport (AT) involves the movement of organelles such as signalling 

endosomes, mitochondria, lysosomes and RNA granules along the axon. AT occurs in 

both the anterograde and retrograde direction, with anterograde transport 

responsible for the delivery of synaptic components and newly synthesised proteins 

and lipids to the synapse to maintain neuromuscular synapse function, and 

retrograde transport involved in neurotrophic and injury signalling as well as return 

of ageing organelles and proteins to the cell body for degradation  (Maday et al., 

2014).   

There are two distinct types of axonal transport: first, slow axonal transport which 

occurs at a rate of 0.2-10mm/day and involves the movement of proteins including 

cytoskeletal and cytosolic proteins; second, fast axonal transport (50-400 mm/day) 

which involves transport of vesicular cargos such as endosomes, lysosomes and 

mitochondria (Roy, 2014). The relationship between the transports mechanisms are 

complex. For example, slow transport is involved in localising cytoplasmic dynein to 

the distal motor tip (Twelvetrees et al., 2016). The principle motor proteins are 

dynein and kinesin. Dynein is a key molecular motor protein which drives retrograde 

transport towards the soma for fast axonal transport, whilst kinesin predominantly 

drives anterograde transport.    

MNs have very long axons and as such are particularly vulnerable to AT defects. The 

role of disturbed axonal transport in the pathogenesis of motor neuron disease is well 

established, and deficits in AT have been detected even in embryonic motor neurons 

from mouse models of ALS (Kieran et al., 2005). In addition, genetic mutations in the 
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p150Glued subunit of dynactin 1 (which forms a complex with dynein) cause a slowly 

progressive form of ALS (Puls et al., 2003). Furthermore, fast axonal transport has 

ōŜŜƴ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ ǎŜǾŜǊŀƭ Ǉƻƭȅv ŘƛǎŜŀǎŜǎΦ Lƴ IǳƴǘƛƴƎǘƻƴΩǎ 5ƛsease, deficits in the 

transport of autophagosomes (Wong and Holzbaur, 2014), mitochondria (Weiss and 

Littleton, 2016) and TrkB containing vesicles (Liot et al., 2013) have been reported, 

and both the HTT gene and Huntington-associated protein (HAP1) have been 

implicated in axonal transport (Reck-Peterson et al., 2018).  

The role of axonal transport in the pathogenesis of SBMA has proved more 

controversial than in ALS or HD. In early studies using fluorescent tagged WT or polyQ 

AR transfected into NSC34 immortalised MN cells, mitochondrial concentration and 

kinesin distribution were found to be altered along neural processes, leading the 

authors to conclude that polyQ aggregates may physically impede neurite transport 

(Piccioni et al., 2002). Further experiments found fast axonal transport to be reduced 

in both the anterograde and retrograde directions in axoplasm in the presence of 

polyQ (Q65) AR (Szebenyi et al., 2003). Morfini found that activation of cJun N-

terminal kinase (JNK) by polyQ AR led to phosphorylation on kinesin-1 heavy chains 

and subsequently inhibited binding  of kinesin-1 microtubule binding activity and 

impaired fast AT (Morfini et al., 2006). This was reversed with JNK inhibitors, with 

rescue of fast AT and neurite length, suggesting that this is a relevant mechanism and 

a potential therapeutic strategy. This evidence suggests a role for AT disruption in the 

pathogenesis of SBMA, however these experiments were performed in fixed samples 

and looked at the expression of motor proteins and proposed downstream effects 

such as neurite outgrowth rather than directly visualising AT with live cell imaging. 

Expression of dynactin 1, a key cofactor for almost all known functions of dynein, is 

decreased in motor neurons in post-mortem spinal cord from SBMA patients. 

Dynactin 1 is also reduced in AR97Q SBMA mice and in these mice retrograde 

transport is reduced, and neurofilaments and synaptophysin are accumulated in the 

distal motor axon (Katsuno et al., 2006). These changes were observed prior to the 

onset of neurological symptoms but were reversed by castration, which prevents the 

accumulation of polyQ AR. However, in this model, mice develop a sudden onset 
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muscle pathology with premature death, without motor neuron degeneration, which 

is unlike the natural history of SBMA observed clinically.  

Live endosomal trafficking in sciatic nerve explants from both the AR113Q and the 

myogenic mouse (transgenic mice expressing WT AR in skeletal muscle only) models 

detected trafficking defects in both models which could be rescued following delivery 

of VEGF to the muscle, suggesting that there is non-cell autonomous regulation of 

axonal trafficking from muscle (Halievski et al., 2016; Kemp et al., 2011).  However, 

extensive work from our lab using a variety of approaches from live cell imaging to 

biochemical analysis failed to detect any axonal transport deficits either in vitro in 

primary MNs from the AR100Q mouse model of SBMA, or, importantly, in vivo, in the 

sciatic nerves of AR100Q mice (Malik et al., 2011). The AR100Q model more readily 

recapitulates the disease course in humans with progressive, significant motor 

neuron loss and a late progressive neuromuscular phenotype (Sopher et al., 2004).   

1.2.10 Non-cell autonomous pathology in SBMA 

The role of skeletal muscle in SBMA pathology 

Historically, SBMA has been classed as a motor neuron disease and specifically a 

lower motor neuron disease with muscular atrophy considered to be a secondary 

consequence of the neuropathy. More recently evidence has pointed to a primary 

role for skeletal muscle in disease pathogenesis. In 2014 two landmark studies 

identified a critical role of skeletal muscle in disease pathogenesis (Cortes et al., 2014; 

Lieberman et al., 2014). Firstly, Cortes et al utilised the BAC fx AR121 transgenic 

mouse model which has a significant myopathy phenotype and shortened life span 

and crossed these mice with HAS-Cre mice to specifically excise the expression of the 

mutant AR in the muscle only. Despite expression in the brain and spinal cord, the 

offspring had normal performance on physiological motor testing and a normal 

lifespan, supporting the hypothesis for a fundamental role for muscle in SBMA. 

Contemporaneously, Lieberman et al used antisense oligonucleotides (ASO) in the 

same model and targeted the ASOs to peripheral muscle expression of the AR. This 
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treatment was able to reverse muscle atrophy and reduced lifespan without a change 

in the human AR mRNA levels in the brain or spinal cord of treated animals, thus 

confirming that the muscle is a primary site of pathology in SBMA.  

Metabolic disruption appears to contribute to the myopathy observed in SBMA. 

Creatine kinase is an enzyme which phosphorylates creatine to form 

phosphocreatine which acts as a buffer in periods of increased energy demand by 

facilitating the recycling of ATP in energy metabolism. Skeletal muscle takes up 

creatine through the action of the creatine transporter (SLC6A8). Patients with SBMA 

have raised serum levels of creatine compared with patients with ALS and healthy 

controls, whilst they have reduced intramuscular creatine, suggesting that there is a 

fundamental impairment of uptake of creatine into the muscles of patients with 

SBMA. Further evidence which supports this possibility is the reduction in mRNA 

levels of SLC6A8 and corresponding reduction in SLC6AG staining of muscle biopsy 

samples, which also occurs in a polyQ cell model of SBMA following testosterone 

treatment (Hijikata et al., 2016). In our lab we have shown that in AR100 SBMA mice, 

the disease first manifests in skeletal muscle in young mice, before any motor neuron 

degeneration, which only occurs in late stage disease (Gray et al., 2020). Together 

these results suggest that muscle is a primary site of AR toxicity in SBMA. 

Clinically, patients with SBMA often report muscle cramps early in the disease and 

biopsies reveal typical myopathic changes with fibre splitting and increased internal 

nuclei fibres, demonstrating myofibre degeneration. In addition, fibre-type grouping 

is observed, with a predominance of type 1 (slow, oxidative) muscle fibres compared 

with type 2 (fast, glycolytic), indicative of neurogenic denervation and re-innervation 

(Badders et al., 2018).  A fascinating recent finding is that is that whilst creatine 

kinase, a biomarker of muscle damage is significantly raised and can precede the 

clinical symptoms in patients with SBMA (Chahin and Sorenson, 2009), in contrast, 

neurofilament light chain, which is a neuronal biomarker of axonal damage, raised in 

other conditions with neuronal damage such as ALS and Charcot-Marie-Tooth disease 

(CMT),  is unchanged in the serum of patients with SBMA (Lombardi et al., 2019).  
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LMNs and muscle have a complex relationship in SBMA, with clear evidence for both 

primary myopathy and primary neuropathy. It has been traditionally accepted that in 

SBMA, neuronal denervation drives a secondary myopathy, however the reverse may 

also be true, by which myopathy may lead to a dying back of the neurons in a non-

cell autonomous manner. Supporting evidence for this possibility includes the finding 

of myopathic changes prior to the onset of neuropathy in the myogenic mouse model 

(Monks et al., 2007, 2008). In addition, SBMA-like symptoms are ameliorated with 

antisense oligonucleotides which suppress polyQ AR expression in skeletal muscle 

(Lieberman et al., 2014). It is  possible retrograde axonal transport deficits play a role 

in the myopathic component of SBMA pathogenesis, as defective in vivo  endosomal 

trafficking is observed when WT-AR is over expressed in  muscle cells (Halievski et al., 

2016). Whilst recognising the role of the myopathic component and the potential for 

non-cell autonomous pathology in SBMA, it is clear that there is a primary neurogenic 

component to SBMA and this will be the focus of this Thesis. Ramzan et al found that 

in mice expressing polyQ AR in either MNs or myocytes, both result in some but not 

all aspects of pathology and there may be neurogenic contributions to motor 

dysfunction in mice (Ramzan et al., 2015). This suggests that for the development of 

full SBMA pathology, expression of polyQ AR is required in more than one cell type, 

both MNs and muscle.  

The role of glial cells in SBMA pathology 

Non-cell autonomous signalling from glial cells is known to play a key role in 

pathogenesis of ALS. Glial cells including astrocytes and microglia provide a 

supportive environment for motor neurons and are critical for maintaining neuronal 

function (Gupta et al., 2012). These glial cells supplement the motor neurons with 

trophic factors as well as providing protection against injury and recycling 

neurotransmitters. Glia expressing ALS-causing mutations have been shown to 

actively contribute to motor neuron loss through non-cell autonomous mechanisms 

(Di Giorgio et al., 2007). Although the underlying mechanisms of this glial toxicity are 

not yet fully understood it is likely to include the release of toxic metabolites or loss 
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of the supportive functions of glia. The role of glia in SBMA pathogenesis has to date, 

not been widely explored, and so remains unclear.  

 Therapies in SBMA 

There is no established treatment that effectively modulates the disease in SBMA. 

However, over the last few years a number of patients have participated in clinical 

trials which have had promising outcomes in preclinical research.  

1.3.1 Anti-androgen treatment 

One therapeutic strategy which has been investigated utilises the finding in SBMA 

mouse models that androgen deprivation reduces neurodegeneration (Katsuno et al., 

2003). Leuprorelin is a gonadotrophin-releasing hormone analogue which initially 

increases production of luteinising hormone (LH) and follicle stimulating hormone 

(FSH) in the pituitary leading to increased testosterone production. However, the 

receptors become desensitised with ongoing treatment, ultimately leading to 

reduced LH and FSH secretion and reduced testosterone production. In an SBMA 

mouse model, leuroprorelin improved the disease phenotype and reduced nuclear 

AR (Katsuno et al., 2003). Promising phase 2 clinical trials were followed by a 

multicentre, placebo-controlled phase 3 clinical trial with 199 SBMA patients treated 

with either leuprorelin or placebo by subcutaneous injection every 3 months over a 

year. Unfortunately, there was no significant effect on swallowing function on video 

fluoroscopy (the primary endpoint), although some benefit was found in patients 

with disease duration <10 years. More recently, a long term study of 36 patients 

treated for 10 years with leuprorelin has found a slower decline in motor function 

than in non-treated controls (Hashizume et al., 2017). These results are promising as 

they show that lowering testosterone can impact on the disease course, however, 

the results were modest and the chronic treatment had some side effects. 

Dutasteride, which acts as an inhibitor of 5- -hreductase which catalyses the 

conversion of testosterone to DHT has also been tested and failed to show a 

significant benefit in the progression of muscle weakness in a phase 2 clinical trial 



45 
 

(Fernández-Rhodes et al., 2011). This was a randomised control trial with a treatment 

duration of 24 months, however due to slow progression of disease in the control 

group the study was underpowered requiring either (i) a longer time frame (ii) more 

patients (iii) a more sensitive biomarker.  

1.3.2 Reduction of androgen receptor expression 

A potential therapeutic strategy that has emerged from preclinical studies is the 

reduction of  mutant androgen receptor expression using an RNA interference 

strategy (Pennuto and Rinaldi, 2018). This has been achieved in a mouse model of 

SBMA using microRNAs, which are small, highly conserved, non-coding RNAs which 

Ŏŀƴ ōƛƴŘ ǘƻ ǘƘŜ оΩ-untranslated region of the target mRNA and affect translation and 

stability, delivered by an adeno-associated virus (AAV), to target the AR either directly 

or indirectly (Miyazaki et al., 2012; Pourshafie et al., 2016). Another approach is 

utilising antisense oligonucleotides, which are short, single-stranded DNA sequences 

that bind in a complementary fashion to the target mRNA, to target central or 

peripheral expression of the AR (Lieberman et al., 2014; Sahashi et al., 2015).  

1.3.3 Increasing protein degradation 

Protein accumulation is a prominent feature of SBMA and therefore increasing 

protein degradation has emerged as a therapeutic target. One strategy has been to 

increase activity of the heat shock proteins including 70 (Wang et al., 2013) and 

HSPB8 (Rusmini et al., 2013). Hsps are ubiquitous protein chaperones and 

fundamental to normal cellular function, but any approach that targets their 

expression must limit the risk of harmful side effects from continual, non-specific 

upregulation. Arimoclomol is a promising candidate as it is a co-inducer, or amplifier, 

of the heat shock response and only induces upregulation of HSP in in cells in which 

the HSR has already been activated in response to cellular stress (Kieran et al., 2004; 

Kalmar et al., 2008). Arimoclomol has been tested in a preclinical trial in the AR100 

mouse model, where symptomatic mice were randomised to Arimoclomol or vehicle 

at 12 months of age, the time of onset of motor neuron degeneration, and were 
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treated for 6 months. In the Arimoclomol group there was significant upregulation of 

HSP70 in the spinal cord and tibialis anterior muscle, accompanied by a significant 

improvement in hind limb muscle force and contractile characteristics, rescue of 

motor units as well as improved motor neuron survival and upregulation on vascular 

endothelial growth factor (VEGF). This resulted in reduced decline in body weight and 

delay of disease progression ( Malik et al., 2013). As yet these preclinical findings have 

not been tested in human clinical trial although similar positive preclinical data from 

ALS mice are currently being tested in a phase  II/III efficacy trial in ALS patients, due 

to report in the first half of 2021 (NCT03491462).  

1.3.4 Targeting post-translational modifications 

IGF-1 signalling is involved in post-translational phosphorylation of the mutant AR 

through Akt and as a consequence, has IGF-1 been shown to reduce ligand binding, 

translocation to the nucleus, transcriptional activation and ultimately ameliorates the 

phenotype in preclinical cellular and animal models of SBMA (Palazzolo et al., 2009; 

Rinaldi et al., 2012). Furthermore, IGF-1 can protect against motor neuron loss and 

promotes regeneration of skeletal muscle in mouse models of ALS (Dobrowolny et 

al., 2005; Kaspar et al., 2003). A 2 year clinical trial of subcutaneous IGF-1 in ALS did 

not however show a clinical benefit (Sorenson et al., 2008).  

A phase I/II clinical trial utilising BVS857, an analogue of IGF-1 has been completed in 

a cohort of 18 SBMA patients. This was a double-blind, placebo-controlled trial in 

which BVS857 or placebo was administered for 12 weeks (Grunseich et al., 2018). The 

study should that this therapy has promise as there was an increase in thigh muscle 

volume and a trend toward improved lean body mass. However, 11 of the patients 

developed an immune response to the treatment with neutralising antibodies to IGF-

1. Identification of another way to activate the IGF-1 pathway would be required in 

the future to successfully utilise this response without inducing an adverse immune 

response.  
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1.3.5 Improving muscle function  

Androgens have an anabolic role in muscle and so Preisler and colleagues 

hypothesised that aerobic exercise could have a beneficial effect in SBMA (Preisler et 

al., 2009). 8 patients were trained on a cycle trainer for 12 weeks and on assessment 

at the end of the training block there was an increase in maximal work capacity but 

no significant change in maximal oxygen uptake and the patients did not report an 

improvement in their activities of daily living leading the authors to conclude that 

moderate intensity exercise has little beneficial effect in SBMA.  

Following on from this trial, Shrader and colleagues explored whether targeted 

functional exercises such as squats, lunges, wall push up and sit-to-stand could 

improve function in patients with SBMA (Shrader et al., 2015). 50 patients were 

allocated to the functional exercise program or a stretching program for 12 weeks. 

The exercise program was well tolerated but did not lead to significant differences in 

the Adult Myopathy Assessment Tool (AMAT), although post hoc analysis did identify 

a benefit in patients with low baseline function with functional exercise compared 

with control. This will need to be explored in future trials with longer programs, 

targeted groups and variable intensity exercises for different groups. The 

investigators also looked at levels of IGF-1 as exercise can increase IGF-1 synthesis, 

however this was not found in the SBMA patients. 

More recently a pilot study by Heje and colleagues has investigated whether SBMA 

patients benefit from high intensity training (Heje et al., 2019). 8 of 10 patients were 

able to complete the training with improvements in VO2max and maximal work 

capacity. Patients also reported no increase in muscle pain or muscle fatigue after 

exercise and there were no increases in CK levels. This suggests that HIT offers 

benefits above the other forms of exercise and is safe in patients with SBMA.  

Another approach to improve muscle function is clenbuterol which is a 2̡-

adrenoceptor agonist that causes smooth muscle relaxation leading to vasodilation 

in the muscle, as well as the bronchial passages for which it is usually used to treat 

asthma. Long-term administration of high doses leads to increase in skeletal muscle 
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through the anabolic effect of PI3K/Akt signalling (Lynch and Ryall, 2008). In 2013, 

Querin and colleagues tested clenbuterol in 20 SBMA patients as a pilot trial to see if 

this effect could manifest a therapeutic improvement in patients (Querin et al., 2013). 

Patients received 0.04mg of clenbuterol a day for 12 months and the study found a 

significant increase in 6 minute walk test and forced vital capacity over the course of 

the study without serious side effects suggesting a positive effect. To further 

characterise this a study using the AR113Q mouse model and C2C12 cells found 

clenbuterol activated the PI3K/AKT/mTOR signalling pathway in myotubes and 

mitigates atrophy, ameliorates the phenotype and extends survival when started at 

disease onset in SBMA (Milioto et al., 2017). 

Finally, as discussed previously, creatinine levels are reduced in SBMA and the 

potential of creatine monohydrate as a potential treatment to improve muscle 

weakness has been explored in a randomised, double-blind, placebo-controlled trial 

of 45 patients with SBMA in 2014. Patients received either placebo, 10g creatine 

monohydrate/day or 15g/day for 8 weeks (Hijikata et al., 2018).  The results of the 

trial have not yet been published.  

 Models of disease 

Model systems are used to capture insights into the molecular mechanisms that 

underlie human disease. Human non-neuronal cell lines and animal models have 

provided key information about development and pathogenic mechanisms in 

neurodegeneration, however, successful translation to clinical therapeutic 

interventions has been limited. The seminal work by Shinya Yamanaka allows the 

generation of human induced pluripotent stem cells from reprogramming somatic 

cells (Takahashi and Yamanaka, 2006).  The iPSC platform provides the opportunity 

ǘƻ ƳƻŘŜƭ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ Ψƛƴ ŀ ŘƛǎƘΩΣ ŜƴŀōƭƛƴƎ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅ ŀƴŘ 

potentially cell-based therapies. To gain further insight into molecular mechanisms 

of disease is likely to require an integrated approach utilising different models 

recognising the benefits and limitations of each individual model system.  
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1.4.1 Mouse models of SBMA 

The discovery of the AR mutation led to the generation of mouse models of SBMA 

which have provided crucial information about development and pathways of 

neurodegeneration. Mouse models allow SBMA to be studied in a complex organism. 

The models that have been reported to date are summarised in Table 2. 

Table 2 Mouse models of SBMA.  

Mouse model Promotor Motor 
dysfunction 

Decreased 
lifespan 

MN 
pathology 

PolyQ length 
dependent 

Transgenic AR97Q 

(Katsuno et al., 2002) 

/ƘƛŎƪŜƴ ʲ-actin Y (8 weeks) Y Y Y 

Transgenic AR121Q 

(Badders et al., 2018) 

Chicken ̡-actin Y (4 weeks) Y Y Y 

Transgenic AR121Q 

(Chevalier-Larsen et 
al., 2004) 

Prion protein Y (8 weeks) N Y Y 

YAC transgenic 
AR100Q 

(Sopher et al., 2004) 

Endogenous 
human 

Y (11m) N Y Y 

BAC transgenic 
AR121Q 

(Cortes, Ling, et al., 
2014) 

Endogenous 
human 

Y (13 
weeks) 

Y Y Y 

Transgenic AR22Q 

(Monks et al., 2007) 

Human skeletal 
-̡actin 

Y Y Y N 

Knock-in AR113Q 

(Yu et al., 2006) 

Endogenous 
mouse 

Y (8 weeks) N N Y 

 

Despite insights gained from these mouse models, as yet, there has been minimal 

translation into clinically impactful therapies for SBMA. There are many reasons for 

failure of translation from pre-clinical studies to successful clinical trials such as poor 

trial design, differences in pharmacokinetics and complex variability of human 
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participants away from the controlled environmental conditions of a lab. 

Nevertheless, part of this failure of translation may reflect differences between mice 

and humans. For example, a polyglutamine repeat length over 38 causes SBMA in 

humans, whereas transgenic mouse models require over 90 repeats (Katsuno et al., 

2002). As well as this there are clear difference in the respective length of motor 

neuron axons between humans and mice, there are differences in physiology  and 

muscle pathology may be more prominent in mice compared with human patients 

(Katsuno et al., 2002). In clinical trials as described above, Leuprorelin acetate had 

minimal improvement in patients whilst it dramatically improved clinical features in 

the AR97Q mice (Hashizume et al., 2019; Katsuno et al., 2003). The gap between 

animal research and successful clinical outcomes may be bridged by induced 

pluripotent stem cell models that allow hypotheses developed in animals to be 

validated in clinically relevant human MN with pathophysiological protein levels due 

to patient mutations.  

1.4.2 Human induced pluripotent stem cells 

In 2006, the lab of Shinya Yamanaka made the Nobel-prize winning discovery that 

induced pluripotent stem cells (iPSCs) can be generated by reprogramming the 

nucleus of any somatic cell using the forced expression of just four transcription 

factors (octamer-binding transcription factor-4, OCT4; c-Myc, sex determining region 

Y-box 2, SOX2 and Kruppel-like factor 4, KLF4) (Takahashi and Yamanaka, 2006; 

Takahashi et al., 2007). To study specific diseases, fibroblasts are collected from 

patients by skin biopsy and are then reprogrammed into a pluripotent stem cell state.  

These iPSCs offer considerable advantages as a model of disease. Firstly, iPSCs are a 

fully humanised model which means that there are no concerns about interspecies 

variability. Secondly, in the pluripotent state, iPSCs can proliferate indefinitely 

offering a potentially unlimited supply of cells for research projects.  Thirdly, they can 

be differentiated into any cell type of the body which is of considerable value in motor 

neuron diseases as it is not possible to obtain live human tissue to study. Fourthly, 

they exprŜǎǎ ǘƘŜ ǇŀǘƛŜƴǘΩǎ Ƴǳǘŀǘƛƻƴόǎύ ŀǘ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ƭŜǾŜƭǎ ǿƘƛŎƘ ǊŜƳƻǾŜǎ ǇƻǘŜƴǘƛŀƭ 
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confounders from overexpression and knockdown or knockout animal studies. 

Finally, as a developmental model of disease they enable us to capture the earliest 

pathogenic events within the disease process. iPSCs therefore offer the opportunity 

for further advances in our understanding of the molecular mechanisms that underlie 

disease which ultimately offers further opportunity for drug discovery and potentially 

cell-based therapies.  

Although iPSC technology offers the potential for a unique insight into pathogenesis, 

there are valid criticisms which have been described, and begun to be addressed, in 

the scientific literature. One limitation is that as an in vitro model it lacks the complex 

and dynamic relationships found within an organism. Another issue for studying 

diseases with neurodegeneration is that a key risk factor is ageing. Despite the fact 

that fibroblasts are taken from adult patients with the disease, in reprogramming the 

cells reverses cellular age to a foetal maturational stage (Patani et al., 2012). 

Attempts have been made to address the challenge of capturing the ageing paradigm 

in neurodegeneration, including progerin overexpression, direct conversion to 

functional neurons (transdifferentiation) and telomere shortening (Miller et al., 2013; 

Paavilainen et al., 2018; Vera et al., 2016; Ziff et al., 2019).  

1.4.3 Motor neuron development in humans 

Over the last decade since the discovery of iPSC generation, advances have permitted 

the study of previously inaccessible human cellular subtype through directed 

differentiation into a myriad of human cell fates. In order to truly capture the full 

potential of iPSC technology developmentally rationalised directed differentiation 

can provide the opportunity to study initiating molecular pathogenic events. This is 

incredibly useful in motor neuron disease research in which human motor neurons 

have previously only been available as post-mortem tissue. This tissue is valuable in 

determining the end-stage processes in clinical disease, however it does not allow 

insight into the onset of pathology.  
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Extensive research has focused on understanding the developmental signals involved 

in neuronal specification from pluripotent cells. In embryological development, 

neurodevelopment is spatiotemporally regulated with sequential restriction of cell 

fate. There are three main stages of neuronal development: induction of 

neuroectoderm, patterning of neural precursor cells and terminal differentiation into 

mature defined neuronal cell types.  These stages are tightly regulated and lead to 

cell fate restriction to a specific neural lineage through gene expression, epigenetic 

modification, cell signalling and cell-cell contact (Patani, 2016; Zirra et al., 2016).  

Neural induction 

Following fertilisation, cells divide asymmetrically to ultimately form the early 

blastocyst which consists of an inner cell mass (ICM) and the surrounding 

trophectoderm. Pluripotency is maintained in the ICM through the expression of 

Oct3/4. The ICM develops into the epiblast and during gastrulation this becomes the 

ectoderm, mesoderm and endoderm, the three germ layers. The germ layers interact 

with each other during development to form all the organs and tissues of the body.  

Neural tissue arises from the ectoderm with the first step being the induction of 

neuroectoderm which is called the neural plate. This transformation was originally 

thouƎƘǘ ǘƻ ƻŎŎǳǊ ǇǊƛƳŀǊƛƭȅ ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ ΨǘƘŜ ƻǊƎŀƴƛǎŜǊΩΣ ƻǊƛƎƛƴŀƭƭȅ ŘŜǎŎǊƛōŜŘ 

at the beginning of the 20th century (Spemann and Mangold, 1924). This area of 

specialised cells, found at the dorsal blastopore lip, can induce neural fate when 

transplanted ectopically. Subsequent work has shown that a more complex pattern 

of signalling pathways, likely temporally regulated is required for neural induction. 

This includes: TGF-  ̡ signalling, which activates the Smad family of cytoplasmic 

proteins through bone morphogenetic protein (BMP) and activin/nodal signalling 

pathways; fibroblast growth factors (FGFs) and WNT signalling (Zirra et al., 2016). The 

neural plate folds during neurulation to form the neural tube creating an architectural 

framework for the developing rostrocaudal (proximal to distal) neuraxis. This process 

occurs at day 21 in the developing human embryo.  
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Neural patterning  

Patterning is the process that ensures the differentiation of different types of 

neurons to their defined position where they can perform their specific function. This 

occurs in response to gradients of signalling molecules, called morphogens which 

establish concentration gradients. Specific transcription factors are activated 

according to the relative morphogen concentration leading to distinct compartments 

of the nervous system.  

Patterning occurs within the neural tube with separation of neural precursor cells 

(NPCs) into distinct progenitor domains as cells start to differentiate into forebrain, 

midbrain, hindbrain and spinal cord precursors along the rostro-caudal (R-C) axis. This 

occurs in response to signalling from Nodal, BMP4, retinoic acid and FGF7 

morphogens. Exactly when and how patterning initiates is unresolved. A leading 

theory is that rostral precursors are specified to a forebrain positional identify during 

induction with their subsequent positional identity established due to relative 

exposure to caudalising signals including retinoic acid (RA), BMP4, Nodal and FGF 

signals. Exposure to FGF in the neural tube ranges from high levels caudally to low 

levels rostrally along a concentration gradient. Different levels of FGF exposure leads 

to the expression of different Homeotic (Hox) genes throughout the neural tube, thus 

further spatially patterning neural cell specification with Hox4-Hox8 expressed in the 

brachial level, Hox8-Hox9 at the thoracic level and Hox10-Hox13 at the lumbar level 

(Philippidou and Dasen, 2013). RA refines the Hox signalling at the cervical/brachial 

position. In addition, RA and FGF control the timing of differentiation with RA 

promoting cell cycle exit and neuronal terminal differentiation, whereas FGF inhibits 

differentiation so that it does not occur whilst the neural tube is still forming.  

In addition to rostro-caudal patterning, cells are also patterned in the dorso-ventral 

(DV) axis which has a crucial role in enabling the functional organisation of the 

nervous system. Again, complex patterns of signalling pathways are required for DV 

signalling with high concentrations of Sonic hedgehog from the floorplate leading to 

ventral regional specification and BMPs and WNTs dorsally from the roof plate (Lupo 
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et al., 2006). These morphogenic signals have opposing gradients to which induce 

unique combinations of transcription factors to create distinct domains. In particular, 

for this thesis, MNs in the spinal cord arise from the pMN domain in the ventral horn 

where expression of SHH promotes ventralisation and the transcription factors 

NKX6.1, Pax6 and Olig2 are expressed (Wichterle et al., 2002). In addition to its role 

in R-C patterning, RA is required for intermediate zone specification within the D-V 

axis.  

Terminal differentiation of motor neurons 

At the precursor stage, cells are no longer pluripotent but they still have the capability 

to self-renew and can still differentiate into either neurons or glia. Early neural 

precursors are pro-neural, however with cycling they undergo a gliogenic switch to 

preferentially develop into glia. Spinal cord motor neurons have been generated 

using a number of strategies to caudalise and ventralise precursors prior to exiting 

the cell cycle and terminally differentiating into regionalised functional motor 

neurons. These motor neurons express motor neuron marker of choline 

acetyltransferase (ChAT) and HB9, are electrophysiologically active and can form 

neuromuscular junctions with myotubes in co-culture (Li et al., 2005; Patani et al., 

2011; Toma et al., 2015; Hall et al., 2017).  

The sequential events of neurogenesis observed from developmental studies 

provides a conceptual framework for rationalised, directed differentiation into 

specified neural cell types in a dish. The iPSC model has emerged as an in vitro system 

which can be used to study aspects of human neural development but also, by using 

patient-derived iPSC as a model for disease, allows us to interrogate disease 

mechanisms and capture early pathogenic events that ultimately lead to neural cell 

death in neurodegeneration.  
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1.4.4 iPSC-derived motor neurons as a model of SBMA 

Following the introduction of iPSC technology, an increasing number of 

neurodegenerative diseases have been modelled from patient-derived iPSCs (Park et 

al., 2008). Of particular relevance to this Thesis are the studies that demonstrate that 

MNs from patients with ALS and spinal muscular atrophy (SMA) can be successfully 

differentiated into motor neurons, display phenotypes and can be used to screen 

therapeutic agents (Dimos et al., 2008; Ebert et al., 2009; Egawa et al., 2012). 

Additionally, other polyglutamine diseases can be successfully modelled in relevant 

cell types in vitro using this technique (Zhang et al., 2010). More recently, several 

studies have used iPSCs to study SBMA. These studies have demonstrated that iPSC 

models are able to recapitulate aspects of SBMA pathology as outlined in Table 3 

Table 3 Modelling SBMA using iPSC-derived MNs 

Lines Pathology Reference 

Four SBMA, three 
control, two AR-KO 

Epigenetic dysregulation, 
mitochondrial impairment 

(Pourshafie et al., 2020) 

Three control lines 
and four SBMA lines 

Neuromuscular synapse 
involvement 
Epigenetic 
Endoplasmic reticulum 
involvement 

(Onodera et al., 2020) 

Four control lines and 
five SBMA lines 
 

Neurite defects 
Reduced survival 
Decreased protein synthesis 
levels 
Downregulation of FAM135B 

(Narayanan et al., 2017; 
Sheila et al., 2019) 

SB6 only  
15-23% +ve SMI32 

BAG1 mRNA increase 
following dynein blocker 

(Cristofani et al., 2017) 

Four SBMA lines  
(SB1, SB3, SB6, SB18) 
20-30% positive HB9 
and Isl1 

LƴŎǊŜŀǎŜŘ ŀŎŜǘȅƭŀǘŜŘ ʰ-
tubulin 
Reduced HDAC6 

(Grunseich et al., 2014) 

Neuronal precursor 
cells from 3 patient 
lines and 3 controls 

Accumulation of insoluble AR 
protein. 2x as many SBMA 
NPCs contained depolarised 
mitochondria. Increased 
frequency of 
autophagosomes. 50% 
reduction in autophagy index. 

(Cortes, Miranda, et al., 
2014) 
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Reduction in TFEB target gene 
expression.  

One patient line with 
two controls (from 
autopsy) 80% B3T 

AR aggregation (Nihei et al., 2013) 

In 2013, the first study was published by Nihei and colleagues who generated iPSCs 

from fibroblasts collected from an SBMA patient at autopsy (Nihei et al., 2013). They 

demonstrated that the CAG repeat length in the AR was stable during 

reprogramming, passaging and motor neuron differentiation. Further, they showed 

that the iPSC derived MNs were able to recapitulate key features of the disease, with 

upregulation of ARs in MNs with treatment of DHT and subsequent aggregated AR 

formation. Intriguingly they also discovered that treatment with an Hsp90 inhibitor 

reduced the level of aggregate AR, demonstrating that this model could be used for 

therapeutic testing. Although promising, this study was limited by only using iPSCs 

generated from a single patient and the differentiation efficiency to HB9 positive 

motor neurons was low.  

An important study followed this paper, exploring disease-relevant phenotypes in 

iPSCs from four patients with SBMA compared with controls (Grunseich et al., 2014). 

Here, the authors found instability in the CAG repeat length on reprogramming in 

some lines which was not observed in the Nihei study.  An interesting observation 

was the finding of increased acetylated h- tubulin (implicated in regulating 

microtubule function and stability) in the two patient lines, with longer CAG repeat 

lengths. Of note, however, the level of acetylation was not altered following addition 

of DHT. To further explore this finding, the authors looked at the level of histone 

deacetyltranserase 6 (HDAC6), which is a major tubulin deacetylase and therefore 

regulates microtubule-dependent cell motility (Hubbert et al., 2002).  They found 

HDA6 was downregulated in MNs from patients with SBMA, findings which were also 

present in a murine motor neuron neuroblastoma (MN1) model of SBMA. This is 

potentially an exciting discovery as it suggests a common mechanism between 

complimentary models of SBMA including a human model. The role of HDA6 is not 
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fully resolved in SBMA but possibilities include its ability to increase AR stability by 

de-acetylating HSP90 or by enhancing autophagy to compensate for an impaired 

ubiquitin proteasome system (Pandey et al., 2007; Ai et al., 2009). These results 

suggest the potential for acetylation of the AR as a therapeutic target for SBMA, 

however of the cells only between 20-30% of cells were HB9 +ve from the 

differentiation protocol so it will be interesting to see if this can be replicated in purer 

MN cultures.  

Other groups have also been able to demonstrate novel targets in iPSC MN models 

of SBMA which have not been described previously in other models of the disease. In 

2019, Sheila et al performed microarray analysis on control and SBMA MNs 

(efficiency 81%) in the presence and absence of DHT (Sheila et al., 2019). They 

identified a downregulation of genes associated with neural plasticity, synaptic 

transmission and axon development as well as marked downregulation of FAM135B 

which has not previously been linked to motor neuron diseases. There is compelling 

evidence that this dysregulation is specific to SBMA as the researchers were not able 

to identify a similar alteration in iPSC derived MNs from ALS or SMA patients. 

Intriguingly, in healthy brains FAM135B is expressed in the trigeminal motor nucleus, 

the site of bulbar motor neurons which innervate masseter and temporalis muscles 

which are particularly affected in SBMA. Knockdown of the FAM135B gene in wild-

type MNs led to a reduction in neurite length and survival, supporting the hypothesis 

that it plays a key role in SBMA pathogenesis. In 2014 another study used neural 

precursor cells to determine whether altered metabolic and autophagic flux which 

had been identified in SBMA mice was also relevant in a human model of disease. 

When I commenced this project to generate an iPSC-derived MN model of SBMA, the 

Grunseich and Nihei papers had shown for the first time that it was possible to create 

an iPSC-MN model in SBMA and these MNs could display a phenotype. However, 

these studies were limited by the proportion of MNs within the culture and the 

number of cell lines used. I therefore wanted to develop a highly enriched iPSC-MN 

model to explore the precise nature of the selective vulnerability of MNs in SBMA. 

The recent publication by Sheila et al confirms that this strategy can be utilised to 
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capture SBMA pathology and they identified that FAM135B, a novel gene of unknown 

function, was significantly downregulated in SBMA MNs. My project will utilise a 

developmentally rationalised MN protocol to allow me to look at the nature and 

timing of pathogenic events in a highly enriched iPSC-MN model of SBMA.  

 Hypothesis and Aims  

SBMA is a neurodegenerative condition with no effective treatment. The aetiology of 

SBMA remains unresolved and there is a need to identify key disease mechanisms to 

guide therapeutic targeting. The overall aim of this thesis is to explore the onset of 

the earliest pathogenic events underlying the loss of motor neurons in SBMA using 

healthy control and SBMA patient derived iPSCs.  

The specific aims of this thesis are to: 

1. Utilise mouse models to validate pathomechanisms in SBMA 

2. Generate and characterise an iPSC-derived MN model of SBMA to 

investigate whether this model captures authentic SBMA pathology  

3. Use the iPSC-derived MN model to make new discoveries about the nature 

and timing of pathogenic events in SBMA using RNA-Seq 

4. Develop a public engagement strategy for the UCL SBMA lab 

Hypothesis 

My overall hypothesis is that the deleterious effects of the expanded polyglutamine 

repeat in the AR gene in SBMA will alter cellular pathways and lead to dysfunction of 

MNs in a human iPSC-derived MN model. These molecular pathways will be targets 

for potential therapies for patients with SBMA and the patient-derived iPSC will be a 

useful model to test therapeutics in vitro.  
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Chapter 2 Materials and methods 

 Primary embryonic motor neuron culture 

2.1.1 Breeding and maintenance of SBMA and wildtype mice 

The experimental procedures in mice were carried out under licence from the UK 

Home Office (Scientific procedures Act 1986) and were approved by the Ethical 

Review panel of the Institute of Neurology, University College London (UCL). The mice 

used were the BAC fxAR121 model (Cortes et al., 2014) and the YAC AR100 model 

(Sopher et al., 2004)  which were bred and maintained in the UCL Institute of 

Neurological Biological Services. Heterozygous male mice were crossed with 

C57BL/6J females (Envigo). Only male mice were used in this study as SBMA 

symptoms primarily manifest in males.  Mice were housed individually in ventilated 

cages with unrestricted food and water.  

2.1.2 PCR genotyping 

I carried out genotyping of mice by PCR amplification of genomic DNA from tail or ear 

snips which were first digested in rapid digestion buffer (10 mM Tris-HCl pH 8.3, 50 

mM KCl, 0.1 mg/ml gelatin, 0.45% NP40, 0.45% Tween 20) containing 20 mg/ml for 

15 minutes at 55°C followed by 10 minutes at 95°C to stop the reaction. DNA was 

amplified using a forward (5-̀catctgagtccaggggaacagc-3`) and reverse primer (5`-

gcccaggcgctgccgtagtcc-3`). The reaction mix consisted of 0.25 µl of F and R primer, 2 

µl of DNA, 15 µl Megamix Blue (Taq polymerase in a reaction buffer (2.75 mM MgCl2, 

220 µM dNTPs, blue agarose loading dye and stabiliser, Microzone LTd)) and 9 µl of 

H2O. Cycling condition were as follows: 95 °C for 30 seconds, 60 °C for 30 seconds, 72 

°C for 45 seconds repeated 35 times and finally 72 °C for 2 minutes. PCR products 

were analysed using agarose gel electrophoresis (100 V for 30 minutes in 

Tris/Borate/EDTA buffer (90 mM Tris-HCl, 90 mM boric acid, 2 mM EDTA, pH 8.0) and 

ǾƛǎǳŀƭƛȊŜŘ ǳǎƛƴƎ DŜƭwŜŘϰ ǎǘŀƛƴ ό{ƛƎƳŀύ using a ChemiDoc Imager (Biorad). 
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2.1.3 Primary mouse mixed motor neuron cultures 

Primary mixed motor neuron cultures from embryonic day 13 (E13) WT, AR121 and 

AR100 mice were prepared by removing the spinal cord, isolating the ventral horn 

and dissociating the tissue with 0.025% trypsin. Plates were pre-coated with poly-

ornithine and laminin and motor neurons were plated out and grown in neurobasal 

media supplemented with 2% B27 supplement, 2% horse serum, 0.5 mM glutamine, 

0.05% mercaptoethanol (Invitrogen), 0.1 ng/ml BDNF, 0.1 ng/ml GDNF, 0.5 ng/ml 

ciliary neurotrophic factor (Caltag), 50 µg/ml streptomysin and 50 U/ml penicillin 

(Sigma-Aldrich). MNs differentiated over 7 days before use in 5% CO2 at 37°C. MNs 

were treated with 50 nM dihydrotestosterone (DHT) for 3 days before assays were 

performed.  

 iPSC culture 

Human induced pluripotent stem cells (hiPSCs) consisted of 4 SBMA lines and 4 

control lines. The SBMA lines were provided by Dr Kurt Fischbeck through a material 

transfer agreement (MTA) from the National Institute for Neurological Disorders and 

Stroke (USA). C6 is a control line, also from 5Ǌ CƛǎŎƘōŜŎƪΩǎ ƭŀō ŀƴŘ ƛǎ ŘŜǊƛǾŜŘ ŦǊƻƳ 

fibroblasts from the sister of SB1. The iPSCs were generated from fibroblasts from 

patients with SBMA using lentiviral vectors containing the poly-cistronic transcripts 

Oct4, Klf4, Sox2, and c-Myc.iPSC lines had expression of pluripotency markers by 

immunostaining, quantitative PCR and teratoma formation was performed and 

ǇǳōƭƛǎƘŜŘ ōȅ 5Ǌ CƛǎŎƘōŜŎƪΩǎ ǘŜŀƳ (Grunseich et al., 2014).  

Control 1 was available through my supervisor, Dr Rickie Patani and were 

reprogrammed by transfection of episomal plasmids as previously reported. Control 

2 is commercially available from Coriell (cat number ND41866*C), Control 3 is 

commercially available from ThermoFisher. Details of the lines are shown in Table 4. 
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Table 4 Characteristics of iPSC lines 

Line CAG 

repeat 

Gender Age Age of onset Method of 

reprogramming 

SB1 51 Male 59 39 Lentiviral 

SB3 51 Male 68 53 Lentiviral 

SB6 62 Male 37 32 Episomal 

SB18 68 Male 29 18 Lentiviral 

C1 - Male 78 n/a Episomal 

C2 - Male 64 n/a Retroviral 

C3 - Male  n/a Episomal 

C4 23 Female  51 n/a Lentiviral 

 

Karyotyping of the lines was performed by The Doctors Laboratory, London. Short 

tandem repeat (STR) analysis was performed at the Francis Crick Institute, London at 

regular intervals to ensure the quality and the integrity of the cell lines by allowing 

profile comparisons (Figure 2).  
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Figure 2 Karyotype analysis of SBMA iPSC line 

YŀǊȅƻǘȅǇŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ ¢ƘŜ 5ƻŎǘƻǊΩǎ [ŀōƻǊŀǘƻǊȅ ŀƴŘ ǊŜǇƻǊǘŜŘ ōȅ 5Ǌ 

Kath Masters. Samples from iPSC of each cell line were provided to The DƻŎǘƻǊΩǎ 

Laboratory in a T-75 culture flask. Here, an example of the analysis demonstrates 20 

cell analysis of SB1 which indicates normal karyotype. Some cells had random loss, 

not thought to be clonal (significant) and often seen in these sample types.  



63 
 

 

Figure 3 Androgen receptor expression in iPSC, d14 and d28T cells  

Western blot for androgen receptor expression in iPSC, d14 neural precursor cells 

and d28T MNs in control and SBMA lines. The presence of the polyglutamine repeat 

increased the molecular weight of the protein in the SBMA lines (n=3 (d28T) or 4 

control lines, n=4 SBMA lines). 

2.2.1 iPSC maintenance 

6-well plates (Falcon) were pre-coated with Geltrex basement membrane matrix (150 

µg/ml, Thermo-Fisher Scientific). An adherent monolayer system was used to 

propagate iPSCs with fully defined Essential8 media (containing DMEM/F-12, L-

ascorbic acid, selenium, transferrin, NaHCO3, insulin, fibroblast growth factor-2 and 

transforming growth factor ̡ 1) which was changed daily (Gibco). Cells were 

maintained in an incubator at 37°C and 5% carbon dioxide.  

SBMA lines were initially maintained in mTESR1TM media (StemCell Technologies) on 

Matrigel-coated (Thermo-Fisher Scientific) plates in keeping with the conditions they 

had been grown in the Fischbeck lab. They were transitioned onto Geltrex and then, 

after two further passages, into Essential8 media in keeping with the usual protocols 

of the Patani lab. The cells all continued with normal growth and morphology after 

passaging.  

2.2.2 Passaging/freezing/thawing 

Passaging: iPSC were passaged with 0.5mM Ethylendiaminetetetraacetic Acid (EDTA, 

Life Technologies) in DPBS when cells reached approximately 70% confluence. E8 

media was removed, cells were washed with 2 Ƴƭ ƻŦ 5ǳƭōŜŎŎƻΩǎ t.{ ό5t.{ύ ŀƴŘ м ml 
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of EDTA was added to a well of a 6 well plate and returned to the incubator. Colonies 

were visualised under the microscope and when the cells were starting to lift off, 

EDTA was aspirated off and cells were washed off using 1-3 ml of media from a 5 ml 

stripette and re-suspended typically 1:6-1:12 in a new well.  

Freezing: Stocks of cells were lifted using EDTA, taken up in 90% medium and 10% 

dimethylsulfoxide (DMSO), a cryoprotectant, (Sigma) and placed in a freezing vial. 

Vials were placed at -80°C overnight in a cryopreservant container, to control the rate 

of cooling and then transferred for long term storage in liquid nitrogen the following 

day.  

Thawing: Cells were thawed until only an ice crystal remained. 1 ml of media was 

added dropwise to the cells. The cells were added to a Falcon tube containing 10 ml 

of media then centrifuged at 180xG for 5 minutes, re-suspended in 1ml of media with 

10 µM rho-associated protein kinase (ROCK) inhibitor Y-2763 (StemCell Technologies) 

and plated onto pre-coated Geltrex plates with 2 ml of maintenance media. The 

following day media was replaced without ROCK inhibitor. iPSCs were split with EDTA 

at least twice prior to starting inductions to allow recovery from freezing.  

2.2.3 Differentiation of MNs 

Neural induction (day 0-7) 

I maintained iPSCs to 100% confluence and then initiated neural induction to direct 

the cells to a neuroectodermal lineage. Cells were fed with neural maintenance 

media (DMEM/F12 Glutamax (ThermoFisher), Neurobasal media (ThermoFisher), N2 

supplement (ThermoFisher), B27 supplement (ThermoFisher), Pen Strep 

(ThermoFisher), L-glutamine (ThermoFisher), non-essential amino acids 

(ThermoFisher), ̡-mercaptoethanol (ThermoFisher) and insulin (Sigma)). Cells from 

the ectoderm germ layer naturally default to a neural lineage, however this can be 

accelerated by actively antagonising the pluripotent pathways using two small 

molecule inhibitors of SMAD signalling (Chambers et al., 2009). This method of dual 
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SMAD inhibition was modified  by Shi et al  (Shi et al., 2012) and I used the protocol 

refined in the Patani lab to accelerate the process using three small molecules: 2 ˃ a 

SB431542 (activin/nodal inhibitor) (Tocris), 1 ˃a Řƻrsomorphin (BMP4 inhibitor) 

ό¢ƻŎǊƛǎύ ŀƴŘ о ˃a /ILwффлнм όD{Yо ̡inhibitor) (Miltenyi Biotec) for seven days (Hall 

et al., 2017).  

Cells were split 1:2 ratio on day 4 using 10 mg/ml dispase (ThermoFisher) into media 

containing ROCK inhibitor, which was removed the following day. The media was 

changed every day.  

Neural patterning (day 7-14)  

I next patterned the cells  using neural maintenance media supplemented with 0.5 

˃a ǊŜǘƛƴƻƛŎ ŀŎƛŘ όǘƻ ŎŀǳŘŀƭƛǎŜύ ό{ǘŜƳ/Ŝƭƭ ¢ŜŎƘƴƻƭƻƎƛŜǎύ ŀƴŘ м ˃ a ǇǳǊƳƻǊǇƘŀƳƛƴŜΣ ŀ 

sonic hedgehog agonist (to ventralise) (Stem Cell Technologies), to mimic 

developmental signalling pathways to position them in the pMN of the spinal cord, 

which gives rise to MN precursor cells. The cells begin to organise and form neural 

rosettes. Cells were split 1:2 using dispase on day 10 as described above.  

Expansion (day 14-18) 

I then expanded precursors in neural maintenance ƳŜŘƛŀ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ лΦм ˃a 

purmorphamine, to consolidate their cellular fate, for four days before they were 

dissociated with Accutase (ThermoFisher) and re-plated on fresh Polyethylenimine 

(PEI, Sigma) and geltrex coated plates for terminal differentiation.  

Terminal differentiation (day 18-28) 

To generate post-mitotic motor neurons , the cultures were treated with neural 

maintenance media supplemented with 0.1 mM compound E (a notch pathway 

inhibitor) (Enzo) which is used to prevent cell proliferation and synchronously take 

the cells out of the cell cycle. The cells were cultured in terminal differentiation media 

until day 21 when cells were divided into treated and untreated groups. Cells in the 
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treatment group were treated with 10 µM DHT (Sigma) on d21, d24 and d27. At 

relevant time points cells were snap frozen for RNA extraction to use in qPCR, 

collected in RIPA buffer for Western blotting or plated for immunocytochemistry 

(ICC).  

 Immunocytochemistry 

2.3.1 Immunofluorescence staining 

Cells were plated onto pre-coated clear bottom 96 well plates (Falcon) or round glass 

coverslips (diameter 13 mm) for ICC. To fix the cells, media was removed and they 

were first washed once in PBS and then fixed in 4% paraformaldehyde (PFA) in PBS 

for 12 minutes at room temperature. The PFA was washed off with three washes of 

PBS for five minutes each. Fixed cells were left in PBS and stored in a cold room prior 

to ICC.  

For ICC, samples were permeabilised with PBS and 0.3% Triton X and blocked with 

PBS-0.3% Triton X containing 5% BSA for 1 hour. Primary antibody was incubated in 

PBS-0.3% Triton X containing 5% BSA overnight at 4°C. Cells were washed three times 

for 5 minutes with PBS and then incubated with the complementary secondary 

antibody made up in PBS-0.3% Triton-X at 1:1000 for one hour at room temperature 

in the dark. Cells were washed with PBS three times for 5 minutes each. DAPI, п Σ сπ

ŘƛŀƳƛŘƛƴƻπнǇƘŜƴȅƭƛƴŘƻƭŜ nuclear stain (1:10000), was applied for 10 minutes as a 

nuclear marker follower by a further two five minute washes. The primary antibodies 

used are included in Table 5. Primary antibodies were detected using Alexa Fluor 488, 

Alexa Fluor 568 and Alex Fluor 647 complementary secondary antibodies. Plates were 

stored at 4°C prior to imaging.  
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Table 5 List of antibodies 

Target Supplier Catalog number Species Dilution 

SMI32 Cambridge Bioscience SMI-32R-500 Mouse 1:1000 (IF) 

CHAT Millipore AB144P Goat 1:50 (IF) 

Beta-tubulin III Abcam Ab21060 Chicken 1:1000 (IF) 

OLIG2 Millipore  AB9610 Rabbit 1:200 (IF) 

NKX2.2 DSHB 74.5A5 Chicken 1:400 (IF) 

NKX6.1 R&D AF5857 Goat 1:500 (IF) 

ʴIн!· Millipore 05-636 Mouse 1:250 (IF)  

CHMP7 Sigma HPA036119 Rabbit 1:250 (IF) 
1:1000(WB) 

LAMP2 Novus NB300-591 Rabbit 1:1000 (WB) 

P62 Abcam Ab56416 Mouse 1:1000 (WB) 

Cleaved 
caspase3 

Cell signalling #9661 Rabbit 1:1000 (WB) 

HSP70 SantaCruz  W27 sc-24 Mouse 1:1000 (WB) 

Beta Actin Abcam  ab8226 Mouse 1:20,000 
(WB) 

GAPDH Millipore  AB2302 Mouse 1:5000 (WB) 

 

Images were acquired using either a Zeiss LSM 510 confocal microscope or the Opera 

PhenixTM High-Content Screening System (Perkin Elmer). Settings for acquisition and 

thresholding were standard for each experimental set. For image analysis, Fiji or the 

Columbus Image Analysis System (Perkin Elmer) were used.  

2.3.2 Image analysis 

Images were acquired using the 40x objectives either a Zeiss LSM 510 confocal 

microscope or the Opera PhenixTM High-Content Screening System (Perkin Elmer). 

Settings for acquisition and thresholding were standard for each experimental set. 
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Analysis of confocal imaging was performed manually using ImageJ and high-

throughput image analysis was performed using the Columbus Image Analysis System 

(Perkin Elmer). Experiments were blinded where manual quantification was 

performed and at least five images were used per condition.  

 Immunoblotting 

Protein samples were lysed on ice using RIPA buffer (20 mM Tris pH 7.5, 1% NP-40, 

150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM EGTA and protease 

inhibitors cocktail). The protein concentration of the samples were determined using 

the BCA protein assay according to the manǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ǿƛǘƘ ŀōǎƻǊōŀƴŎŜ 

measured using a spectrophotometer at 750 nm. Samples were stored at -80°C until 

required. Samples were then added 4:1 in sample buffer (Laemmli buffer with 10% 

-̡mercaptoethanol) and heated for 10 minutes at 95°C to denature the proteins. 

Western blot was then used to determine protein levels. Proteins were loaded at 

equal concentrations onto precast 4-12% NuPage Bis-Tris gels and were separated by 

SDS-PAGE through NuPAGE MES SDS running buffer at 160V for 1 hour. Proteins were 

then transferred onto nitrocellulose membrane (Amersham Sciences) using transfer 

buffer (National Diagnostics) containing 20% methanol at 100 V for 1 hour. To 

demonstrate efficient protein transfer a Ponceau S stain was used.  

The membrane was then blocked for 1 hour in 5% BSA in TBS 0.1% Tween 20 (TBST). 

Membranes were then incubated on a shaker overnight in the cold room with 

primary antibodies diluted in blocking solution (Table 5). The following morning 

membranes were washed in TBST and then incubated for one hour with secondary 

antibodies at room temperature. Blots were then washed again in TCST and then 

imaged using either, the Odyssey CLX (Li-COR) and Image Studio (Li-COR) was used to 

perform densitometry, or, visualised using Luminata Crescendo chemiluminescence 

reagent and images taken using a Biorad imaging system with quantif ication using 

ImageLab software (Biorad). Protein expression was normalised to the housekeeping 

ǇǊƻǘŜƛƴǎ D!t5IΣ ʰ-ǘǳōǳƭƛƴ ƻǊ ʲ-actin.  
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 Functional Genomics 

RNA extraction  

RNA extractions were performed using the Maxwell RSC instrument with the 

tǊƻƳŜƎŀ aŀȄǿŜƭƭ w{/ ǎƛƳǇƭȅwb! ŎŜƭƭǎ ƪƛǘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. RNA content was measured using a Nanodrop. RNA was stored at -80°C 

until needed. 

Reverse transcription and qPCR 

Superscript IV reverse transcriptase was used to prepare cDNA, following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ wŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ǿŀǎ ǇŜrformed using 1 µg of RNA 

per sample, 1 µl random hexamers and nuclease free water to a total volume of 12 

µl, with 4 µl RT buffer, 1 µl RNAse inhibitor, 2 µl of dNTP mix and 1 µl of RT. The 

mixture was incubated at 23°C for ten minutes, at 55°C for ten minutes and finally at 

80°C for ten minutes to inactivate the reaction. cDNA was stored at -20°C until 

needed.  

Real-time qPCR was performed using the Applied Biosystems 7500 Real-Time PCR 

system and Power SYBR Green PCR mastermix (Applied Biosystems). qPCR was 

performed using 2 µl of cDNA diluted 1:40, 0.5 µl F primer, 0.5 µl R primer, 5 µL buffer 

and 2 µL of nuclease free water (Invitrogen). Primers used are listed in Table 6 and  

Table 7. Reactions were performed in triplicate. Values were normalised to the 

housekeeping genes ̡-actin and GAPDH. The comparative threshold cycle method 

was used to calculate relative quantification of gene expression. 

Table 6 Primers for DNA damage response and mitochondrial genes 

Primer Model Forward Reverse 

GADD45 Human GTGCTGGTGACGAATCCACA TCCATGTAGCGACTTTCCCG 

SESN1 Human ACGGGCTTTCAAATACCGAG
T 

ATGCCAAGTTCCTGGATGCTC 

TSC2 Human GGTCCGCAGCAGGATACAGA TCCAGACAGGTTTCCGTGAG 



70 
 

PTEN Human TGTAGTAAGTTGTGCTGAAAG
ACA 

TAGCTGTGGTGGGTTATGGTC 

IGFBP1 Human GCGCCAGGAAATGCTAGTG AACTTGGGATCAGACACCCG 

PRKAB1 Human TTCCGAGCCCATAGTAACCA
G 

TAGGGTCCTGGGGGAGAACT 

XRCC4 Human CTTGATCTGTGAAAGCGGGC TCCATTTCTTAATACCTCTCCG
TGA 

XRCC5 Human GGACGTGGGCTTTACCATGA AGCAAACACCTGTCGCTGTA 

XRCC6 Human GGTTGATGCCTCCAAGGCTA TGGATACACTGGATGCTCATGT 

TP53 Human AAAGTCTAGAGCCACCGTCC
A 

AGTCTGGCTGCCAATCCA 

TP63 Human GAACGGTGATGGTACGAAGC GGCCCCTCACTGGTAAGTAT 

OGG1 Human ACCAACAAGGAACTGGGAAA
CT 

GCCTATGGGGTCCGAGAAAG 

ATM Human CCGAGTGCAGTGAGGCATAC GGGCAGCAGGGTGACAATAA 

ATR Human TCTCAAGCTCGGTTGCTCTG TGAATCTTCTACTCCAGTCACA
AA 

ACTB Human CCCCGCGAGCACAGAG ATCATCCATGGTGAGCTGGC 

Actb Mouse ACAACGGCTCCGGCATGTGCA
AAG 

CATTCCCACCATCACACCCTGGT
GC 

Ampkb1 Mouse TCCGAAGAGATCAAGGCTCC GACTTCCTTTCCACCCCCTG 

Cox1 Mouse GGTCAACCAGGTGCACTTTT TGGGGCTCCGATTATTAGTG 

Cox2 Mouse TGAAGACGTCCTCCACTCATG
A 

GCCTGGGATGGCATCAGTT 

Cox3 Mouse GCAGGATTCTTCTGAGCGTTCT GTCAGCAGCCTCCTAGATCATG
T 

Dram1 Mouse CTGTCGTCCCCATGATTGCC CAAAAGCCACGGTCCACTCA 

Gadd45 Mouse TGGTGACGAACCCACATTCA CGGGAGATTAATCACGGGCA 

Ho-1 Mouse GGTCAGGTGTCCAGAGAAGG CTTCCAGGGCCGTGTAGATA 

Igfbp3 Mouse TAAGAAGAAGCAGTGCCGCC TTTCCCCTTGGTGTCGTAGC 

Nqo1 Mouse TTCTCTGGCCGATTCAGAGT GGCTGCTTGGAGCAAAATG 

Nd1 Mouse CCTTCGACCTGACCTGACAGA
AGGA 

GATGCTCGGATCCATAGGAA 

Nd5 Mouse GCTCTACCTCACCATCTCTTGC TCCAGTATGCTTACCTTGTTACG 

Nrf2 Mouse TTCCTCTGCTGCCATTAGTCAG
TC 

GCTCTTCCATTTCCGAGTCACTG 

P63 Mouse GCCAGAGGAACAGATGGAGT
C 

AGCTTGGCCCTTCCGATTC 

tƎŎмʰ Mouse TTGCTAGCGGTCCTCACAGA GGCTCTTCTGCCTCCTGA 

tƎŎмʲ Mouse CGCTCCAGGAGACTGAATCCA
G 

CTTGACTACTGTCTGTGAGGC 

Pparg Mouse GGAAGACCACTCGCATTCCTT TCGCACTTTGGTATTCTTGGAG 

Pten Mouse GCGGAACTTGCAATCCTCAG ACATGAACTTGTCCTCCCGC 

Sesn1 Mouse GACGGACTTTCAAACGCGG TTCCAAGTTCCTCGACGCTC 

Sesn2 Mouse CGCCACTCAGAGAAGGTTCA ACGGGGTAGTCAGGTCATGT 

Tfam Mouse CCAAAAAGACCTCGTTCAGC ATGTCTCCGGATCGTTTCAC 

Tsc2 Mouse ACCATCAGGTCCGAAAGCTG CGCGCCATCACCTTTTCAAT 
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Table 7 Primers for studying CHMP expression 

Primer Species Forward Reverse 

CHMP1A Human CATGGACGTTCACGGCG CACACGGGCACACTCTACAT 

CHMP1B Human GGATACACGCCGAAAATGCC TCGACTTAACCACACCAGCC 

CHMP2A Human CTGTCGAACCTCCCCTCAACT CCTCCGCAGGTTCTTAAGCC 

CHMP2B Human CGCCAAGGTCCTGTCCTTTT TGTTCCTTTATTACATCATCCACGG 

CHMP3 Human GAGAAGCCGCCCAAAGAACT TTGGATATCCCTTATTTGCCTGTCA 

CHMP4B Human TCAGTGGACCCGAAACAGTC CTTCTTGGCGGGTTTTGATGG 

CHMP5 Human GAGGCGGGAGTGACTCTG CTACTGTCCACCGTGCCAAT 

CHMP6 Human GCGCAATCACTCAGGAACAA GTGAGTCCCACAAGACGAGG 

CHMP7 Human GGACCTGCTGCGTCGAG CCACTTGAGAGGCTTCAGCA 
 

 Live cell imaging assays 

2.6.1 Measurement of mitochondrial membrane potential 

To measure mitochondrial membrane potential, cells were grown on µ-slide 8-well 

imaging dishes (Ibidi). Cells were incubated for 30 minutes in recording media (156 

mM NaCl, 10 mM HEPES, 10 mM D-glucose, 3 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 

1.25 mM KH2PO4, pH 7.35) with tetramethylrhodamine methyl ester (TMRM) 

(ThermoFisher Scientific) to visualise mitochondria and 0.05% pluronicTM F-127 to 

permeabalise the cell membrane. TMRM is a fluorescent dye which is positively 

charged and accumulates in the negatively charged matrix of the mitochondria. At 

low concentrations mitochondrial membrane potential is proportional to the TMRM 

fluorescence. 10 µM calcein blue (ThermoFisher Scientific) was added to the cells 

directly before imaging to visualise the cell area.  

A Zeiss 7180 confocal microscope was used to take 3-6 z-stack images per cell line 

using the 63x objective. Cells were imaged in an incubation chamber kept at 37°C. 

The images were blinded and analysed using ImageJ using the maximum projection 

of the stacks. The images were thresholded using the same threshold for all images 

in the same experiment so that only the TMRM signal was analysed. Mean TMRM 
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was calculated for each cell and this was expressed as a percentage of the average 

intensity of control cells.  

2.6.2 Mitochondrial function  

A Zeiss 7180 confocal microscope (Carl Zeiss, UK) with ZEN 2 lite blue addition 2012 

software was used to perform a time series experiment taking single focal plane 

images every 10s. Cells were treated with oligomycƛƴ нΦр ˃ƎκƳƭ ό{ƛƎƳŀύΣ a complex V 

inhibitor which is used to demonstrate whether mitochondria are actively 

synthesising ATP. 5 ˃a ǊƻǘŜƴƻƴŜ which is a complex 1 blocker was added after 120s 

and finally 1 ˃a C//t όŎŀǊōƻƴȅƭ ŎȅŀƴƛŘŜ Ǉ-[trifluoromethoxy]- phenyl ς hydrazine, 

Sigma) was added which is a protonophophore that uncouples oxidation from 

phosphorylation (Joshi et al., 2011).  

TMRM baseline was calculated after subtraction of background fluorescence. The 

percentage difference after the addition of each mitochondrial inhibitor was 

calculated relative to baseline for each cell. This provided a measure for the effect of 

each toxin and the contribution to the total membrane potential of the individual 

complexes.  

2.6.3 Axonal transport 

Preparation of microfluidic chambers (MFC) 

Polydimethlysiloxane (PDMS) pieces were prepared by mixing ten parts of Sylgard 

Elastomer Base (Dowsil) with one part of Sylgard 184 Silicone Elastomer Curing Agent 

(Dowsil). The mixture was whisked thoroughly until opaque with bubbles and then 

put in a bench desiccator for 30 minutes until no bubbles were left. Tape was used to 

carefully clean resin moulds with 500 µm microgrooves to remove any residual debris 

and then the plastic was poured into the mould and any bubbles were pushed to the 

side with a pipette tip. The moulds were then baked in the oven for 1-2 hours to set 

the PDMS. Once complete, the PDMS pieces were carefully removed from the moulds 

using forceps and then cut into circles with 4 small compartments for the somatic and 
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axonal compartments using specialised cutting equipment. A representation of this 

design is shown below (Figure 4).  

Glass bottom dishes 40 mm in diameter (WillCo-dish®) were coated with 1.5 ml dilute 

poly-D-lysine (PDL 1 mg/ml) 1:50 in milliQ water for at least 3 hours at room 

temperature in a cell culture hood. After 3 hours the PDL was aspirated from the 

dishes and washed 5 times with milliQ water then left to dry. Any residue on the 

PDMS pieces was removed with tape and then they were washed in filtered 70% 

ethanol and left to dry. When both dishes and PDMS pieces were completely dry the 

PDMS pieces were stuck to the glass bottom plates groove side down and all aim 

removed by pressing outwards. The channels were coated with 0.8% BSA in 

Leibowitzs L-15 media with 150µl added to the somatic compartment and 100 µl 

added to the axonal compartment. The dishes were left overnight in an incubator on 

tilt.  

The following day, the BSA was aspirated from the channels and replaced with 

Matrigel and left overnight tilted at 37°C in 5% CO2. A falcon cap with sterile water in 

ǘƘŜ ŘƛǎƘ ǿŀǎ ŀŘŘŜŘ ǘƻ ƳŀƪŜ ǎǳǊŜ ǘƘŜ aC/ǎ ŘƛŘƴΩǘ ŘǊȅ ƻǳǘΦ  
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Figure 4 Schematic representation of a microfluidic device.  

NPCs were plated into the somatic compartment (pink) with 150 µL of media with 100 µL of 

media in the axonal compartment (purple). This gradient encouraged axons to grow from the 

cell bodies through grooves between the two compartments into the axonal compartment. 

Multiple axons could grow along each axon. This allows axons to be isolated for imaging and 

allowed me to see that signalling endosomes were travelling in a retrograde direction, 

towards the cell bodies.  
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Plating NPCs in MFCs 

The Matrigel was removed from the MFCs and they were washed with N2B27 media. 

Neural precursor cells were plated at a density of 15,000 cells in the somatic 

compartment of the MFCs by first pelleting the cells (5 minutes at 270xg) and re-

suspending in 10 µl of media. 20 µl of N2B27 was added to the axonal compartment 

followed by the 10 µl of media containing cells into the somatic compartments and 

the dish was left in the incubator for 1 hour lying flat. At this point 140 µl N2B27 was 

added to the somatic compartment and 80 µl to the axonal compartment to create a 

gradient to encourage axonal growth and left on tilt. The day after plating media was 

changed to contain 0.1 mM compound E. On day 4 after plating one plate of each 

control line and SBMA line had 10 nM DHT added to the media. The cultures were 

maintained for a further 10 days before imaging.  

Axonal transport of MNs in MFCs 

Retrograde axonal transport 

Retrograde axonal transport (AT) assays were performed using a labelled, atoxic 

fragment of tetanus toxin (HcT ς Hc binding domain of tetanus neurotoxin TeNT). 

TeNT is taken up at the neuromuscular junction and is transported in a retrograde 

direction to the cell body in the spinal cord. The same route of internalisation and 

transport has been demonstrated with the HcT binding fragment (Deinhardt et al., 

2006). This fragment can be expressed in recombinant form with fluorescent labelling 

and is therefore a reliable probe for the analysis of axonal transport and is also non-

toxic. The AT for TeNT Hc uses the same pathway as that used by neurotrophins which 

are secreted by target muscles and are essential for the survival of MNs (Lalli et al., 

2002). Therefore, this method is highly clinically relevant.   

MNs were treated with 40 nM Alexa 647 TeNT Hc in neural maintenance medium with 

HEPES and BDNF supplementation for 30 minutes, followed by a wash out period for 

15 minutes. Images were acquired through continuous scanning using a Zeiss LSM 
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780 microscope with a Zeiss X40 oil-immersion objective. The region of interest was 

kept uniform between experiments. The distal axon was imaged, near the edge of 

the microgroove.  

At least 20 endosomes were viewed for each condition on 5-8 videos. TrackMate in 

Image J was used for frame by frame vesicle tracking. Only vesicles that covered one 

third of the distance of the total viewing frame were included within the analysis. 

{ǇŜŜŘ ŘƛǎǘǊƛōǳǘƛƻƴ ǇǊƻŦƛƭŜǎ ƻŦ ǘƘŜ ŎŀǊǊƛŜǊǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ ŀ лΦн ˃Ƴκǎ ōƛƴƴƛƴƎ 

interval. Endosomes travelling between 0-лΦн ˃Ƴκǎ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ƘŀǾŜ ǇŀǳǎŜŘΦ 

Statistical analysis and representative graphs were performed using GraphPad 

Prism8.    

Mitochondrial transport 

MNs were treated with neuronal growth media supplemented with 20 mM HEPES, 

20 nM TMRM (ThermoFisher Scientific) for 30 minutes, followed by a washout period 

for 15 minutes. Images were acquired concurrently with endosomal trafficking using 

a Zeiss LSM 780 microscope with a Zeiss X40 oil-immersion objective at 37°.  

 Exposure to thermal stress  

To examine the response of the iPSC-derived MNs to stress, cells underwent heat 

shock at 42°C for 3 hours with 5% carbon dioxide before returning to an incubator at 

37°C. The cells were harvested with the addition of RIPA buffer for Western blot or 

processed for immunostaining.  

 RNA Sequencing 

RNA Quality Control 

I performed NanoDrop nucleic acid testing and quantification. All samples of RNA 

weǊŜ άǇǳǊŜέ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŀŎŎŜǇǘŜŘ Ǌŀǘƛƻƴ ƻŦ ҔнΦл ŦƻǊ ǘƘŜ нслκнулƳƳ 
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absorbance. The 260/230 ratio is a secondary measure of purity when values are 

higher than the respective 260/280 ratio. The 260/230 ratio is higher in all samples 

except SB18 d7 and C1 d7 samples where they are very slightly lower.  

RNASeq library preparation 

The libraries of mRNA-Seq were prepared by the Francis Crick Institute Advanced 

Sequencing Facility STP using the polyA_KAPA_mRNA_Hyper_Prep kit (Roche, UK) 

according to the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ instructions.  

RNA-Seq 

The multiplexed libraries were used for high throughput sequencing at the Francis 

Crick institute Advanced Sequencing Facility as 100 pair end runs using a HiSeq4000 

sequencing machine covering 40 million reads per sample. The data generated 

included demultiplexed fastq files, fastqc with quality metrics for each fastq file, 

fastq_screen, a low pass screen of several reference genomes for confirming the data 

maps to the intended species and multiqc which is an aggregator for the QC metrics. 

The fastq samples were concatenated (head to tail array of covalently joined 

sequences) for analysis between the sequencing runs.  

RNA-Seq data analysis 

FastQC software was used to assess the quality of fastq files. The files were then 

aligned to the human reference genome (human genome assembly GR Ch38) using 

STAR (Dobin et al., 2013). To assign and count mapped reads the FeatureCounts 

package was used to quantify transcript expression (Liao et al., 2014). To perform 

differential gene expression analysis DESeq2 was used which uses a generalised linear 

model to normalise the gene counts (Love et al., 2014).  

I then carried out pathway and gene ontology analysis using GSEA (gene set 

enrichment analysis), WebGestalt (WEB-based Gene SeT AnaLysis Toolkit) and DAVID 

(Database for Annotation, Visualisation and /integrated discovery). To identify 
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networks and functional pathways of differentially regulated genes I used Gene Set 

Enrichment Analysis from the Broad Institute (Mootha et al., 2003). I then used the 

STRINGv9.1 database (Search Tool for the Retrieval of Interacting Genes) which 

identifies both experimental and predicted interactions in a PPI network based on 

their co-occurrence, co-expression, neighbourhood, gene fusions and literature 

mining to uncover associations between the gene/protein.  

 Statistics using Prism 

I used GraphPad Prism 8 to perform all statistical analysis on the experiments (n=3 

biological repeats unless otherwise stated but from one induction) and to generate 

graphs. Independent variables in different groups were analysed by ANOVA with 

post-hoc comparisons. P values of <0.05 was accepted as statistical significance with 

p<0.05=*, p<0.01 =** and p<0.001 =***). Error bars represent mean ± SEM. 
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Chapter 3 Transcriptomic profiling illuminates molecular 

pathways that are disrupted in mouse models of SBMA 

 Introduction 

Since the identification of the polyglutamine repeat expansion in the AR gene as the 

underlying genetic cause for SBMA (La Spada et al., 1991), models of the disease have 

been used to investigate the molecular and cellular mechanisms of MN degeneration. 

This has included cultured cells and drosophila models as well as mouse models 

(Beitel et al, 2013). Models of SBMA have provided, and continue to provide, useful 

insights into the pathological mechanisms that underlie the disease. However, there 

are some key questions which remain unanswered. Despite the ubiquitous 

expression of the AR protein, in SBMA the lower MNs of the brainstem and the spinal 

cord are selectively affected and the reasons for this remain unclear. Further, the 

mechanisms underlying neuronal degeneration are not yet fully elucidated; with both 

toxic gain-of-function as well as loss-of-function of the AR believed to contribute. In 

this Chapter I present the results of my experiments utilising the YAC (yeast artificial 

chromosome) AR100 and BAC (bacterial artificial chromosome) fxAR121 mouse 

models which have different clinical features and therefore offer different avenues 

for gaining insight into the pathological mechanisms that underlie MN loss in SBMA.   

The AR100 mouse model has a 100 CAG repeat expansion in the AR gene which 

encodes an expanded polyglutamine tract in the AR protein. Male mice develop a 

slowly progressive, late-onset, neuromuscular phenotype, with MN loss in the spinal 

cord and with a normal life expectancy which correlates with the natural history of 

the disease in SBMA patients (Malik et al., 2011; Malik et al., 2013; Sopher et al., 

2004). The AR100 mouse has previously been used in the Greensmith lab to identify 

impaired heat shock response and endoplasmic reticulum (ER) stress in SBMA (Malik 

et al., 2013; Montague et al., 2014). However, the slowly progressive phenotype, 

whilst closely resembling that seen in patients, means that it is more difficult to test 
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the benefit of potential therapeutic agents in a longitudinal preclinical trial. For this 

reason, I decided to study the fxAR121 mouse.  

The fxAR121 is a transgenic mouse model with the human AR transgene engineered 

to carry 121 repeats (alternating CAG and CAA repeats) through pronuclear injection 

and driven by a CMV enhancer and chickŜƴ ʲ-Actin promoter (Cortes et al., 2014). 

This model expresses human AR protein at comparable levels with that of 

endogenous mouse AR. fxAR121 mice have been reported to develop systemic and 

neuromuscular phenotypes from one month of age with a significant decrease in 

body weight and reduced grip strength compared to their non-transgenic littermates 

(Cortes et al., 2014). Cortes found that the mice did not have a loss of MNs in the 

spinal cord although the soma size was smaller in mutants compared with littermate 

controls. The disease phenotype was relentlessly progressive and led to premature 

death by 32 weeks of age. Whilst premature death is not typical for patients with 

SBMA, a rapid presentation of SBMA would allow me to explore whether any 

pathways were particularly prominent in this more aggressive model of disease. The 

fxAR121 model also offered the opportunity to test potential therapeutic 

interventions with a shorter lead time than models with a normal life expectancy.  

To identify genes and molecular pathways which contribute to the earliest 

pathogenic events in SBMA, a global transcriptomic analysis of purified, cultured 

spinal cord MNs from embryonic AR100, AR20 and wild-type mice was performed by 

Dr Bilal Malik. Transcriptional dysregulation plays a significant role in the 

development of SBMA. The AR is activated by binding to its ligand, testosterone, 

following which it translocates to the nucleus where it acts as a transcription factor. 

The length of the polyQ repeat affects the transcription of androgen responsive genes 

and, in addition, the polyQ AR can sequester transcription factors and reduce 

transcription by reducing the availability of these factors (McCampbell et al., 2000). 

Genome wide analysis was performed on primary motor neuron cultures treated 

with DHT from the spinal cords of embryonic day 13 (E13) AR100 mice with four 

biological replicate samples of AR100 mice. Affymetrix 430 v2.0 mouse arrays were 

used for the genome wide analysis and the experiments were performed by UCL 
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genomics. It was shown that transcriptional dysregulation included components of 

crucial biological pathways including autophagy, mitochondrial function and DNA 

damage. I investigated these pathways using established assays to validate these 

findings.  

 

Chapter Aims:  

1.  Fully characterise the fxAR121 mouse model of SBMA using longitudinal 

physiological and histological characterisation of disease progression.  

2. Validate the key dysregulated pathways identified through global 

transcriptomic analysis of primary MN culture from AR100 mice. Specifically: 

a. The role of Chmp7, a protein which functions in the endosomal 

sorting pathway 

b. Mitochondrial function 

c. The p53 pathway and DNA damage response  
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 Results 

3.2.1 The UCL colony of AR121 mice did not develop a neuromuscular 

phenotype 

The fxAR121 SBMA had recently been engineered by the La Spada lab when I 

commenced my PhD. Cortes et al reported behavioural tests on this model and a 

colony had been established at UCL (Cortes et al., 2014). My original research plan 

was to fully characterise the physiological status of the fxAR121 mouse model of 

SBMA at different time points in disease development. I planned to perform in vivo 

physiological isometric muscle force testing and muscle contractility testing. In 

addition, I aimed to perform accompanying histopathological analysis of the spinal 

cord and muscle of the AR121 male mice at pre-symptomatic, symptomatic and late-

stage disease.  

I then planned to explore molecular mechanisms in primary MN cultures looking at 

the role of endoplasmic reticulum (ER) stress and mitochondrial dysfunction which 

have been observed in other models of SBMA (Montague et al., 2014; Ranganathan 

et al., 2009). As well as this I aimed to explore the role of axonal transport in the 

fxAR121 model of disease.  Work from my lab had shown that axonal transport 

deficits were not present in the AR100 model, however, other lab groups had found 

evidence for altered axonal transport in other models of SBMA (Katsuno et al., 2006, 

Malik et al., 2011). Finally, I aimed to perform transcriptomic analysis to establish 

whether novel pathway s could be identified. Overall, I aimed to develop a time line 

for the development of pathology at a cellular, molecular and whole organism level. 

Any novel pathways would be explored and potential therapeutic options to target 

these identified.  Therapeutics could be trialled in this model and I would be able to 

determine whether drug treatments successfully stopped or reduced the 

neurodegeneration seen in SBMA. I completed home office training and learned the 

techniques of embryo dissection, genotyping and immunocytochemistry.  
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The fxAR121 mice in the UCL colony did not develop a neuromuscular phenotype or 

a premature death phenotype. They were maintained for 24 generations, with some 

mice aged to 16-18 months. The fxAR121 mice did not develop overt changes in 

weight (as clearly seen in our AR100 mice) or life expectancy. We considered whether 

physiological differences related to the polyQ AR might be present in the mice. I went 

on maternity leave during this period and Dr Bilal Malik performed the physiology 

experiments. These tests revealed no significant differences in muscle force between 

wild type (WT) and SBMA mice. In light of these findings I decided to pursue 

investigation into the pathogenic events of SBMA using the AR100 mouse model.  

3.2.2 Transcriptomic analysis revealed dysregulated gene expression in AR100 

embryonic cultured MNs 

Dr Bilal Malik performed analysis of the transcriptional profile of purified primary MN 

cultures from AR100 mice and wild type mice using Affymetrix 430 v2.0 mouse arrays. 

The cultures were treated with dihydrotestosterone (DHT) to reflect the ligand 

dependent nature of SBMA. Principle component analysis and hierarchical clustering 

were used to discriminate between WT and AR100 transcriptomes. In AR100 MNs 

178 genes were upregulated and 287 genes were downregulated compared with WT 

cultures. Importantly, these genes were unaltered in meninges or astrocyte control 

cultures demonstrating they were specific to embryonic MNs.  

3.2.3 Chmp7 is dysregulated in AR100 mice 

Gene expression analysis in primary embryonic MN cultures from AR100 SBMA mice 

revealed that the gene Chmp7 (charged multivesicular body protein 7) was 

downregulated compared with controls. CHMP7 protein is involved in the generation 

of multivesicular bodies as part of the endosomal sorting complex required for 

transport (ESCRT-III), which transports ubiquitinated proteins from the endosomes 

to the lysosomes and therefore plays a role in autophagic flux (Horii et al., 2006).  
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 I investigated the expression of Chmp7 in the spinal cord and tibialis anterior (TA) 

muscle of 3 month old, pre-symptomatic AR100, AR20 and WT mice by performing 

qPCR on samples which had been prepared from spinal cord and muscle. Chmp7 was 

reduced 2.74 fold in AR100 mice compared with AR20 mice (n=3, *p<0.01) (Figure 

5A). Interestingly, Chmp7 was upregulated 2.5 fold in TA muscle, another site of 

SBMA pathology, compared with AR20 mice (n=3, *p<0.01) (Figure 5B). There was no 

difference between WT and AR20. AR20 mice carry 20 non-pathogenic CAG repeats 

in the AR gene and are similar to WT mice as they do not develop a disease phenotype  

In pre-symptomatic AR100 mice CHMP7 expression was reduced compared with WT 

mice (1.4 fold decrease, n>3, *P<0.05) on immunostaining (Figure 5C). Further, 

CHMP7 expression was localised around the perinuclear region in the SBMA mice, 

compared with the more uniform and diffuse cytoplasmic and nuclear localisation in 

WT MNs. It is unclear exactly why CHMP7 is found in the perinuclear region, one 

possibility is that as endosomes typically move to the perinuclear region prior to 

lysosomal degradation this may reflect a problem with ESCRT-related endosome 

formation or possibly failure of lysosomal degradation of endosomes.  

CHMP7 expression was also decreased in the spinal cord of pre-symptomatic mice in 

AR100 mice using Western blot analysis (Figure 5D). To investigate whether 

dysregulation of autophagy occurs as a result of Chmp7 downregulation I looked at 

levels of Lamp2 and p62 which are linked with autophagy through protein 

degradation in the lysosome. Interestingly, levels of these proteins are not altered in 

pre-symptomatic mice (Figure 5D), but are elevated after the onset of symptoms. 

LAMP2 is increased 1.9 fold (n>3, *P<0.05) and p62 was increased 1.3 fold (n>3, 

*P<0.05) (Figure 5E).   
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Figure 5 Chmp7 is differentially regulated in AR100 mice.  

(A) Chmp7 was downregulated in the spinal cord of pre-symptomatic (3m) AR100 male mice 

compared to control and AR20 mice. (B) Chmp7 was upregulated in the tibialis anterior 

muscle of pre-symptomatic AR100 mice. qPCR data are displayed as mean ± SEM. A two-

sample t-test or one-war ANOVA followed by Student-Newman-YŜǳƭǎ ŀƴŘ ¢ǳƪŜȅΩǎ IƻƴŜǎǘƭȅ 

Significantly Different post hoc tests (n>3, >3 independent experiments, *P<0.05) (C) Chmp7 

staining was reduced in pre-symptomatic AR100 mouse MNs. In AR100 mice CHMP7 was 

concentrated around the perinuclear area. I̡II tubulin was used as a neuronal marker. Scale 

bar = 20˃ m. (D) Chmp7 protein levels were decreased on Western blot analysis of pre-

symptomatic AR100 mice spinal cord compared with AR20 mice. Lamp2 and p62 protein 

levels were unchanged.  (E) Lamp2 and p62 levels were increased in symptomatic AR100 

mice, whilst CHMP7 protein levels were reduced compared with AR20 mice. Densitometric 

analysis of bands was performed with values normalised to actin. Statistical analysis was 

performed using a two sample t-test (n>3, *P<0.05). AU=arbitrary units. 

 

3.2.4 AR100 MNs exhibit mitochondrial dysfunction   

Mitochondrial dysfunction has previously been reported in SBMA with increased 

mitophagy, reduced mitochondrial mass and reduced activity of complexes II, III and 

IV of the mitochondrial respiratory chain in the muscles of patients with SBMA (Borgia 

et al., 2017). In addition, aggregates of the mutant AR have been shown to associate 

with mitochondria in cultured cells (Ranganathan et al., 2009).  

I first looked at the expression of mitochondrial associated genes using qPCR. In 

embryonic MNs genes associated with components of the mitochondrial respiratory 

chain were reduced in SBMA compared with controls for ND1 (NADH dehydrogenase, 

part of complex I) and Cox1 and Cox2 (subunits of cytochrome c oxidase, complex IV) 

(Figure 6).  In addition, Ho-1, the antioxidant gene heme-oxygenase-1, and, Nrf2 

which regulates the expression of antioxidant genes were both downregulated. 

These transcripts were not altered in spinal cord MNs from AR100 pre-symptomatic 

(3m) mice but ND5 (NADH dehydrogenase 5) was reduced which encodes proteins 
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contributing to mitochondrial complex 1 as was Gpx1 (glutathione peroxidase 1) 

which is an antioxidant gene.  

 

Figure 6 Dysregulation of mitochondrial genes in AR100 mice  

(A) Expression of mitochondrial associated genes in E13 MN cultures from AR100 and AR20 

mice  (B) Expression of mitochondrial associated genes in pre-symptomatic (3m) AR100 and 

AR20 mice (C) Cytochrome c oxidase subunit gene expression in E13 MNs (D) Cytochrome c 

oxidase subunit gene expression in pre-symptomatic (3m) AR100 and AR20 mice. Data are 

displayed as mean ± SEM and are representative of at least three independent experiments. 

Statistical analysis was performed using a two sample t-test (n>3, *p<0.05). 
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Mitochondrial complex activities contribute to the mitochondrial membrane 

potential όɲʌm) ǘƘŜǊŜŦƻǊŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǊƻƭŜ ƻŦ ǘƘŜǎŜ ŎƻƳǇƭŜȄŜǎ ƛƴ ɲʌm I next 

examined the ɲʌm of the AR100 primary MNs compared with WT. ɲʌm is a measure 

of mitochondrial health and is essential for the function of the mitochondrial 

respiratory chain to generate ATP to provide energy for the cell. In the event of loss 

of ɲʌm there is depletion of energy and cell loss.   

 

Figure 7 Representative images of mitochondrial membrane potential measurement.  

Mitochondria were loaded with TMRM in red and MN nuclei stained with 1nM calcein blue. 

Intensity of TMRM is proportional to mitochondrial membrane intensity. Images were taken 

by continuous recording of images in a single focal plane during the addition of mitochondrial 

toxins (oligomycin, a complex V inhibitor, rotenone, a complex I inhibitor and FCCP, a 

protonophore that uncouples oxidative phosphorylation). These are images representative 

of at least three independent experiments. Scale bars represent 10 µm. 

As shown in Figure 7 and Figure 8, treatment with oligomycin caused a transient 

hyperpolarisation and increase in TMRM intensity in WT MNs but this was not seen 

in the AR100 MNs, rather there was a subsequent reduction in TMRM intensity. The 

addition of rotenone led to an accelerated decline in TMRM intensity compared with 

control cells. FCCP led to a more immediate decline in TMRM intensity in SBMA MNs 

and overall these were more depolarised at the end of the experiment. Taken with 
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decreased mitochondrial gene expression, particularly ND1 and ND5 which encode 

protein components of complex 1Σ ǘƘŜǎŜ ŦƛƴŘƛƴƎǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ɲʌm in AR100 MNs is 

more sensitive to mitochondrial insults than control cells.  

 

 

Figure 8 Mitochondrial membrane potential analysis of AR100 and WT MNs.  

Trace shows average TMRM intensity using live cell imaging, during the sequential addition 

of oligomycin, rotenone and FCCP (n=3). AR100 MNs do not hyperpolarise in response to 

oligomycin as seen in WT MNs. There is an accelerated decline in membrane potential after 

treatment with rotenone and lower levels of fluorescence at the end of the experiment after 

FCCP treatment in the AR100 MNs. Data are displayed as mean± SEM. Statistical analysis was 

performed using a repeated measures ANOVA followed by the Bonferroni post hoc test (n>3, 

*P<0.05). AU=arbitrary units. 
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3.2.5 DNA damage 

Gene expression analysis in the AR100 mouse model suggested dysregulation of the 

p53 pathway which is associated with DNA repair, protection from oxidative stress 

and the autophagy pathway.  I found that genes from these various aspects of the 

p53 pathway were downregulated on qPCR analysis of AR100 cultured E13 MNs 

compared with AR20 (Figure 9A) (there was no difference between WT and AR20). 

Downregulation was also found in pre-symptomatic 3 month old AR100 mice 

compared with AR20 mice (Figure 9B). 

I then performed immunolabelling on the ventral spinal cord of 12 month old AR100 

and WT mice. I used ɹ-H2AX which is a marker of double-stranded DNA breaks and is 

increased with DNA damage and found that it was present in the nuclei of MNs of 

symptomatic AR100 mice (Figure 9C). These findings suggest that in SBMA there is 

dysregulation of the genes associated with DNA repair pre-symptomatically and this 

leads to DNA damage.  
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Figure 9 p53 associated DNA repair is dysregulated in SBMA mice leading to DNA damage  

(A) Reduced expression of p53 target genes involved in DNA repair in AR100 E13 primary MN 

cultures compared with AR20 (B) Reduced expression of p53 target genes involved in DNA 

repair in pre-symptomatic (3m) AR100 MN cultures compared with AR20. qPCR results are 

displayed as mean ± SEM. Statistical analysis was performed using a two sample t-test (n>3, 

*P<0.05). (C) AR100 spinal cord from 12 month old mice immunolabeled with -ɹH2AX to show 

evidence of DNA damage in MNs. ʲLLL ǘǳōǳƭƛƴ ǎƘƻǿƴ ŀǎ a neuronal marker. Scale bars 

represent мл˃ƳΦ 
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 Discussion 

The aims of this Chapter were to (i) characterise the AR121 mouse model and (ii) 

validate the transcriptomic changes found in primary MN culture in the AR100 mouse 

model. The results of this Chapter demonstrate that I was unable to characterise the 

AR121 mouse as the mice in the UCL colony did not reveal abnormalities in survival 

or a progressive motor phenotype or neurodegeneration.  

In the AR100 model, however, the results clearly show that in SBMA, transcriptional 

dysregulation occurs early in MN development and leads to disruption of normal 

neuronal cellular processes. Transcriptomic profiling from cultured embryonic MNs 

of AR100 SBMA mice identified dysregulation of Chmp7, mitochondrial genes, p53 

and DNA damage response (DDR) genes as well as WNT pathways compared with 

control cells. This suggests that there is a complex interplay of multiple pathways 

involved in the pathogenesis and subsequent neurodegeneration seen in SBMA.  

3.3.1 Chmp7 is dysregulated in the AR100 mouse model of SBMA 

 Chmp7 dysregulation was identified in SBMA through transcriptomic analysis of 

cultured embryonic MNs. It is involved in the endosomal-lysosomal degradation 

pathway through its action as an ESCRT-III related protein (Horii et al., 2006).   Chmp7 

is downregulated in cultured embryonic MNs of AR100 SBMA mice and in pre-

symptomatic AR100 mice (Figure 5). Previous studies have shown that Chmp7 is 

associated with alterations of autophagic flux which has been described in SBMA 

(Cortes et al., 2014). My findings in the AR100 mice show that CHMP7 levels were 

reduced in the spinal cord from pre-symptomatic mice and further reduced in 

symptomatic mice which concentrates in the perinuclear region,  potentially within 

elaborate nuclear envelope invaginations as has been observed in proteins in ALS 

(Ortega et al., 2020). LAMP2 and p62 were only elevated in symptomatic mice which 

may be a result of disrupted degradation of autophagosomes by lysosomes as a 

consequence of reduced CHMP7. Ultimately this may lead to aggregation of mutant 

protein which is a pathological hallmark of SBMA.  Interestingly, Chmp7 was 
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upregulated in skeletal muscle but was not altered in AR100 cortex or meninges 

suggesting that Chmp7 dysregulation is confined to the sites of pathology in SBMA.  

3.3.2 Mitochondrial dysfunction is an early pathological features in SBMA  

In this study I investigated the role of mitochondria in SBMA. Mitochondrial deficits 

have previously been described in SBMA both in patient tissue and animal models 

(Borgia et al., 2017; Ranganathan et al., 2009). I found disruption in expression of 

genes which are associated with mitochondria (Figure 6) and a functional impairment 

in the response of mitochondrial membrane potential to mitochondrial toxins in 

SBMA (Figure 7 and Figure 8). I found that these changes in the AR100 mouse model 

occur early in development which suggests that mitochondrial dysfunction could be 

a driver of disease in SBMA. Mitochondrial disruption may have downstream effects 

on other pathways in that these may lead to oxidative stress and subsequently to 

DNA damage. 

3.3.3 The DNA damage repair pathway is disrupted in SBMA 

DNA is continually damaged and relies on DNA repair mechanisms to maintain the 

integrity of the genome (Madabhushi et al., 2014). Markers of DNA damage are well 

recognised in other polyQ repeat disorders (Massey et al., 2018) and ALS (Lopez-

Gonzalez et al., 2016). In SBMA a previous study found that the mutant AR can 

sequester proteins involved in DNA repair away from the site of DNA damage (H. Xiao 

et al., 2012). The p53 pathway is involved in the response of the cell to DNA damage 

through three major functions: growth arrest, DNA repair and apoptosis. 

Transciptomic profiling of primary embryonic MNs in SBMA revealed dysregulation 

of genes in the p53 pathway.  In this study several p53 associated genes were 

downregulated pre-symptomatically in the AR100 mice, suggesting failure of DNA 

repair is an early feature of SBMA. This loss of DNA repair may make the MNs 

vulnerable to further damage, for example from oxidative stress produced by 

mitochondrial dysfunction. I found evidence of DNA damage in the nuclei of AR100 

mice MNs.   
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Concluding remarks 

In summary, mice are an established model to study mechanisms in human disease 

on account of similarities in physiological processes and of the genomes (Fisher et al., 

2019). However, there are key discrepancies between patients with SBMA and mouse 

models. For example, in human patients, a CAG repeat length of 38 or more is 

required to develop the disease, whilst in mice the necessary repeat length is over 90 

for disease (Katsuno et al., 2002). In addition, response to therapeutics alters 

between humans and models. In the AR97Q mouse, there is a dramatic improvement 

in the neuromuscular phenotype of the mice with leuprorelin acetate but this has not 

been successful in translating into human therapy (Katsuno et al., 2003; Hashizume 

et al., 2017).  

Transcriptome profiling examines the expression levels of RNAs in the specific cell 

population offers the opportunity to understand disease mechanisms in more detail 

at a given time point. Here, we found several pathways are altered early in SBMA 

pathogenesis in the AR100 mouse model, and, in particular Chmp7, these may 

represent a molecular target for therapeutic development. To explore the relevance 

of these findings in SBMA, I therefore decided to investigate the molecular pathology 

behind motor neurodegeneration in SBMA using patient-derived iPSCs to determine 

whether the pathways identified from these results are observed in a human model 

of the disease. This is the focus for Chapter 4. 
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Chapter 4 Transcriptomic changes in SBMA iPSC-derived 

spinal MNs 

 Introduction 

In Chapter 3 I explored the pathological pathways which had been identified in a 

global transcriptomic analysis of the AR100 SBMA mouse model. Whilst the AR100 

mice, as well as other mouse and cellular models of SBMA, have certainly provided 

valuable insights into the pathogenesis of SBMA, necessarily these models have relied 

on either overexpression or knockdown of the AR, and/or they are in non-human cells 

and this means that whilst they capture an in vivo environment they may fail to truly 

capture the pathophysiology which underlies human disease. I therefore decided to 

generate an iPSC model of MNs derived from SBMA as this is a human model of 

disease with the mutant protein, in this case the polyQ AR, expressed at 

pathophysiological levels. In addition, in comparison to post-mortem studies, it is a 

developmental system and can therefore be used to determine early pathogenic 

changes rather than those of end-stage disease. In this results chapter I use directed 

differentiation of SBMA patient-derived and control iPSC into spinal cord MNs to 

identify the transcriptional changes representing some of the earliest changes 

associated with mutant SBMA carrying the expanded polyQ AR MNs. 

Differentiation of iPSC into spinal cord MNs 

SBMA is a disease which affects the lower motor neurons in the spinal cord, the 

brainstem and the skeletal muscle. For this study I will investigate the pathological 

events which occur in spinal cord MNs as there is confirmed evidence for primary 

pathology in these cells from post-mortem, electrophysiological and animal studies. 

I will generate enriched populations of spinal cord MNs using a protocol for motor 

neurogenesis which has been refined in my lab.  
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Transcriptomic analysis of MNs 

It remains unclear why a polyglutamine repeat expansion in the AR, a ubiquitously 

expressed protein leads to selective MN loss in SBMA. There is evidence from mouse 

models (as described in Chapter 3 and in the literature) demonstrating that 

transcriptional dysregulation plays a major role in the development of SBMA (Kazemi-

esfarjani et al., 1995; Katsuno et al., 2005). In this chapter, I use transcriptome wide 

analysis using RNA sequencing (RNA-Seq) to identify transcriptional pathways that 

discriminate between SBMA and control MNs which I will use to generate new 

hypotheses on the pathogenesis of SBMA to test using focused low-throughput and 

high fidelity assays. RNA-Seq is a high-throughput, functional genomic technology 

that is used to study RNA expression. It is used to capture the entire transcriptome 

and allows analysis of gene expression and splicing events. It is an unbiased technique 

ŀǎ ƛǘ ŘŜǘŜŎǘǎ ǘǊŀƴǎŎǊƛǇǘǎ ǘƘŀǘ ǿŜǊŜƴΩǘ ƪƴƻǿƴ ǳǎƛƴƎ ǘƘŜ ǎŀƳǇƭŜǎ ǿƘƻƭŜ ǘǊŀƴǎŎǊƛǇǘƻƳŜΦ 

Our understanding of SBMA stands to benefit from such an unbiased approach. 

In order to investigate candidate genes and temporal molecular pathogenic events in 

the hiPSC SBMA model I will use RNA-Seq at 5 stages of neural differentiation and 

maturation: pluripotency (iPSC), at the end of the induction phase (d7), at the end of 

the patterning phase (d14), early motor neurons (d21) and electrically active motor 

neurons (d28) treated with DHT. These time points reflect specific rationalised 

developmental time points and they also align with time points selected in the VCP 

iPSC-derived MN model of ALS from the Patani lab (Hall et al., 2017; Luisier et al., 

2018; Tyzack et al., 2021) which will allow direct comparison of molecular pathogenic 

events between diseases which affect MNs.  

Altered RNA splicing 

In addition, I will examine the effect of the polyQ AR mutation on alternative splicing. 

Following transcription from a gene, a pre-mRNA transcript undergoes 

transcriptional modification, predominantly co-transcriptionally, to generate a 

mature functional RNA molecule which can subsequently be translated into protein. 
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¢Ƙƛǎ ƛƴǾƻƭǾŜǎ ǘƘǊŜŜ ƪŜȅ ǎǘŜǇǎΥ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ŀ ŎŀǇ ŀǘ ǘƘŜ рΩ ŜƴŘ ŀƴŘ ƻŦ ŀ оΩ 

polyadenylated tail which facilitate the transport of the mRNA to ribosomes in the 

cytoplasm and protect it from molecular degradation; and, RNA splicing in which 

splicing removes the non-coding introns and links exons. Alternative processing can 

occur with alternative polyadenylation (APA) and alternative splicing (AS) (Tian et al., 

2016). Alternative splicing mechanisms can include intron retention (IR), exon-

skipping and mutually exclusive exons. This allows for the synthesis of a diverse range 

of proteins from the limited number of genes. Alternative RNA processing occurs in 

a regulated cell-type and stage-specific manner in neuronal development and 

subsequent homeostasis of neurons (Yap et al., 2016; Zhang et al., 2016).    

In familial ALS, some identified mutations are in genes which encode regulators of 

post-transcriptional RNA processing. In the Patani lab, we recently identified that 

there were increased IR events in MNs from VCP patient derived iPSCs compared with 

control MNs (Luisier et al., 2018). This finding raises the possibility that changes in 

these processes, even as early as during neurodevelopment, may underlie the 

molecular pathogenesis of MN loss. Further, Splicing Factor Proline and Glutamine 

rich (SFPQ) was the most significant intron retaining transcript in the VCP MNs and 

this was also found to be the case in FUS and SOD1 mutant iPSC MN models 

suggesting that SFPQ IR is a more generalizable molecular feature of ALS. This finding 

has been independently validated by another lab in post-mortem tissue from 

sporadic ALS cases (Hogan et al., 2020). Binding of the SFPQ protein to its retained 

intron was also associated with SFPQ nuclear:cytoplasmic ratio (Luisier et al., 2018).  

The AR interacts with RNA splicing factors in a ligand dependent manner however the 

precise role for the AR in RNA processing and splicing is currently unclear (Dong et 

al., 2007). In SBMA the polyQ AR has been demonstrated to led to increased 

expression of the CUGBP1 RNA binding protein in the skeletal muscle of the AR113Q 

knock in mouse in a polyglutamine-length and hormone-dependent manner with 

mis-splicing of the chloride channel gene (Yu et al., 2009).  The presence of alternative 

splicing in motor neurons or in iPSC models of SBMA has not been reported and I will 
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therefore explore the role of splicing and whether intron retention, particularly of 

SFPQ, is a common molecular hallmark across motor neuron diseases. 

Chapter aims: 

1. To validate the model of differentiation from pluripotency to MNs using iPSCs. 

2. Is there a mutant dependent effect on MN differentiation?  

3. Is there a transcriptional phenotype for SBMA in d28 with testosterone? 

4. Is that phenotype reflected earlier in MN development? 

5. Is there evidence for alternative splicing and intron retention in MN 

development in SBMA?  

 Generation of spinal MNs  

4.2.1 Motor neuron differentiation 

I generated MNs from four SBMA patient lines and four control lines for comparison 

using the established protocol from my lab (Figure 10). Briefly, iPSCs were cultured 

until 100% confluent, at which point they were treated with small molecule inhibitors 

of the BMP4, activin/nodal and GSK3 ̡signalling pathways to trigger neural induction. 

Following this neuroepithelium was patterned to generate spinal MN precursors with 

purmorphamine (a sonic hedgehog agonist) and retinoic acid (RA). The precursors 

were expanded for four days in a reduced concentration of purmorphamine to 

consolidate their identity before being plated out and treated with Compound E (a 

notch antagonist) to coordinate exit from the cell cycle. MNs generated using this 

protocol have previously been demonstrated to generate action potentials which are 

sensitive to treatment with teratodotoxin (Hall et al., 2017). Cellular samples from 

each stage of MN differentiation have been extensively characterised in my lab using 

immunocytochemistry to validate the differentiation of iPSCs into enriched MNs 

(>90%) (Luisier et al., 2018).  
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Figure 10 Motor neuron protocol  

(A) Schematic depicting neurogenesis. Lines indicate sampling time-points in days. iPSC were 

obtained from four patients with confirmed SBMA, and four different healthy controls. One 

induction from each line was used for RNA-Seq. Induced pluripotent stem cells (iPSCs); neural 

precursor cells (NPCs); post-mitotic but electrophysiologically immature motor neurons 

(d21); electrophysiologically mature MNs (d28). Neural induction for 7 days with Dual SMAD 

and GSKb inhibitors; patterning for seven days with retinoic acid (RA) and sonic hedgehog 

(SHH); three days of low SHH (SHH) followed by NOTCH antagonist for coordinated cell cycle 

exit. (B) Representative immunocytochemistry images at d14 (neural precursor cells) at the 

end of neural patterning. Displayed is OLIG2 (red), NKX2.2 (yellow), NKX6.1 (green), DAPI 

(blue) and a merge of all the images. (C) Representative immunocytochemistry images of 

electrically active d32 MNs. Displayed is CHAT (green), SMI-32 (yellow), DAPI (blue) and a 

merge of all the images. Scale bars = 20µM. Images of control cell lines by Jamie Mitchell in 

the Patani Lab.  

 

 

A 

B 

C 
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4.2.2 Using RNA-Seq to validate the differentiation of iPSC into MNs 

To generate the samples for RNA-Seq I used the following workflow (Figure 11). 

Briefly, I snap froze pellets of cultured cells from pluripotent cultures, at the end of 

neural induction (d7), at the end of neural patterning (d14), from MNs at day 3 of 

terminal differentiation (d21), from MNs at day 10 of terminal differentiation (d28) 

and from MNs at day 10 of terminal differentiation which had been treated with 7 

days of DHT (d28t) (n=4 SBMA, n=4 control lines). Treatment with DHT was 

performed to model the ligand dependent nature of SBMA by allowing translocation 

of the AR into the nucleus. I extracted the RNA using the Promega® Maxwell kit and 

performed RIN score quality checks (QC) of the samples. All samples included in the 

analysis had a RIN score >9.  

Library preparation and additional QC was performed by the Advanced Sequencing 

Facility at the Francis Crick Institute using the KAPA mRNA polyA HyperPrep and the 

samples were run on a HiSeq 4000 sequencing machine with 100 bp paired ends with 

a depth of 40 million reads per sample. QC of raw reads was performed by the 

Advanced Sequencing Facility at the Francis Crick Institute.  

Alignment of the reads to the human genome (human genome assembly GRCh38) 

was performed using the splice-aware STAR aligner (Dobin et al., 2013) by Dr Bilal 

Malik using an RNA-Seq analysis pipeline developed by Anna-Leigh Brown at the UCL 

Queen Square Institute of Neurology 

(https://github.com/frattalab/rna_seq_snakemake). The FeatureCounts package 

was used for assigning and counting mapped reads to quantify transcript expression 

(Liao et al., 2014). Differential gene expression was performed using DESeq2, which 

normalises the gene counts using a generalised linear model  (Love et al., 2014). 

 

https://github.com/frattalab/rna_seq_snakemake
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Figure 11 RNA-Seq workflow  

Workflow for the processing and analysis of RNA-Seq samples to investigate transcriptional 

changes between SBMA and control lines through motor neurogenesis.  

Principle component and hierarchical clustering analysis (performed using R) were 

able to discriminate between the transcriptomes of the different stages of spinal 

motor neuron differentiation (iPSC, NI, NPC, d21MN, d28MN) (biological replicates 

n=4) (Figure 12).  
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Figure 12 Principle component analysis of control cells throughout motor neurogenesis 

(A) Principle component analysis of RNA-Seq data at the time points of iPSC, d7 (end of neural 

induction), d14 (end of patterning), d21 (immature MNs) and d28T (electrically active MNs 

treated with DHT) was able to discriminate between the stages of motor neurogenesis. 

(Control n=3, 1 induction) (B) PCA with the different lines highlighted throughout 

differentiation 

To establish whether differentiation into motor neurons had been successful, I 

compared the gene expression of pluripotent cells (d0) with terminally differentiated 

MN (d28) in control lines (biological n=4). I specifically compared the mRNA 

A 

B 
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expression of established pluripotency markers (POUF51, NANOG and PODXL) and 

MN/neuronal markers (CHAT, ISL1 and SLC18A3).  The presence of MN markers in 

terminally differentiated cells combined with low expression at iPSC stage provides 

evidence for the successful differentiation of iPSC into MNs (Figure 13).   
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Figure 13 Differentiation from iPSC into MNs 

Expression of pluripotency markers POU5F1, NANOG and PODXL are increased in iPSC 

compared with d28 MNs, whilst MN markers CHAT, ISL1 and SLC18A3 are increased in d28 

MNs compared with iPSC. Data is presented as DESEq2 normalised read counts showing 

mean ± SEM (n=4 control lines). 

4.2.3 MNs have a positional identity in the cervical spine 

I then looked at the positional identity of the MNs by analysing the HOX gene 

expression during MN development. HOX genes are a subset of homeobox genes that 

specify regions of motor neurons to an identity along the rostro-caudal axis. The HOX 

genes are grouped into 4 paralogous gene clusters, HOXA, HOXB, HOXC and HOXD. 

Exposure of neuronal precursors to 0.5 M˃ retinoic acid (RA) for 7 days has been 

shown to lead to HOX gene expression paralogues 3-5 located in the cervical region 



104 
 

of the spinal cord (Philippidou et al., 2013). Previous work from our lab has identified 

that the MNs generated from this protocol have a positional identity of 

cervical/brachial motor neurons with preserved expression of HOX4 with a reduction 

in expression of HOX1 and HOX6-13 (Hall et al., 2017).  I used the DESeq2 normalised 

read counts of mapped genes from the terminally differentiated MN from the control 

lines (n=4) (Figure 14). I found that whilst there was variation between the lines and, 

in particular, Control 4 has lower expression of HOX genes compared with the other 

lines, nevertheless, there was a strong cervical HOX code expression across the HOX 

paralogues which confirmed previous work from our lab. Although Control 4 has 

lower overall expression of HOX genes, expression was still predominantly focussed 

in the cervical region.  

In this section I have used RNA-Seq to further validate the differentiation and 

positional identity of cervical spinal motor neurons generated using the protocol for 

motor neurogenesis established in my lab. I will next explore whether there is a 

difference in the differentiation of MNs using SBMA cell lines compared with control.  
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Figure 14 Expression of HOX genes in d28 MNs 

HOX genes specify regions of motor neurons to an identity along the rostro-caudal axis and 

are arranged into four cluster: HOXA, HOXB, HOXC and HOX9 with 13 paralogous groups. HOX 

genes 4-11 align with spinal cord MNs. Here MNs have a cervical spinal cord positional 

identity with preserved expression of HOX4 in particular. Bar plots displaying the relative 

expression of HOXA, HOXB, HOXC and HOXD paralogous genes at d28 in the four control lines 

(n=4, 1 induction). Data displayed is DESEq2 normalised read count.  

 

 Is there a polyQ AR dependent effect on the transcriptome of 

SBMA iPSCs undergoing directed differentiation? 

I investigated whether the MN differentiation efficiency was the same between 

SBMA and control MNs. At d14, neural precursor cells, there was no significant 

difference in the expression of OLIG2 and HOXB4 (markers of MN precursors) 

between control and SBMA samples (Figure 15). There was low expression of ISL1 in 

both control and SBMA precursors, with no significant difference between the 

groups. In d21, early MNs there was no significant difference in MN or neuronal 

markers (Figure 16).  
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Figure 15 Comparison of MN precursor gene expression between SBMA and control d14 
neural precursor cells 

There was no significant difference in the expression of OLIG2, HOXB4 or ISL1 between SBMA 

and control d14 cells. Data presented as DESEq2 normalised read count. Error bars represent 

mean ± SEM (n=4 control, n=4 SBMA, fold change <1.2). 
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Figure 16 Comparison of neuronal and motor neuron gene expression between SBMA and 
control d21 MNs 

There was no significant difference in the expression of motor neuron (ISL1, CHAT, SYT1) or 

neuronal (NEFH, TUBB3 or MAP2) gene marker between SBMA and control d21 cells. Data 

presented as DESEq2 normalised read count. Error bars represent mean ± SEM (n=4 control, 

SBMA lines, fold change <1.2). 



109 
 

At d28 however, ISL1 expression is significantly lower in SBMA compared with control 

MNs however CHAT and NEFH were not significantly different and SYT1, a gene 

associated with neurotransmitter release at a synapse, was maintained (Figure 17). 

The low level may reflect a restricted ability of the SBMA cells to undergo directed 

differentiation, that the MNs are alive but express ISL1 to a low level, or, potentially 

that there is selective loss of MNs in these cultures. Of note, in other iPSC-derived 

MN models of SBMA there has been no significant difference reported in the 

differentiation efficiency between SBMA and control MNs (Grunseich et al., 2014; 

Cristofani et al., 2017; Sheila et al., 2019; Pourshafie et al., 2020). In a highly purified 

SBMA and control MNs following cell sorting through flow cytometry with MN 

specific HB9e438::Venus reporter lentivirus, ISL1 was actually increased in the SBMA 

MNs (Onodera et al., 2020). 

The lower level of ISL1 transcript requires follow up with ICC or Western blot but 

other cell markers suggest that there is not a clear difference in differentiation into 

MNs in SBMA compared with control.  
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Figure 17 Comparison of neuronal and motor neuron gene expression between SBMA and 
control d28 MNs 

Significant decrease in the expression of MN marker ISL1 in d28 SBMA MNs (FC>1.2). No 

significant change in other MN (CHAT, SYT1) or neuronal (NEFH, TUBB3 or MAP2) gene 

markers between SBMA and control d28 cells. Data presented as DESEq2 normalised read 

count. Error bars represent mean ± SEM (n=4 control, SBMA lines, **p<0.01, fold change 

>1.2). 
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 Analysis of the transcriptional phenotype in d28T SBMA MNs 

4.4.1 Differential gene expression 

Principle component analysis and hierarchical clustering discriminated between the 

SBMA and the control lines throughout differentiation (Figure 18 and Figure 19).  

 

 

 



112 
 

Figure 18 Principle component analysis discriminates between SBMA and control 
throughout motor neurogenesis 

(A) Principle component analysis shows different time points are distinct populations 

and discriminates between SBMA and control lines. (B) Individual cell lines 

demonstrate the clustering at different developmental time points iPSC (navy circle), 

d7 (blue circle), d14 (orange circle). There is less distinction between post-mitotic 

MNs at d21 and d28 (green circle). No individual line is a consistent outlier. (n=4 

control, n=4 SBMA)   
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Figure 19 Principle component analysis between SBMA and control at each time point 
through motor neurogenesis 

Principle component analysis shows SBMA and control lines are distinct populations at (A) 

iPSC (B) d7 (C) d14 and (D) d28T time points.  

C 

D 
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Transcriptional dysregulation 

I explored the emergence of a transcriptional phenotype signal in which the mutant 

expanded polyQ AR affects the transcriptome. Initially, I looked at the transcriptional 

changes at the motor neuronal level in d28 MNs which had been treated with DHT 

(d28T) from d22 to recapitulate the ligand dependent nature of the disease. 3399 

genes were differentially expressed with 1924 genes upregulated and 1475 genes 

downregulated in SBMA d28T MNs compared with control d28T MN cultures (using 

a threshold of logFC>1.2 and padj <0.05). Upregulated genes included ITIH5 (inter-

alpha-trypsin inhibitor heavy chain family member 5, FC=10.9), which is involved in 

stabilisation of the extracellular matrix and was found to be increased in the AR100 

mouse model, E2F2 (E2F transcription factor 2, FC=7.4) which is involved in the cell 

cycle and ALPK2 (Alpha Kinase 2, FC=41) which is a serine/threonine kinase crucial for 

expression of DNA repair-related genes.  

Differentially expressed genes in SBMA iPSC-MN models 

Surprisingly, there was no differential expression in CHMP7 in d28T MNs despite the 

significant reduction in Chmp7 expression in the AR100 mouse model. In addition, 

FAM135B which was significantly altered in another iPSC MN model of SBMA was not 

differentially regulated between SBMA and control MNs in this iPSC model of disease 

(Sheila et al., 2019). I therefore compared my list of differentially expressed genes to 

those published by the other groups who have published differentially expressed 

gene (DEG) lists from SBMA iPSC derived MNs (Sheila et al., 2019; Onodera et al., 

2020). I performed pathway analysis on these published gene lists using WebGestalt, 

as I have used in this chapter, but this did not identify significant overexpression of 

any pathways.  

Three genes were differentially regulated in all three models (Figure 20). These were 

DDIT4L, SOX6 and ARMC6. DDIT4L is the DNA-damage-inducible transcript 4 like gene 

(homolog of DDIT4) which is expressed in response to DNA damage and among its 

related pathways are mTOR signalling. SOX6 is a member of the D subfamily of sex 
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determining region y-related transcription factors which are required for normal 

development of the CNS, maintenance of cardiac and skeletal muscle and 

chondrogenesis. ARMC4 (Armadillo repeat containing 4) is thought to be involved in 

ciliary and flagellar movement. In my study DDIT4L (baseMean 42) was increased 12 

fold in SBMA compared with control d28T MNs, SOX6 (baseMean 497) was increased 

3.6 fold and ARMC4 (baseMean 164) was increased 2.7 fold.  

 

Figure 20 Overlap of SBMA DEGs and previously identified dysregulated genes in SBMA 
iPSC-derived MNs.  

Overlap of differentially expressed genes from the RNA-Seq data of d28T MNs with 

differentially expressed gene lists published in the scientific literature from Onodera et al 

(2020) and from Sheila et al (2019). DDIT4L, SOX6 and ARMC4 were differentially expressed 

in MNs from 3 different iPSC-derived models of SBMA. Venn diagram made in Venny 2.1.0 

(Oliveros, https://bioinfogp.cnb.csic.es/tools/venny/). 

  

https://bioinfogp.cnb.csic.es/tools/venny/


116 
 

Differentially expressed AR responsive genes 

I then compared the differentially expressed genes with previously reported AR 

responsive genes compiled from a search of the gene sets from the Gene Set 

Enrichment Analysis website from the Broad Institute 

(http://www.broad.mit.edu/gsea/). There are no gene sets available for the effect of 

androgen on motor neurons or neuronal cells and those included here are the 

differentially expressed genes in prostate cancer cells in vitro in response to synthetic 

androgen. Prostate cancer is caused by mutations in the AR and therefore these cell 

lines may give altered AR responsive genes. Here differential expression of CCND1, 

CDK6, CENPN, GSR, MAK, MYL12A, PTPN21, SLC26A2, SPCS3, TMEM50A, XRCC5, 

DNAJB9, HERC3, IDI1, INSIG1, RAB4A, SPDEF and UAF overlapped with the AR 

responsive genes (Figure 21). The proteins encoded by these genes are involved in 

DNA damage repair response, response to cellular stress and the cell cycle.  

 

Figure 21 Overlap of SBMA DEGs and known AR responsive genes 

Significant increased (11) and decreased (7) DEG overlapped with genes known to be 

regulated by the AR. Venn diagram made in Venny 2.1.0 (Oliveros, 

https://bioinfogp.cnb.csic.es/tools/venny/). 

Decreased 

http://www.broad.mit.edu/gsea/
https://bioinfogp.cnb.csic.es/tools/venny/
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Differentially expressed genes which overlap with other motor neuron diseases 

I next compared the list of differentially expressed genes with genes which have been 

identified in familial ALS and Charcot-Marie-Tooth disease to explore whether there 

are common genes which may give insight into potential crossover mechanisms of 

neuronal disruption. Interestingly, SETX and SPG11 were present in all three groups 

(Figure 22 and Table 8). SETX encodes the enzyme senataxin which contains a 

DNA/RNA helicase domain suggesting that it is involved in DNA and RNA processing. 

SPG11 encodes the protein spatacsin which is expressed throughout the nervous 

system and is postulated to play a role in axonal transport and maintenance.  

 

Figure 22 Overlap between SBMA DEGs and known genes implicated in ALS and CMT 

Multiple genes overlapped between SBMA DEGs and genes identified in familial ALS and 

CMT. Venn diagram made in Venny 2.1.0 (Oliveros, 

https://bioinfogp.cnb.csic.es/tools/venny/). 

 

https://bioinfogp.cnb.csic.es/tools/venny/
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Table 8 Table of overlapping genes between SBMA, familial ALS and CMT 

SBMA and fALS SBMA and CMT CMT and fALS SBMA, fALS and 
CMT 

ANXA11 SH3TC2 NIF5A SETX 

FUS TRPV4 VCP SPG11 

PFN1 GLE1 CHCHD10  

HNRNPA1 ATP7A SIGMAR1  

HNRNPA2 CCT5 FIG4  

NEK1 DHTKD1   

MATR3 DNMT1   

TUBA4A CTDP1   

 DNM2   

 SBF1   

 DNAJB2   

 PDK3   

 

Differential expression of RNA binding protein genes in SBMA 

I was interested to find that four of the overlapping genes between SBMA and fALS, 

FUS, HNRNPA1, HNRNPA2 and MATR3 were RNA binding proteins (RBPs). RBPs have 

a role in RNA processing, RNA metabolism (including transcription), RNA stability, 

nuclear export of RNA and regulation of translation (Corley et al., 2020). Mutations 

in genes encoding RBPs such as fused in sarcoma (FUS), TAR DNA-binding Protein 43 

(TDP43) have been identified in familial ALS and the FUS and TDP-43 proteins are 

found in abnormal cytoplasmic inclusions in MNs of ALS patients on post mortem. In 

fact, over 95% of patients, with or without a mutation in the TDP-43 encoding gene 

TARDBP, have nuclear-cytoplasmic mislocalisation of TDP-43. The mislocalisation of 

RNA-binding proteins from the nucleus to the cytoplasm is a key pathological 

molecular hallmark of ALS (Luisier et al., 2018; Tyzack et al., 2019, 2021).   

I compared the list of DEGs in the d28T MNs with the 552 reported human RBPs listed 

on the RNA binding protein database (http://rbpdb.ccbr.utoronto.ca/). Of the 3692 

differentially expressed genes, 80 (2.1%) were RBPs of which 58 were increased and 

22 were decreased. To explore this further I compared the list of DEGs at d21 MNs. 

Of the 333 DEGs, 11 (1.3%) were RBPs and all of which were increased. There was an 

overlap of 5 genes that were increased in d21 and in d28T which were KIF24 (3.24 FC 
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d21, 5.82FC in d28T), EPHB4 (4.80FC d21, 3.65FC d28T), PPFIBP2 (3.77FC d21, 3.11 

d28T), MBNL1 (1.54FC d21, 1.39FC d28T) and KHSRP (1.2FC d21, 1.21FC d28T) (Figure 

23). These observations indicate a potential role for RBPs in SBMA and may be 

relevant to pathogenesis of the disease.  
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Figure 23 RNA binding proteins with increased in d21 and d28T MNs 

Transcripts encoding the RNA binding proteins KIF24, EPHB4, PPFIBP2, MBNL1 and KHSRP 

were significantly increased in d21 and d28T MNs. Data presented as fold change in SBMA 

compared with control MNs (n=4 control, n=4 SBMA, FC >1.2, FDR>0.05). 

These results show a clear separation of transcripts at different stages of motor 

neurogenesis and a separation of transcripts between SBMA and control at each 

stage in motor neurogenesis. There is differential transcriptional regulation in SBMA 

d28T MNs compared with control MNs and this may ultimately prove detrimental to 

the cell. Comparison of the DEG list with known genes regulated by the AR, with other 

DEG lists from other SBMA iPSC-derived MNs and from genes implicated in familial 

ALS and CMT suggests that DNA damage response and repair, cell cycle, structural 

pathways and RNA binding proteins may be associated with the SBMA expanded 
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polyQ AR. To investigate this further I performed pathway analysis to establish 

enrichment of genes in biologically relevant pathways in SBMA patient iPSC lines.  

4.4.2 Biological pathway analysis of differentially expressed genes 

To identify molecular pathways enriched in SBMA or control MNs I used WebGestalt 

(WEB-based Gene SeT AnaLysis Toolkit) (Wang et al., 2013; Zhang et al., 2005) which 

is a web-based tool for exploring and interpreting gene lists for enrichment analysis. 

Using over-representation analysis in which the genes are annotated to functional 

categories and compared to a reference list, I looked at pathway enrichment using 

the KEGG (Kyoto Encyclopaedia of Genes and Genomes) databases. The significantly 

differentially regulated genes were over-represented in five KEGG pathways were 

over-represented: homologous recombination, the Fanconi anaemia pathway, cell 

cycle pathway, spliceosome pathway and cellular senescence (false discovery rate 

FDR<0.05) (Table 9).  

Interestingly in the enhanced KEGG cell cycle pathway, key genes involved in the DNA 

damage checkpoint are dysregulated. This finding is confirmed when comparing the 

list of significantly altered genes to the Wikipathway database which highlighted key 

pathways involved in the DNA damage response as well as in cell cycle control and 

mRNA processing. Using the Reactome pathway database identified 84 enriched 

pathways which are included in the appendix. As well as cell cycle, and homologous 

recombination pathways, pathways involving SUMOlyation and TP53 activity are 

identified which is interesting as these have been identified in SBMA previously (Chua 

et al., 2015, Chapter 3).  There were no significant hits identified from the Panther 

database. 
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Table 9 Over-represented pathways identified using all significant SBMA DEG using 
WebGestalt overexpression pathway analysis comparison to the KEGG, Wikipathway and 
Reactome databases 

 

 

  

GeneSet Description Size Overlap Enriched FDR 

Enriched KEGG pathways  

hsa03440 Homologous recombination 41 15 2.645 0.017 

hsa03460 Fanconi anaemia pathway 54 18 2.410 0.017 

hsa04110 Cell cycle 124 32 1.866 0.017 

hsa03040 Spliceosome 134 34 1.835 0.017 

hsa04218 Cellular senescence 160 39 1.762 0.017 

Wikipathway enriched 

WP4016 
DNA IR-damage and cellular 
response via ATR 81 36 3.069 0.000 

WP3959 
DNA IR-Double Strand Breaks (DSBs) 
and cellular response via ATM 55 23 2.888 0.000 

WP2446 Retinoblastoma Gene in Cancer 88 34 2.668 0.000 

WP1601 Fluoropyrimidine Activity 34 13 2.641 0.041 

WP45 G1 to S cell cycle control 64 23 2.482 0.002 

WP707 DNA Damage Response 69 24 2.402 0.002 

WP411 mRNA Processing 133 38 1.973 0.002 

Enriched Reactome Pathways (top gene sets with maximising gene cover) 

R-HSA-
381183 

ATF6 (ATF6-alpha) activates 
chaperone genes 10 1.483 4.046 0.028 

R-HSA-
111465 

Apoptotic cleavage of cellular 
proteins 38 5.635 2.307 0.045 

R-HSA-
1169410 

Antiviral mechanism by IFN-
stimulated genes 78 11.566 2.075 0.007 

R-HSA-
1640170 Cell Cycle 641 95.051 1.757 0.000 

R-HSA-
73894 DNA Repair 316 46.858 1.707 0.000 

R-HSA-
6811442 

Intra-Golgi and retrograde Golgi-to-
ER traffic 200 29.657 1.551 0.028 

R-HSA-
1852241 

Organelle biogenesis and 
maintenance 294 43.596 1.537 0.005 

R-HSA-
8953854 Metabolism of RNA 674 99.944 1.431 0.000 

R-HSA-
74160 Gene expression (Transcription) 1430 212.050 1.339 0.000 

R-HSA-
194315 Signalling by Rho GTPases 444 65.839 1.337 0.043 
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To explore this in more detail I then examined the enriched pathways from the genes 

with increased expression and the pathways that were enriched from the genes with 

decreased expression in the SBMA MNs compared with controls. The KEGG pathways 

identified are listed in the table (Table 10). 

Table 10 Over-represented pathways in increased SBMA DEGs and decreased SBMA DEGs 

GeneSet Description Size Overlap Enriched  FDR 

Pathways enriched in genes increased in SBMA d28 MNs 

hsa04110 Cell cycle 124 30 2.82 0.000 

hsa03440 Homologous recombination 41 14 3.99 0.000 

hsa03040 Spliceosome 134 28 2.44 0.000 

hsa04218 Cellular senescence 160 31 2.26 0.000 

hsa03460 Fanconi anaemia pathway 54 15 3.24 0.002 

hsa05215 Prostate cancer 97 19 2.28 0.026 

hsa03030 DNA replication 36 10 3.24 0.027 

hsa04142 Lysosome 123 22 2.09 0.027 

hsa05412 

Arrhythmogenic right 
ventricular cardiomyopathy 
(ARVC) 72 15 2.43 0.034 

hsa05224 Breast cancer 147 24 1.90 0.047 

Pathways enriched in  genes decreased in SBMA d28 MNs 

hsa00100 Steroid biosynthesis 19 6 5.986375 0.025 

hsa04913 Ovarian steroidogenesis 49 9 3.481871 0.049 

hsa04932 
Non-alcoholic fatty liver 
disease (NAFLD) 149 24 3.053453 0.000 

hsa05016 Huntington disease 193 23 2.259107 0.021 

hsa04714 Thermogenesis 229 25 2.069525 0.026 

hsa01100 Metabolic pathways 1305 97 1.409053 0.021 

 

Separating out the increased and decreased pathways provides more detailed 

information. Among the increased pathways are prostate cancer, which is related to 

AR dysfunction, and involvement of the spliceosome and the lysosome. In the 

decreased pathways is the presence of metabolic pathways as well as IǳƴǘƛƴƎǘƻƴΩǎ 

disease (HD), another polyglutamine repeat disorder. Potential overlapping 

mechanisms with HD include mitochondrial dysfunction, altered vesicular transport, 

impaired calcium signalling, ER stress and apoptosis. The decrease in mitochondrial 

genes are the key differentially expressed genes which contribute to the significant 

attribution of the NAFLD, thermogenesis and metabolic pathways in this analysis.  
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4.4.3 Protein-protein interaction network analysis 

I then used the STRING database to examine the protein- protein interaction network 

analysis of the differentially expressed genes in more detail. Gene names were 

included if the transcript was enriched or decreased with a fold change greater than 

2 and with the highest (0.9) confidence of interaction (Figure 24). The PPI enrichment 

p-value was <1.0e-16. Proteins encoded by the differentially regulated genes were 

enriched in several KEGG Pathways including: DNA replication, the p53 cell signalling 

pathway, the cell cycle, ECM- receptor interaction and cellular senescence (Table 11) 

for full list please see appendix. Prominent enriched Reactome pathways included: 

condensation of pro-metaphase chromosomes, unwinding of DNA, TP53 regulates 

transcription of genes involved in G1 cell cycle arrest andG1/S-specific transcription. 

GO analysis of biological processes showed enrichment for response to hormones 

which could be expected with the polyQ mutation in the AR, as well as cell cycle 

processes which is further supported by the predominance of components of the cell 

cycle machinery in GO cellular component analysis. Interestingly, there is also 

enrichment in extracellular matrix in the GO cellular component analysis and in the 

GO molecular function analysis which also features in the KEGG pathway enrichment. 

These findings suggest that disruption of the cell cycle and aberrant extracellular 

matrix contribute to early pathology in SBMA MNs.  

Table 11 Enrichment analysis of the STRING data for d28T MNS SBMA compared with 

controls 

ID Term Genes Strength FDR 

KEGG ID 

hsa03030 DNA replication 8 0.59 0.0452 

hsa04115 p53 signalling pathway 14 0.56 0.0084 

hsa04110 Cell cycle 22 0.5 0.0031 

hsa04512 ECM-receptor interaction 14 0.48 0.0232 

hsa04540 Gap junction 14 0.45 0.0252 

hsa04724 Glutamatergic synapse 16 0.4 0.0327 

hsa04218 Cellular senescence 21 0.37 0.0232 

hsa04151 PI3K-Akt signalling pathway 40 0.3 0.0069 

hsa05200 Pathways in cancer 50 0.23 0.0208 

Reactome ID  

HSA-176974 Unwinding of DNA 6 0.98 0.0089 



124 
 

HSA-2514853 Condensation of Pro-metaphase 
Chromosomes 

6 0.98 0.0089 

HSA-6804116 TP53 Regulates Transcription of Genes 
Involved in G1 Cell Cycle Arrest 

6 0.88 0.0182 

HSA-539107 Activation of E2F1 target genes at G1/S 9 0.75 0.0074 

HSA-69205 G1/S-Specific Transcription 9 0.75 0.0074 

HSA-176187 Activation of ATR in response to replication 
stress 

10 0.67 0.0087 

HSA-3000178 ECM proteoglycans 16 0.57 0.0032 

HSA-453279 Mitotic G1-G1/S phases 25 0.48 0.00098 

HSA-5663220 RHO GTPases Activate Forminutes 21 0.45 0.0052 

HSA-69206 G1/S Transition 20 0.44 0.008 

GO Biological Processes 

GO:0034699 response to luteinizing hormone 4 1.24 0.0254 

GO:0051383 kinetochore organization 7 0.86 0.0131 

GO:0000083 regulation of transcription involved in G1/S 
transition of mitotic cell cycle 

9 0.73 0.0111 

GO:0006270 DNA replication initiation 9 0.71 0.0143 

GO:0034698 response to gonadotropin 8 0.7 0.0267 

GO:0030261 chromosome condensation 8 0.67 0.0338 

GO:0030865 cortical cytoskeleton organization 9 0.65 0.0252 

GO Cellular Component 

GO:0031262 Ndc80 complex 4 1.24 0.0173 

GO:0000940 condensed chromosome outer kinetochore 6 0.98 0.007 

GO:0005871 kinesin complex 13 0.64 0.002 

GO:0000779 condensed chromosome, centromeric 
region 

22 0.52 0.00046 

GO:0005604 basement membrane 17 0.51 0.0031 

GO:0062023 collagen-containing extracellular matrix 25 0.48 0.00043 

GO:0031012 extracellular matrix 44 0.43 1.76E-
05 

GO Molecular Function  

GO:0005201 extracellular matrix structural constituent 17 0.61 0.0019 

GO:0003777 microtubule motor activity 22 0.54 0.001 

GO:0003774 motor activity 25 0.52 0.00067 

GO:0051015 actin filament binding 23 0.41 0.0233 

GO:0008017 microtubule binding 30 0.32 0.0362 
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Figure 24 STRING protein-protein network.  

PPI network was built using the significant gene list from d28T MNs (fold change >2, n=4 

control, n=4 SBMA, 1 induction). Nodes have been highlighted in relevant pathways: DNA 

replication (red), p53 signalling (green), cell cycle (blue), ECM-receptor interaction (yellow) 

and cellular senescence (pink). Image generated in STRING (https://string-db.org/)  
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4.4.4 Gene ontology classification and Gene Set Enrichment Analysis 

Another method to investigate important pathogenic pathways in SBMA is through 

gene set enrichment analysis (GSEA) (Tamayo, et al. 2005) I performed this using the 

Broad Institute GSEA online tool (http://www.broad.mit.edu/gsea/) which revealed 

that genes in the cell cycle, prion diseases, DNA replication and prostate and basal 

cell carcinoma pathways were enriched in d28T SBMA MNs compared with control 

ǿƘƛƭǎǘ ƎŜƴŜǎ ƛƴ ǘƘŜ ǊƛōƻǎƻƳŜΣ ƻȄƛŘŀǘƛǾŜ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴΣ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

linoleic acid pathways were decreased in SBMA MNs (Table 12).  

Table 12 GSEA analysis 

 

The differentially regulated genes were classified according to their molecular 

function, biological process and cellular component gene ontology (GO) terms (Table 

13). The top 10 of each are included in this table with a list of all significant terms 

included in the appendix. There were no significant GO terms for decreased genes in 

biological function. These results support the previous results that transcriptional 

dysregulation is present in d28T MNs and similar pathways including enriched 

pathways of cell cycle and DNA replication, with reduced including oxidative 

phosphorylation and the ribosome.   

 

NAME Size Expected Enriched FDR  

KEGG pathways enriched in SBMA d28MNs 

KEGG cell cycle 125 0.578 1.953 0.004 

KEGG prion diseases 35 0.676 1.857 0.012 

KEGG DNA replication 36 0.668 1.842 0.010 

KEGG prostate cancer 89 0.545 1.744 0.029 

KEGG basal cell carcinoma 55 0.566 1.665 0.046 

KEGG pathways reduced in SBMA d28 MNs 

KEGG ribosome 88 -0.698 -2.211 0.000 

KEGG oxidative phosphorylation 132 -0.568 -1.892 0.001 

KEGG tŀǊƪƛƴǎƻƴΩǎ 5ƛǎŜŀǎŜ 130 -0.553 -1.836 0.006 

KEGG linoleic acid 29 -0.641 -1.662 0.049 

http://www.broad.mit.edu/gsea/
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Table 13 Gene Ontology terms from GSEA analysis 

NAME Size Expected Enrichment FDR  

GO Cellular Component 

Increased in SBMA  

GO DNA packaging complex 116 0.644 2.157 0.000 

GO kinetochore 137 0.614 2.101 0.000 

GO chromosomal region 356 0.550 2.091 0.000 

GO chromosome centromeric region 196 0.576 2.063 0.000 

GO replication fork 71 0.630 1.983 0.001 

GO condensed chromosome centromeric 
region 122 0.577 1.965 0.002 

GO condensed chromosome 223 0.540 1.959 0.002 

GO protein-DNA complex 205 0.543 1.953 0.001 

GO preribosome 78 0.600 1.932 0.003 

GO fibrillar centre 129 0.562 1.929 0.002 

Decreased in SBMA  

GO cytosolic large ribosomal subunit  58 -0.683 -2.003 0.002 

GO respirasome 101 -0.597 -1.938 0.003 

GO cytosolic ribosome 110 -0.595 -1.931 0.002 

GO respiratory chain complex 85 -0.595 -1.905 0.004 

GO cytosolic small ribosomal subunit 47 -0.619 -1.778 0.025 

GO ribosomal subunit 187 -0.492 -1.720 0.047 

GO inner mitochondrial membrane protein 
complex 138 -0.499 -1.690 0.050 

GO Molecular Function  

GO DNA dependent ATPase activity 108 0.608 2.000 0.015 

GO SMAD binding 79 0.621 1.964 0.018 

GO helicase activity  160 0.554 1.920 0.018 

GO DNA helicase activity 78 0.609 1.919 0.014 

GO DNA replication origin binding 23 0.766 1.879 0.023 

GO single stranded DNA helicase activity 18 0.790 1.822 0.049 

GO odorant binding 101 -0.639 -2.054 0.001 

GO structural constituent of ribosome 184 -0.531 -1.841 0.047 

GO Biological Processes (top 10) 

GO DNA conformation change 355 0.578 2.193 0.000 

GO DNA replication 273 0.594 2.190 0.000 

GO DNA dependent DNA replication 151 0.629 2.178 0.000 

GO sister chromatid separation 196 0.594 2.141 0.000 

GO nucleosome organisation 183 0.601 2.139 0.000 

GO nucleosome assembly 145 0.622 2.133 0.001 

GO DNA packaging 240 0.585 2.128 0.000 

GO regulation of chromosome segregation  107 0.639 2.116 0.001 

GO chromatin assembly or disassembly 220 0.587 2.114 0.001 

GO regulation of sister chromatid segregation  84 0.660 2.107 0.001 
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4.4.5 Transcription factor analysis 

I first used the Gene Set Enrichment Analysis to explore transcription factor target 

prediction gene sets. Here 62 transcription factors were enriched with a FDR <0.05 in 

the SBMA d28 MNs (Table 14) for top 10 enriched transcription factors (for full list 

please see appendix). There were no significantly decreased transcription factors. Of 

the 62 transcription factors, 19 were in the E2F family of transcription factors which 

are involved in the regulation of the cell cycle and are important for DNA replication 

and mitotic cell division. This finding complements overexpression pathway analysis 

and genes in the cell cycle pathway were enriched in the KEGG (Figure 25) 

(enrichment ratio 1.87), Reactome (enrichment ratio 3.40) and Wikipathway 

(enrichment ratio 2.48) databases in SBMA compared with control MNs at d28.   

Table 14 Top 10 enriched transcription factors in SBMA d28T MNs 

NAME Size Expected Enrichment FDR 

E2F1_Q6 235 0.532 1.928 0.009 

E2F_Q6 235 0.531 1.927 0.005 

E2F_Q4 237 0.531 1.899 0.004 

E2F_Q4_01 238 0.511 1.877 0.003 

KRCTCNNNNMANAGC 66 0.611 1.871 0.004 

E2F1DP2_01 237 0.510 1.868 0.003 

E2F4DP2_01 237 0.510 1.866 0.003 

SGCGSSAAA_E2F1DP2_01 170 0.533 1.862 0.002 

E2F1DP1_01 237 0.510 1.861 0.002 

E2F_02 237 0.510 1.856 0.002 
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Figure 25 KEGG cell cycle pathway 

The KEGG cell cycle pathway was significantly enriched in SBMA d28T MNs compared with 

control MNs. The differentially expressed genes are shown in red. Pathway analysis 

performed in WebGestalt (http://www.webgestalt.org/). n=4 control, n=4 SBMA. 

 

http://www.webgestalt.org/
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Looking specifically at the RNA-Seq profile of cell cycle cyclin-dependent kinases and 

cyclins (Hor et al., 2018) I found upregulated expression of CDK2, CDK4, CDK6, Cyclins 

A2, B1, B2 and D1 (Figure 26). These findings suggest that the polyQ AR is responsible 

for upregulation of cell cycle genes and therefore that MNs may aberrantly re-enter 

the cell cycle.  
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Figure 26 Cell cycle genes are upregulated in SBMA d28T MNs.  

Graph shows fold change mRNA expression levels of CDKs and cyclins from RNA-Seq 

normalised read counts and shows upregulated expression of CDK2, CDK4, CDK6, Cyclins A2, 

B1, B2 and D1 in SBMA d28T MNs compared with control d28T MNs (n=4 control, n=4 SBMA).  

 

To investigate this further, I compared the cell cycle status of MNs between the SBMA 

and control cultures by determining the expression of MKI67 (Marker of Proliferation 

Ki-67) which is a marker of dividing cells. MK167 was increased 6.42 fold in SBMA 

d28T MNs compared with controls suggesting that in SBMA the mutant AR triggers 

MNs to re-enter the cell cycle (Figure 27).  There was no significant difference in the 

MK167 expression in d21 MNs. 
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Figure 27 Expression levels of MK167 are significantly increased in SBMA d28T MNs  

Graph depicting expression levels of MK167 transcripts from RNA-Seq analysis show 

expression is significantly increased in SBMA compared with control d28T MNs. Data 

presented from DESEq2 normalised read count. Data presented as mean ± SEM. FC >1.2. 

P***<0.005, n=4 control, n=4 SBMA. 

I then used oPOSSUM (http://opossum.cisreg.ca/oPOSSUM3/) to examine over-

represented transcription factor binding sites (TFBSs) in the differentially regulated 

genes (Ho Sui et al., 2005). oPOSSUM utilises a database of conserved TFBSs and 

combines this with statistical identification of over-represented sites in a gene set 

and thus allows exploration of the TFBSs in promotor regions of enriched genes to 

extrapolate potential regulatory mechanisms. I used the human single site analysis 

(SSA), with a 0.4 conservation cut-off and a matrix score threshold of 80% with a 

2000/0 upstream/downstream score. I found that several sites were associated with 

response to DNA damage (SP1), G1/S cell cycle transition (NFYA), neuronal survival 

(KIF4), cell proliferation and apoptosis regulation (EGR1) (Table 15).  

Therefore, analysis of transcription factors and transcription factor binding sites has 

provided support for a role in cell cycle disruption in d28T MNs. However, MNs are 

post-mitotic and therefore to determine what this transcriptional signature actually 

means, further work is required to investigate these findings at the protein level using 

Western blotting. Additionally ICC should be used to look at differences in KI67 +ve 

http://opossum.cisreg.ca/oPOSSUM3/
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cells at different stages of differentiation. Furthermore, flow cytometry on relevant 

cultures treated with the fluorescent intercalating and stoichiometric agent 

propidium iodide could be used to examine DNA content. These experiments could 

effectively determine actual (rather than transcriptional) differences in cell cycle 

between SMBA and control samples. 

Table 15 Identification of over-represented transcription factor binding sites (TFBSs) using 
oPOSSUM software (top 20 listed) 

TF Class Family Gene
s 

TFBS 
hits 

Z-score 

SP1 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

2019 1450
7 

24.401 

Klf4 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

2121 1599
9 

21.986 

Zfx Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

1810 8230 17.201 

MZF1_5-13 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

2079 1496
5 

16.839 

Egr1 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

1455 4141 16.778 

NFYA Other Alpha-
Helix 

NFY CCAAT-binding 1250 2657 16.182 

ELK1 Winged Helix-
Turn-Helix 

Ets 2117 1217
8 

16.11 

Mycn Zipper-Type Helix-Loop-Helix 1644 5193 13.302 

Zfp423 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

1287 3239 12.88 

GABPA Winged Helix-
Turn-Helix 

Ets 1765 6042 12.558 

MZF1_1-4 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

2376 3514
1 

12.55 

E2F1 Winged Helix-
Turn-Helix 

E2F 1197 2551 11.872 

RREB1 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

532 782 10.968 

HIF1A::ARNT Zipper-Type Helix-Loop-Helix 1927 9642 10.662 

Myc Zipper-Type Helix-Loop-Helix 1608 4985 10.323 

ZNF354C Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

2390 3340
9 

10.255 

INSM1 Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

1561 5250 9.699 

MIZF Zinc-
coordinating 

BetaBetaAlpha-zinc 
finger 

812 1239 9.365 

PPARG::RXR
A 

Zinc-
coordinating 

Hormone-nuclear 
Receptor 

1382 3909 8.806 
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 Temporal emergence of phenotype 

To establish early pathogenic mechanisms in SBMA I then mapped the time points at 

which the phenotypes emerged to identify a temporally resolved sequence of 

pathological phenomena at the transcriptome level. High stringency analysis (fold 

change >1.2, false discovery rate <0.05) of the RNA-Seq data identified gene 

expression changes throughout motor neurogenesis. In iPSCs there were 138 DEGs 

(111 increased, 27 decreased). There were no significant over-represented pathways 

from comparison with the KEGG, Reactome, WIkipathway or PANTHER databases 

with no protein-protein interaction network. At d7 (end of neural induction) there 

were 152 DEGs (106 increased, 46 decreased) with no significant pathways from any 

of the databases and no enriched PPI network although there was enrichment of cell 

migration, negative regulation of neurogenesis, negative regulation of cell movement 

in the biological processes Gene Ontology classification. At d14 (end of patterning, 

neural precursor stage) there were only 21 DEGs (10 increased, 11 decreased) with 

no pathway or PPI network enrichment.  

 In d21 MNs, which were collected prior to treatment with DHT, I found that 360 

genes were differentially regulated with 190 of these also differentially regulated in 

the d28T MNs. Of the 360 genes that were differentially expressed, 256 were 

significantly increased and 104 were significantly decreased in SBMA compared with 

control MNs (FDR <0.05, n=4 control, n=4 SBMA, fold change >1.2). Several pathways 

were over-represented in the DEGs utilising the KEGG, Reactome and Wikipathway 

databases as seen in Table 16 (full list in the appendix). Of particular note is the 

emergence of the pathways around DNA replication, the extracellular matrix, notch 

signalling and base excision repair.  

  



134 
 

Table 16 Enriched pathways of differentially expressed genes in d21 SBMA MNS compared 
with d21 control MNs.  

 

  

geneSet Description size expect Enrichment FDR 

KEGG pathways 

hsa03030 DNA replication 36 0.679 10.300 0.000 

hsa04512 ECM-receptor interaction 82 1.548 5.168 0.011 

hsa05224 Breast cancer 147 2.775 3.603 0.028 

hsa04510 Focal adhesion 199 3.756 3.460 0.009 

hsa05165 Human papillomavirus 
infection 

339 6.399 3.125 0.001 

hsa05200 Pathways in cancer 526 9.929 2.114 0.044 

Reactome pathway 

R-HSA-
174414 

Processive synthesis on the 
C-strand of the telomere 

11 0.194 15.392 0.045 

R-HSA-
2197563 

NOTCH2 intracellular 
domain regulates 
transcription 

12 0.212 14.110 0.048 

R-HSA-
4641265 

Repression of WNT target 
genes 

12 0.212 14.110 0.048 

R-HSA-
174417 

Telomere C-strand 
(Lagging Strand) Synthesis 

24 0.425 11.758 0.007 

R-HSA-
69186 

Lagging Strand Synthesis 20 0.354 11.288 0.026 

R-HSA-
5651801 

PCNA-Dependent Long 
Patch Base Excision Repair 

21 0.372 10.750 0.030 

R-HSA-
69190 

DNA strand elongation 32 0.566 10.582 0.004 

R-HSA-
3000170 

Syndecan interactions 27 0.478 10.452 0.012 

R-HSA-
3000157 

Laminin interactions 30 0.531 9.406 0.015 

R-HSA-
180786 

Extension of Telomeres 30 0.531 9.406 0.015 

Wikipathway 

WP3845 Canonical and Non-
canonical Notch signalling 

27 0.62613 7.9855 0.045135 

WP466 DNA Replication 42 0.97398 7.1870 0.011473 

WP2911 miRNA targets in ECM and 
membrane receptors 

43 0.99717 6.0170 0.045135 

WP560 TGF-beta Receptor 
Signalling 

58 1.3450 5.2044 0.045135 

WP2446 Retinoblastoma Gene in 
Cancer 

88 2.0407 4.9002 0.011473 



135 
 

Protein-protein interaction 

STRING protein-protein interaction network was built using all the significant 

differentially expressed genes at d21 using the highest confidence (0.900) of 

minimum required interaction score. The network centred round POLE, CCNA2 and 

FBN1 as seen in Figure 28. Genes/proteins were enriched in several KEGG pathways 

involved in DNA replication and the cell cycle (a full list is in the appendix). Genes 

encoding proteins involved in structural pathways were also enriched, such as the 

ECM-Receptor interaction, adherens junction, focal adhesion, tight junctions and 

regulation of the actin cytoskeleton; and, signalling pathways including Notch 

signalling, TGF-beta signalling, Rap1 signalling, cAMP signalling, PI3K-Akt signalling 

and Hippo signalling. Many of these pathways are associated with the structural 

integrity of the developing motor neuron and for development and maintenance of 

neuromuscular junctions and were also identified in the d28T MNs and in the AR100 

mice.  

These findings suggest that transcriptional dysregulation emerges as a consequence 

of the polyQ AR, even without binding of its ligand testosterone as these time points 

were all collected prior to treatment with DHT. There is evidence that DNA replication 

and cell cycle dysregulation is emerging even in immature MNS and that aberrant 

structural development may occur early in the pathogenesis in MNs of SBMA.   
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Figure 28 STRING Protein-Protein interaction network for d21 MNs using the significant 

gene list 

The significant differentially expressed genes at d21 were examined using the STRING 

database, creating a PPI network centred round POLE, CCNA2 and FBN1 (circled). Each node 

represents the protein produced by a single protein-coding gene. Settings: Full network, links 

represent interaction evidence, highest confidence required interaction score (0.9), 

disconnected nodes not included. The associations between proteins are represented by 

different categories of evidence: turquoise ς known interaction, curated database, purple ς 

known, experimentally determined, green ς predicted, gene neighbourhood, red- predicted, 

gene fusions, blue ς predicted, gene co-occurrence, yellow- text-mining, black-co-expression, 

lilac ς protein homology. 

 

 Alternative splicing in SBMA d28T MNs 

4.6.1 Alternative splicing using MAJIQ/VOILA 

RNA splicing is a highly regulated process mediated by the spliceosome and 

numerous RBPs in which precursor messenger RNA (pre-RNA) transcript is 

transformed into mature messenger RNA (mRNA). The spliceosome is a large RNA-

protein complex composed of five small nuclear ribonucleoproteins (snRNPs). The 

spliceosome is assembled during transcription of the mRNA and splicing takes places 

within the nucleus either during or immediately after transcription with selective 

inclusion or exclusion of introns (non-coding regions) and exons (coding regions). The 

mature mRNA can then be translated into a protein.  

Alternative splicing (AS) is the phenomenon by which the splicing process can create 

multiple unique proteins from a single mRNA thus increasing the cellular and 

functional complexity of eukaryotes. Approximately 95% of all multi-exonic genes in 

humans are alternatively spliced (Pan et al., 2008). Traditionally five kinds of AS 

events have been described: exon skipping (ES), mutually exclusive exons (ME), 
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ƛƴǘǊƻƴ ǊŜǘŜƴǘƛƻƴ όLwύ ŀƭǘŜǊƴŀǘƛǾŜ рΩ όŘƻƴƻǊύ ǎƛǘŜ ŀƴŘ ŀƭǘŜǊƴŀǘƛǾŜ оΩ όŀŎŎŜǇǘƻǊύ ǎƛǘŜǎΦ 

However it has become increasingly clear that there is a plethora of variations with 

these classical events occurring in various combinations (Sammeth et al., 2008).  

Abnormal alternative splicing has been implicated in disease and in our lab we 

identified that aberrant intron retention occurs early in motor neurogenesis and is a 

molecular hallmark of ALS (Luisier et al., 2018). Furthermore, in spinal muscular 

atrophy, SMN deficiency causes widespread intron retention and DNA damage (Jangi 

et al., 2017) suggesting that intron retention in MNs may be common molecular 

hallmark across MN disease. Neurons have higher levels of intron retention than 

other cell types and IR is believed to play a role in neuronal homeostasis (Yap et al., 

2012). Further, spliceosome integrity is defective in ALS and SMA (Tsuiji et al., 2013) 

and components of the spliceosome pathway are decreased in d28 SBMA MNs 

compared with control MNs. In order to investigate whether intron retention is a 

molecular hallmark of SBMA I performed splicing analysis on the RNA-Seq data.   

To examine post-transcriptional changes in SBMA I analysed high-throughput RNA-

Seq data for polyadenylated RNA isolated from d28T MNs derived from four patients 

with an SBMA polyQ AR  mutation and four controls. I used MAJIQ and VOILA 

software (Vaquero-Garcia et al., 2016). MAJIQ and Voila are software packages which 

are used together to define, quantify and visualise local splicing variants (LSV) in RNA-

Seq data. LSVs include an exon from which splits in the splice graph originate (single 

source LSV), or, an exon onto which several junctions converge (single target LSV). 

LSVs are split into binary splice graphs (Figure 29) in which there are two alternative 

splicing options, or complex in which there are multiple splicing options (Figure 30). 

LSV terminology can be used to define and quantify the spectrum of complex 

ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǘǊŀƴǎŎǊƛǇǘǎ ŀǎ ǿŜƭƭ ŀǎ ŘŜǎŎǊƛōƛƴƎ ΨǘȅǇŜǎΩ ƻŦ ŀƭǘŜǊƴŀǘƛǾŜ ǎǇƭƛŎƛƴƎΣ ǿƘƛŎƘ ŀǊŜ 

specific splice graph splits.  

MAJIQ produces splice graphs for each gene with detected single source and single 

target LSVs and quantifies these LSVs from the input of RNA-Seq data. This 

quantification is determined by estimating the relative inclusion of each junction 
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(percentage spliced in, PSI) in the LSV and specifically can be used to compare two 

conditions using ɲPSI, dPSI or ɲʌ (delta PSI) ǿƘƛŎƘ ƛǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ŜŀŎƘ ƧǳƴŎǘƛƻƴΩǎ 

Percentage Spliced In value. Differentially spliced events were filtered with high 

confidence with ɲʌ Ŏǳǘ ƻŦŦ for a significant change in inclusion set at dPSI җ 0.2 with 

a confidence threshold (CI) of > 0.95. ! Řt{L җ лΦн ƛƴŘƛŎŀǘŜŘ нл҈ ƛƴŎǊŜŀǎŜ ƛƴ [{±ǎ ƛƴ 

SBMA iPSC-MNs. 

Voila is used to visualise the LSVs splice graphs in which exons are represented by 

rectangles and junctions between exons are represented by arcs. Over the arcs is the 

raw number of reads for that particular junction in the RNA data. In addition, 

visualisation of the delta PSI, or difference in relative junction inclusion in each LSV is 

shown in violin plots. If a point on the violin plot is positive the splicing event is 

enriched in SBMA d28T MNs and if negative the splicing event is enriched in control 

d28T MNs. Of note, MAJIQ/Voila remain limited by the shortness of current 

sequencing reads (~100 bp long) and are therefore unable to quantify all existing 

isoforms of a gene. Furthermore, it cannot identify novel genes or non-coding RNA 

as it utilises a transcriptome annotation file and so is limited by existing annotation.  
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Binary 

AlternativŜ рΩ ŘƻƴƻǊ ǎƛǘŜǎ όǊŜŘύ  

  

!ƭǘŜǊƴŀǘƛǾŜ оΩ ŀŎŎŜǇǘƻǊ ǎƛǘŜ όōƭǳŜύ 

 

Exon skipping (blue) 

 

Intron retention (blue) 

 

 

Figure 29 Examples of binary LSVs 

LSVs demonstrating binary alternative splicing events using genes that were alternatively 

spliced between SBMA and control d28T MNs.  
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Complex 

!ƭǘŜǊƴŀǘƛǾŜ рΩ ŘƻƴƻǊ ǎƛǘŜ όǊŜŘΣ ōƭǳŜ ŀƴŘ ƎǊŜŜƴύ 

 
!ƭǘŜǊƴŀǘƛǾŜ оΩ ŀŎŎŜǇǘƻǊ ǎƛǘŜ όōƭǳŜ ŀƴŘ ƎǊŜŜƴύ 

 
Exon skipping (blue) 

 
Intron retention (green)  

 

Figure 30 Examples of complex LSVs 

LSVs demonstrating complex alternative splicing events using genes that were alternatively 

spliced between SBMA and control d28T MNs.  
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4.6.2 Splicing events in SBMA d28T MNs  

First, I analysed transcriptome-wide splicing changes between SBMA and control 

d28T MNs. 396 genes were alternatively spliced with 551 local splice variations 

between d28 SBMA patients and control MNs (expected absolute PSI: abs(E(dPSI)) 

threshold=0.2, CI=0.95). Of the 3399 DEG between SBMA and control d28T MNs, 92 

were alternatively spliced (Appendix).  From this list, 14 of the alternatively spliced 

genes were RBPs. These were ANKHD1-EIF4EBP3, ANKS6, ENOX1, EWSR1, FUBP3, 

HNRNPM, MYEF2, PPFIA1, PSPC1, QKI, RALYL, SAMD4B, SFPQ and TIAL1.  

There were 168 binary events. Of these ōƛƴŀǊȅ ŜǾŜƴǘǎΥ н ǿŜǊŜ ŀƭǘŜǊƴŀǘƛǾŜ рΩ ŜǾŜƴǘǎΣ 

н ǿŜǊŜ ŀƭǘŜǊƴŀǘƛǾŜ оΩŜǾŜƴǘǎΣ мну ǿŜǊŜ ŜȄƻƴ ǎƪƛǇǇƛƴƎ ŀƴŘ ос ǿŜǊŜ ƛƴǘǊƻƴ ǊŜǘŜƴǘƛƻƴΦ  

Of the intron retaining events, there was an increase in intron retention in SBMA 

compared with control in 3 genes: AP1S2 (ɲʌ= 0.461) (Figure 31) (which is a subunit 

of clathrin-associated adaptor protein complex 1, which plays a role in protein sorting 

in the trans-Golgi network and/or endosomes), NDUFA6-DT (ɲʌ= 0.445)  

(NADH:ubiquinone oxidoreductase (complex 1) subunit A6 ς divergent transcript, 

which encodes an accessory subunit of Complex 1 of the mitochondrial membrane 

respiratory chain) and STAG3L5P-PVRIG2P-PILRB (ɲʌ= 0.367) (a read-through 

transcript which is a candidate for nonsense-mediated mRNA decay and is unlikely to 

produce a protein product.  

There were 383 complex events, with multiple possible alternative splicing 

ǇƻǎǎƛōƛƭƛǘƛŜǎ ƛƴ ŀ [{±Φ hŦ ǘƘŜǎŜ ŎƻƳǇƭŜȄ ŜǾŜƴǘǎΥ рт ǿŜǊŜ ŀƭǘŜǊƴŀǘƛǾŜ рΩ ǎǇƭƛŎƛƴƎΣ пп ǿŜǊŜ 

оΩ ŜǾŜƴǘǎΣ ост ǿŜǊŜ ŜȄƻƴ skipping events and 293 were intron retention. Of the 293 

intron retaining events in complex LSVs, there were 13 genes in which there was 

increased intron retention in SBMA compared with control.  These were AC100778.3 

(ɲʌ= 0.967), AL390728.4 (ɲʌ=0.166), AMZ2P1 (ɲʌ= 0.288), C22orf39 (ɲʌ=0.334), 

CU633967.1 (ɲʌ=0.421), FRMD4A (ɲʌ=0.050), GPM6B (ɲʌ=0.283), HIRA 

(ɲʌ=0.334), NDUFA6-DT (ɲʌ=0.659), NHSL1 (ɲʌ=0.377), RPL17-C18orf32 

(ɲʌ=0.674), ZNF320 (ɲʌ=0.254) and ZNF682 (ɲʌ=0.233). Of particular interest were: 

FRMD4A encodes FERM domain-containing protein that regulated the remodelling of 
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adherens junctions and regulates epithelial cell polarity. Polymorphisms in this gene 

have been associated with AlzheimerΩǎ ŘƛǎŜŀǎŜ and CCAFCA (Corpus Callosum, 

Agenesis of, with Facial Anomalies and Cerebellar Ataxia). GPM6B encodes a 

neuronal membrane glycoprotein involved in membrane trafficking and cell-to-cell 

communication. HIRA encodes a histone chaperone which is associated with the 

formation of senescence-associated heterochromatin foci which likely mediate 

irreversible cell cycle changes that occur in senescent cells. Zinc finger proteins 

encoded by ZNF320 and ZNF682 regulate transcription.  

4.6.3 Pathway analysis of alternatively spliced genes in SBMA d28T MNs 

I used WebGestalt to perform pathway analysis of the alternatively spliced genes and 

found that these genes were overexpressed in the KEGG adherens junction pathway 

(enrichment = 6.193, FDR=0.013) and the Reactome cell-cell communication pathway 

(enrichment = 4.525, FDR = 0.010) (Table 17). I also used DAVID to explore the gene 

list and this tool also identified significant overexpression of the KEGG adherens 

junction. No other significant pathways were identified. However, there was 

enrichment in the gene ontology terms for molecular function including cell-cell 

junction, cytoskeleton, focal adhesion, cytoplasm and cell-cell adhesion. 

Table 17 Table of over-represented pathways using genes identified as alternatively spliced 
between SBMA and control d28T MNs.  

geneSet Description size overlap enrichment FDR 

KEGG pathways 

hsa04520 Adherens junction 72 8 6.193 0.013 

Reactome pathway 

R-HSA-
1500931 Cell-Cell communication 129 13 4.526 0.010 
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Figure 31 Example splice graph of AP1S2 gene 

The splice graphs are highlighted to show specifically the binary splice variant with intron 

retention. Above the highlighted lines in the splice graph are the RNA-Seq reads in the control 

d28T MNS (above) and in the SBMA d28T MNs (below). The full list (in the blue box) shows 

all LSVs identified in this gene, the LSV ID, the schematic of the type of LSV, the violin plot of 

ɲʌ and the proportions per junction.  

 

Cell-cell junctions, including adherens junctions, tight junctions and gap junctions, 

hold cells together and allow communication between the cells (Ferreira et al., 2015). 

An adherens junction is one of the protein complexes that occurs in epithelial tissues 

and is a cell junction which links to the actin cytoskeleton. Possible effects of 

disruption of adherens junctions in developing SBMA MNs could include: firstly the 

integrity of adherens junctions seems to be required for the apical-basal polarity of 

neuroepithelial cells and this polarity has been seen to be perturbed when afadin 

(AF6, an adherens-junction-associated protein) is knocked out (Zhadanov et al., 

1999), so this may represent a neurodevelopmental impairment in SBMA MNs. In 

addition, adherens junctions play a key role in contact inhibition by which cells stop 

growing when they are bordered by other cells in a confluent monolayer of cells (Adil 

et al., 2021). Recent work suggests that disruption of adherens junctions can override 

this intrinsic quiescence and in hair follicle cells this promotes continuous cycling of 

the bulge stem cells activation of which leads to hair follicle growth.  Considerable 

further work would be required to determine whether there is a link between 

alternative splicing of adherens junctions to loss of contact-mediated inhibition re-

activating the cell cycle in MNs in SBMA.  

4.6.4 Protein-Protein Interaction of alternatively spliced genes in SBMA d28T 

MNs.  

I then used STRING analysis of the proteins encoded by these alternatively spliced 

genes generated a protein-protein interaction network with the highest confidence 

selection (0.9) (Figure 32). The KEGG adherens junction was enriched in this analysis, 
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and no further pathways were identified. There was functional enrichment of 

microtubule organisation (strength 0.69, FDR 0.03), axonogenesis (strength 0.58, FDR 

0.03), cell morphogenesis (strength 0.54, FDR 0.003) and synapse organisation 

(strength 0.54, FDR 0.03) in biological processes gene ontology, as well as actin 

binding (strength and the cytoskeleton in molecular function and clathrin vesicles 

(strength 1.01, FDR 0.01) and microtubules (strength 0.99, FDR 0.01) enrichment in 

cellular components (where strength=Log10(observed/expected). For a full list 

please see appendix. Two additional interesting observations from the cellular 

component gene ontology is the enrichment of the beta-catenin-TCF7L2 complex 

(strength 1.55, FDR 0.03) which is involved in WNT signalling which was dysregulated 

in the gene transcription analysis of the AR100 mouse model (Chapter 3) and also of 

paraspeckles (strength 1.43, FDR 0.01) which are involved in the regulation of normal 

gene expression. Paraspeckles are not present in healthy neurons but have been 

observed in ALS and their presence is proposed to be a protective neuronal response 

to stress (Shelkovnikova et al., 2018).  

In this section I have performed alternative splicing analysis using MAJIQ/VOILA 

software on the SBMA and control d28T MNs. I found that there was evidence of 

multiple alternative splicing changes between the SBMA and control MNs with genes 

in the adherens junction pathway significantly affected. Future work will explore the 

alternative splicing events which occur earlier in MN development to determine 

whether a wave of aberrant intron retention is a molecular hallmark of SBMA as has 

been demonstrated in ALS. It will also be important to understand whether these 

splicing changes are consequential, leading to alteration in protein isoform or protein 

functions.  
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Figure 32 STRING protein-protein interaction analysis of genes with alternative splicing 
between SBMA and control d28T MNs.  

Protein-Protein interaction network was built using the gene list of genes with alternative 

splicing between SBMA and control d28T MNs from MAJIQ/VOILA (next page). Each node 

represents the protein produced by a single protein-coding gene. Settings: Full network, links 

represent interaction evidence, highest confidence required interaction score (0.9), 

disconnected nodes not included.  
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The associations between proteins are represented by different categories of evidence: 

turquoise ς known interaction, curated database, purple ς known, experimentally 

determined, green ς predicted, gene neighbourhood, red- predicted, gene fusions, blue ς 

predicted, gene co-occurrence, yellow- text-mining, black-co-expression, lilac ς protein 

homology. 

 

 Discussion 

In this chapter I have generated a humanised monolayer culture system of SBMA 

MNs using a robust, directed differentiation strategy. I have used a bioinformatics 

pipeline as an unbiased approach to elucidate the transcriptional phenotype of SBMA 

which I will follow up in a hypothesis-driven manner in Chapter 5.  

Validation of the iPSC ςderived MN model of SBMA 

To use iPSCs to study neurodegeneration in vitro requires directed differentiation 

into the specific neuronal subtype affected in a particular disease. In the case of this 

study of SBMA, this is spinal MNs. The results presented in this chapter demonstrate 

that I have validated the motor neuron protocol in a stage specific manner. In 

addition, by following developmental principles this allows characterisation of 

pathology at key developmental time points. Using this protocol, which was 

developed by previous published work in the Patani lab, I have established a new 

disease model which was not previously available in the Patani and Greensmith labs.  

Transcriptional dysregulation in SBMA 

I undertook transcriptional analysis of SBMA MN cultures to elucidate targets 

associated with the disease which may be directly responsible for the MN pathology. 

Transcriptional dysregulation events are considered to be a key molecular 

mechanism through which the polyQ AR  contributes to SBMA as the AR can act as a 

transcription factor and as a transcriptional activator and repressor (Beitel et al., 
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2013). Analysis of RNA-Seq showed 3399 differentially expressed genes (1924 

increased, 1475 decreased) between the SBMA d28T and control MNs providing 

further support for transcriptional dysregulation as a result of the polyQ AR mutation.  

Analysis of the dysregulated genes identified several interesting findings including a 

potential roles for RNA binding proteins, activation of the P53 and DNA damage 

response pathways, cellular senescence and re-activation of the cell cycle in SBMA 

which I discuss in more detail here.  

A potential role for RNA binding proteins in SBMA 

In this study, I found that in the day 28T MNs 80 of the differentially expressed genes 

between SBMA and control cells were RBPs of which 58 had increased expression and 

22 had decreased expression and five of the RBPs also had increased in immature d21 

MNs suggesting dysregulation of RBPs commences early in the developing MNs. 

Furthermore, 14 of the genes which were alternatively spliced in SBMA d28T MNs 

were RBPs.  

SBMA and ALS have different genetic causes, clinical course and prognosis, both lead 

to lower MN loss and therefore studying the similarities between SBMA and ALS 

offers insight into a potential common pathogenic pathway leading to neuronal cell 

death. RNA binding proteins (RBPs) are a family of proteins which carefully control 

transcription, processing, localisation, function and decay of RNA (Corley et al., 2020). 

In ALS, there is considerable evidence implicating RBP dysfunction in the 

pathogenesis of MN loss with RBP nuclear to cytoplasmic mislocalisation and 

aggregation seen in cases of sporadic and familial disease and is considered a 

hallmark of the disease (Luisier et al., 2018; Tyzack et al., 2019). Additionally, 

evidence suggests a potential overlap between RBP dysfunction with oxidative stress 

and mitochondrial dysfunction, which are also common features of 

neurodegeneration (Harley et al., 2021).  
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The role of RBPs in SBMA is less clear. Transactivation-responsive DNA-binding 

protein 43 (TDP-43) has been widely implicated in ALS since the discovery of TDP-43 

inclusions in cytoplasmic inclusions in diseased brain (Neumann et al., 2006). 

However, no TDP-43 inclusions have been identified in the brain or spinal cord of 

patients with SBMA (Tan et al., 2009). Another key RBP in ALS is fused in sarcoma 

(FUS) RNA binding protein. In prostate cancer cells it has been shown that the AR 

regulates levels of FUS in an androgen-dependent fashion (Brooke et al., 2011; Haile 

et al., 2011). The role of FUS was investigated in the AR100 mouse model using mRNA 

from embryonic primary MN culture and laser captured MNs and there was no 

differential expression in FUS levels between AR100 mice and WT littermate controls. 

Furthermore, protein levels of FUS from pre-symptomatic (3m) and symptomatic 

(12m) were not significantly different between AR100 mice and WT controls and FUS 

was localised to the nucleus, suggesting that FUS is not dysregulated by the polyQ AR  

in SBMA (Fratta et al., 2013). However, in the d28T MNs FUS is increased nearly two 

fold in SBMA MNs compared with controls.  

Future work should explore the potential role of RBP dysfunction and mislocalisation 

in SBMA iPSC-MNs including dissecting any pathways in which dysfunction interacts 

with mitochondrial function, oxidative stress as well as axonal transport (Naumann 

et al., 2018; Harley et al., 2021). 

Activation of the p53 and DNA damage response pathways 

One of my key findings is that genes are over-represented in the P53 and DNA 

damage response (DDR) pathways in SBMA d28T MNs compared with control d28T 

MNs.  DNA damage occurs in all living cells due to multiple insults including 

exogenous sources such as UV light and ionising radiation; as well as endogenous 

sources such as reactive oxygen species from normal mitochondrial respiration 

(Massey and Jones, 2018). Concurrently, intricate repair mechanisms are continually 

operating to protect the integrity of the genome. The DDR is a complex network of 

overlapping pathways encoded by over 450 genes and involved with DNA damage 
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signalling, cell cycle arrest, DNA repair and in some cases targeted apoptosis in the 

event that damage cannot be repaired. 

Impaired DDR pathways have been identified as a potential common mechanism in 

polyglutamine diseases. In HD and SCAs, failure of DNA repair has been proposed as 

a cause for the somatic expansion of repeats leading to genetic anticipation 

(Bettencourt et al., 2016). Proposed mechanisms for this include: increased 

sensitivity to exogenous insults; increased damage due to other pathological cellular 

functions as a consequence of the polyQ repeat (Robison et al., 1984); the expanded 

CAG repeat in post-mitotic neurons may pose a specific challenge for the DDR 

machinery;  increased DNA damage may also result as a downstream consequence 

of the expanded CAG repeat or there may be transcriptional disruption of DDR genes 

which are transcriptional targets of the AR  (Massey and Jones, 2018). Further, PolyQ 

AR in SBMA has been found to sequester DDR proteins impaired in the AR112Q cell 

model compared with control cells when challenged with ionising radiation with (Xiao 

et al., 2012). I have summarised these proposed mechanisms in ( 

Figure 33.) 
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Figure 33 Proposed pathway of DNA damage leading to motor neurodegeneration in SBMA 

There are several proposed consequences of DNA damage and failure of DNA damage repair 

that leads to neurodegeneration in SBMA. The polyglutamine repeat expansion in the 

androgen receptor gene may lead to transcriptional dysregulation of DNA damage response 

(DDR) genes, as well as sequestering DDR proteins in polyQ aggregates and increased DNA 

damage from oxidative stress due to mitochondrial impairment. These pathways have been 

identified from research literature on other polyglutamine diseases as well as SBMA (created 

in BioRender.com) 

In the RNA-Seq data I identified upregulation of DNA damage response genes and the 

cellular senescence pathway was also overexpressed. Premature cellular senescence 

has been reported in iPSC models of neurodevelopmental and neurodegenerative 

disorders (Ohashi et al., 2018; Porterfield et al., 2020). In cancer, stem cells tolerate 

DNA damage and subsequently fail to undergo cellular senescence or programmed 

cell death in response to accumulation of DNA damage. Perhaps the opposite is true 

in neurodegenerative diseases leading to a predisposition to increased DNA damage 

and an increased sensitivity to DNA damage accumulation leading to neuronal cells 

undergoing cellular senescence and ageing prematurely.  

Aberrant cell cycle 

Using SBMA patient-derived MNs I have found transcriptional evidence to suggest 

that the polyQ AR MNs aberrantly re-enter the cell cycle.  Aberrant expression of cell 

cycle proteins have been identified in the neurons of brains of patients with 

!ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜΣ tŀǊƪƛƴǎƻƴΩǎ 5ƛǎŜŀǎŜΣ ƛƴ ǎǘǊƛŀǘŀƭ ƴŜǳǊƻƴǎ ƛƴ IǳƴǘƛƴƎǘƻƴΩǎ 5ƛǎŜŀǎŜ 

and in motor neurons in amyotrophic lateral sclerosis and spinal muscular atrophy 

(Hor et al., 2018; Kim et al., 2009).  Combined with the expression of cell cycle genes 

there is evidence for DNA replication activity despite the fact that these neurons have 

been terminally differentiated since neurodevelopment and quiescent for decades 

by the time that neurodegeneration develops. This is referred to as cell cycle re-entry, 

although actual division of neurons has not been observed suggesting that the cell 
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cycle activity is abortive. Aberrant activation and re-entry into the cell cycle in post-

mitotic neurons may result in cell cycle associated apoptosis.  

Transcription factor analysis identified high levels of expression of E2F in the SBMA 

d28T MNs. E2F is named adenoviral early region 2 binding factor and is important for 

early events in viral replication but also has the ability to induce cell proliferation. 

E2Fs are regulated through inhibition by RB (retinoblastoma tumour suppressor, 

encoded by RB1) and have emerged as a major controller of cell cycle gene 

expression. E2F has been shown to be stimulated by Notch signalling to trigger 

regulated terminal mitosis in retinal development of drosophila. Additionally, E2F 

homologs also have non-canonical functions and directly promote DNA repair by 

localising to DNA double-strand breaks and recruit other factors for homologous 

recombination. Neuropathological studies in MNs from patients with sporadic ALS 

found hyperphosphorylation of RB protein in MNs compared with controls, and 

further that there was redistribution of E2F into the cytoplasm and increased levels 

of cyclin D, suggestive of an activation of G(1) to S phase occurs in ALS and may 

contribute to neuronal loss.  In the d28T MNs RB1 is upregulated 1.53 fold. 

Intriguingly, work in the AR107Q PC12 cellular model of SBMA demonstrated that 

mutant AR inhibits APC/CCdh1 ubiquitin ligase complex which is critical for cell cycle 

arrest. Both WT and mutant AR physically interact with this complex in a ligand 

dependent manner, however enhanced neurite outgrowth followed by retraction 

and mitotic entry were only seen with mutant polyQ AR. This provides supportive 

evidence for abnormal cell cycle re-activation as a pathogenic mechanism in SBMA 

(Bott et al., 2016).   

A possible mechanism triggering cell cycle re-entry in SBMA is through DNA damage. 

It has previously been reported that DNA damage and a simultaneous increase in p53 

expression can lead post-mitotic neurons to re-enter the cell cycle (Kruman et al., 

2004). Alternatively, perhaps there is a role for RBPs. In prostate cancer cells, 

overexpression of FUS has been shown to regulate the expression of cell-cycle 

progression, with decreased levels of cyclin 1 and CDK6 inducing cell cycle arrest and 

apoptosis (Brooke et al., 2011). In contrast, in the d28T MNs cyclin1 and CDK6 are 
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increased two-fold in the d28T SBMA MNs compared with control. In the SMA MNs 

blocking cell cycle progression using a CDK4/6 prolonged MN survival. Another 

potential mechanism is through loss of integrity of the adherens junctions. Genes 

associated with adherens junctions were alternatively spliced in SBMA and loss of 

adherens junction functionality have been shown to reactivate the cell cycle in 

quiescent hair stem cells. I aim to investigate this in future work by validating the 

RNA-Seq results with qPCR and confirming protein expression with Western blot.    

Alternative splicing 

The dysregulation of RBPs, which are crucial regulators of RNA processing, raised the 

possibility that post-transcriptional changes may be involved in the molecular 

pathogenesis of SBMA. The precise role of the AR in splicing in healthy cells is not 

completely resolved, however the polyQ AR has been found to influence androgen-

regulated splicing events and contribute to pathogenesis in skeletal muscle in the 

AR113Q mouse model of SBMA (Yu et al., 2009). Here, I found that 396 genes were 

alternatively spliced between SBMA d28T MNs and control MNs. The main splicing 

event was exon skipping, followed by intron retention. The adherens junction 

pathway was over-represented in the genes that were alternatively spliced raising 

the possibility of a structural, neurodevelopmental defect in SBMA. Further, 

pathways associated with the extracellular matrix were dysregulated in d28T and d21 

MNs. Interestingly, genes associated with extracellular matrix pathways have also 

been identified in the transcriptome-wide analysis from embryonic (E13) AR100 

mouse primary MN cultures (Chapter 3), in microarray studies from post-mortem 

sporadic ALS patients, and extracellular remodelling and cell migration pathways are 

induced in iPSC-ŘŜǊƛǾŜŘ ƛƴǘŜǊƴŜǳǊƻƴǎ ƳƻŘŜƭƭƛƴƎ wŜǘǘΩǎ ŘƛǎŜŀǎŜ (Ohashi et al., 2018) 

DNA damage has been clearly demonstrated to lead to changes in alternative splicing 

with alternative splicing events occur preferentially in genes implicated in DNA repair, 

cell cycle control and apoptosis (Shkreta and Chabot, 2015). Whilst the DDR pathway 

was not significantly identified in pathway analysis of the alternatively spliced genes, 

individual genes such as ATR, CHEK1, MCM3 and WRN were alternatively spliced. 



155 
 

Determining the transcriptome after inducing DNA damage in SBMA MNs would be 

an interesting avenue for future research.  

In summary 

Profiling the transcriptome of specific cell populations offers new opportunities for 

understanding disease mechanisms. In this chapter I have generated a new model of 

iPSC-derived MNs using SBMA patient lines, I have analysed the transcriptional profile 

using RNA-Seq and found that transcriptional dysregulation occurs early in SBMA. I 

combined differential gene expression with pathway and network analysis to seek to 

understand changes with the potential to lead to motor neuron dysfunction in SBMA. 

I identified a potential role for RNA binding proteins, for disrupted DNA damage 

response, for aberrant re-entry into the cell cycle and disturbance of the extracellular 

matrix in the pathogenesis of SBMA.  

The DNA damage and response, cell cycle and extracellular matrix pathways were all 

enriched in the gene set enrichment analysis in purified cultured spinal cord MNs 

from embryonic AR100 mice compared with WT controls. Common findings across 

model systems could offer molecular targets for development of a therapeutic 

approach in future work.   
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Chapter 5 Phenotypic assays in SBMA iPSC-derived spinal 

MNs 

 Introduction 

The AR gene is ubiquitously expressed, yet it remains poorly understood why MNs 

are one of the cell types which are particularly affected in SBMA. However, the AR100 

mouse model, as well as other animal and cellular models of SBMA have provided 

considerable insight into the pathogenic mechanisms underlying the disease. Having 

established the SBMA model of iPSC-derived spinal MNs I next wanted to investigate 

whether this model could capture some of the relevant molecular and cellular events 

which have previously been implicated in SBMA (Figure 34).  

 

Figure 34 Summary of proposed pathogenic mechanisms in SBMA  

Several mechanisms, both autonomous and non-cell autonomous, have been implicated in 

motor neuron death in SBMA. Alterations in androgen receptor structure and function, 

impairments in protein handling, axonal transport disruption, mitochondrial dysfunction, 

DNA damage response and transcriptional dysregulation are some of the key mechanisms 

that have been proposed to play a role in SBMA.  



157 
 

5.1.1 Modelling SBMA using iPSC-derived MNs 

Several previous studies have utilised MNs differentiated from SBMA patient-derived 

iPSCs to investigate molecular and cellular pathology underlying neurodegeneration   

Table 18). The first report identified aggregates of AR in iPSC-derived MNs from a 

single patient with SBMA using a filter retardation assay in the presence of DHT, and 

these aggregates were reduced using 17-AAG, an HSP90 inhibitor which increases 

clearance of the polyQ AR (Nihei et al., 2013). Grunseich et al generated iPSC lines 

from six SBMA patients and found that in two of the lines, those with the longest CAG 

repeat length, there was an increase in acetylated alpha-tubulin compared with 

controls and in all lines, a deficiency of HDAC6 which is involved in protein handling 

and microtubule-mediated transport of intracellular organelles. These findings  

showed that SBMA-iPSC derived MNs could demonstrate an SBMA phenotype 

(Grunseich et al., 2014). Further phenotyping was performed by Sheila et al. who 

generated higher purity MN cultures (65-80%) and identified a reduction in neurite 

length and morphology compared with control MNs as well as decreased survival in 

prolonged culture and a significantly higher level of caspase 3 in SBMA MNs at d41 

compared with control MNs (Sheila et al., 2019). Of note, these experimental results 

were found after treating the cells with 50nM of DHT which is 5 times higher than in 

the other iPSC-MNs research and used in the experiments described in this Chapter.  

SBMA iPSC MNs have been used to explore an impaired autophagy phenotype to 

confirm and complement results from other model systems of SBMA. In SBMA MNs 

there was an increase in the mRNA expression of key autophagy genes in response 

to DHT including HSPB8, BAG1 and BAG3, however, these experiments were limited 

as they were not compared with non-SBMA controls (Cristofani et al., 2017).  In 

addition to identifying key phenotypes, SBMA iPSC-MNs also have the potential to be 

used for drug discovery. For example, treatment with trehalose, which promotes 

autophagy via transcription factor EB (TFEB), reduces aggregates of AR in AR46Q 

NSC34 cells as well as the overall levels of AR in SBMA iPSC-induced MNs. Identifying 

common mechanisms across models in this way could provide an opportunity to 
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clarify which mechanisms are particularly key in pathology, however, this particular 

finding was not confirmed compared to controls or in more than one line so should 

be interpreted more cautiously.  

Table 18 Characteristics of previously reported iPSC-MNs in SBMA 

Reference %MN  Differentiation 
efficiency 

Aggregates [DHT] 

Nihei et al., 
2013 

Unclear No difference between 
SBMA and control 

Yes 50nM 

Grunseich 
et al., 2014 

20-30% No difference between 
SBMA and control 

No 10nM 

Cristofani et 
al, 2017 

15-23% No difference between 
SBMA and control 

No 10nM 

Rusmini et 
al., 2019 

Unclear Not included No 10nM 

Sheila et al., 
2019 

65-80% No difference between 
SBMA and control 

No 50nM 

Onodera et 
al., 2020 

Purified by 
cytometry 

ҧ I.фκLǎƭм ƛƴ {.a! No 10nM 

Pourshafie 
et al., 2020 

Doxycycline 
induction.  
90% 

No difference between 
SBMA and control 

No 10nM 

Although  there has been considerably less published research using the iPSC MN 

model in SBMA than in many other neurodegenerative diseases such as ALS, 

IǳƴǘƛƴƎǘƻƴΩǎ 5ƛǎŜŀǎŜ όI5ύ ƻǊ !ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜ ό!5ύ,  evidence shows that patient 

iPSC derived MNs can provide a valuable model of SBMA. However, these studies 

have been limited by the purity of MNs in culture, by a lack of comparison to 

appropriate control MNs or do not truly recapitulate neuronal development and 

therefore cannot be used to capture the temporal emergence of a phenotype. In this 

study, I explored a range of phenotypes in SBMA iPSC-derived MNs using a protocol 

which generates approximately 90-95% motor neurons and is well-characterised 

both molecularly and functionally (Hall et al., 2017; Luisier et al., 2018). This model 

recapitulates neuronal development allowing preliminary insights into the earliest 

features associated with the SBMA mutants. 
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5.1.2 P53 and DNA damage response pathway in SBMA 

A key finding in the RNA-Seq data from d28T iPSC-derived MNs revealed that p53 and 

DNA damage response (DDR) pathways were enriched in the SBMA d28T MNs 

compared with control MNs. Dysregulation of p53 associated DNA repair was clearly 

identified in the AR100 mouse model in Chapter 3. Whilst the DDR has been 

extensively studied in other neurodegenerative diseases, there has been little 

research in this area in SBMA. The results of impaired DDR across cell and mouse 

models is intriguing and suggests the hypothesis that impairment of the DDR could 

be an early pathogenic mechanism in MNs in SBMA.  In this Chapter I therefore 

investigated the role of the DDR in the SBMA iPSC-derived MNs in more detail.   

5.1.3 CHMP7 and autophagy genes 

In the AR100 mouse model of SBMA, Chmp7 expression was found to be reduced 

both in vitro in primary motor neurons, in vivo, in the spinal cord of pre-symptomatic 

mice and in laser-captured MNs as described in Chapter 3. The dysregulation of 

Chmp7/CHMP7 was also found in skeletal muscle ς another primary site of pathology 

in SBMA and was not found in astrocytes, or in other models of motor neuron disease, 

suggesting that Chmp7 dysregulation is specific to SBMA.  

CHMP7 is involved in the endosome-lysosome system by forming multi-vesicular 

bodies as part of the ESCRT-III complex which sorts ubiquitinated proteins from 

endosomes to the lysosome and as part of autophagic flux by delivering 

autophagosomes to lysosomes. Observations from cellular and animal models of 

SBMA have identified the accumulation of autophagosomes and reduced autophagic 

flux (Cortes et al., 2014; Cristofani et al., 2017; Rusmini et al., 2013). Transcription 

factor EB (TFEB), which is a master regulator of autophagy and lysosomal biogenesis 

is positively activated by the normal AR, however polyQ AR is considered to produce 

gain of function neurotoxicity through the formation of polyQ expanded AR 

aggregates in cells with concurrent loss of function of the autophagy pathway, 

including interfering with TFEB activity (Cortes et al., 2014; Rusmini et al., 2019). I 

therefore investigated whether CHMP7 expression was disrupted in iPSC-derived 
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SBMA motor neurons and whether there was a corresponding dysregulation of 

autophagy genes. 

5.1.4 Retrograde axonal transport 

Axonal transport is the cellular process in which proteins and organelles such as 

signalling endosomes, lysosomes, mitochondria and RNA granules are moved to and 

from the cell body along the axon (Maday et al., 2014). Axonal transport is divided 

into two distinct types: fast axonal transport with a rate of 50-400mm/d by which 

membrane-bound cargo, such as endosomes, lysosomes and mitochondria, travel; 

and, slow axonal transport, 0.2-10mm/day, which involves the movement of 

cytoskeletal proteins (Roy, 2014; 2016). In this results section I will focus on the 

trafficking of membrane-bound cargo via fast axonal transport.  

Transport can occur in an anterograde (towards the distal axon) or retrograde 

όǘƻǿŀǊŘǎ ǘƘŜ ŎŜƭƭ ǎƻƳŀύ ŘƛǊŜŎǘƛƻƴ ŀƭƻƴƎ ƳƛŎǊƻǘǳōǳƭŜǎ ǿƘƛŎƘ ŀǊŜ ŎƻƳǇǊƛǎŜŘ ƻŦ ʰ ŀƴŘ ʲ 

tubulin heterodimers. Within the axon these have asymmetric morphology which 

allows specification of the direction of transport with anterograde transport directed 

by the motor protein kinesin targeted to the + distal axon and the motor protein 

dynactin which transports in the retrograde direction travelling to the ς cell soma. 

Kinesin directs mitochondria, vesicles and RNA towards the distal axon whilst 

dynactin transports signalling endosomes, lysosomes and mitochondria towards the 

cell body (Figure 35).  

Axonal transport dysfunction has been implicated in multiple neurodegenerative and 

neurodevelopmental disorders (Maday et al., 2014). MNs are considered particularly 

at risk of defects as they such long axonal projections (Brady & Morfini, 2017). In ALS, 

deficits in axonal transport are well recognised with ALS causing mutations associated 

with transport machinery such as KIF5A (kinesin family member A) (Nicolas et al., 

2018) and post-mortem studies have identified accumulation of lysosomes and 

mitochondria at the distal end of MNs in partied with ALS (De Vos and Hafezparast, 
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2017). In mouse models of ALS deficits of retrograde axonal transport are seen both 

in cultured embryonic motor neurons and pre-symptomatically in vivo in the sciatic 

nerve of SOD1G39A transgenic mice (Bilsland et al., 2010; Gibbs et al., 2018) as well as 

in other models of ALS (Sleigh et al., 2020). 

 

Figure 35 Schematic of axonal transport.  

Microtubule-based axonal transport is directional with kinesin directing cargo including 

mitochondria, lysosomes and RNA towards the distal axon (+) in anterograde transport. 

Retrograde transport occurs through the action of dynein and leads to the movement of 

mitochondria, lysosomes, RNA and endosomes towards the cell soma (-).  

5ƛǎǊǳǇǘƛƻƴ ƻŦ ŀȄƻƴŀƭ ǘǊŀƴǎǇƻǊǘ ƛǎ ŀƭǎƻ ǎŜŜƴ ƛƴ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ƻǘƘŜǊ Ǉƻƭȅv 

disorders, however, in SBMA the role of axonal transport in disease pathology is less 

clear.  In extruded squid axoplasm polyQ AR has been shown to inhibit fast-axonal 

transport in both directions demonstrating cell autonomous axonal transport deficits, 

postulated to be caused by reduction in kinesin motility (Szebenyi et al., 2003). This 

may be through phosphorylation of the kinesin-1 heavy chain with inhibition of 

kinesin-1 function through JNK (cJun N-terminal kinase) activity which is increased in 

the presence of polyQ AR (Morfini et al., 2006). Interestingly, in this study, the effects 



162 
 

of the polyQ AR on fast axonal transport and JNK activity is independent of hormone 

binding.  

Whilst these examples suggest a key role for axonal transport in SBMA, a study from 

the Greensmith lab found an absence of impaired transport in the AR100Q mouse 

model (Malik et al., 2011).  In this model, examination of axonal transport proteins 

(kinesin-1, cytoplasmic dynein and the dynein-associated protein p150Glued ) found 

that there was no difference in expression between AR100Q mice and controls as 

well as no difference in the microtubule-binging properties of the motor complexes 

or altered transport in vitro or in vivo using live cell imaging for functional analysis. 

All previous research into axonal transport in SBMA have been performed in non-

human models of SBMA. In the case of SBMA mice with supra-physiological 

expression of the AR protein it is unclear whether these mice are truly representative 

of the full disease. In the AR100 which is not an over-expression there is no change 

in axonal transport. It is therefore important to understand how axonal transport is 

affected by SBMA mutations in human MNs. I performed in vitro axonal transport 

assessments in iPSC-derived MNs to address the importance of axonal transport to 

SBMA neuropathology. I first assessed the trafficking of signalling endosomes which 

are critical to long-range signalling and therefore to neuronal survival.   

5.1.5 Mitochondrial function 

Neurons have a high metabolic requirement with the main source of energy coming 

from oxidative phosphorylation in the mitochondria. Mitochondrial function 

diminishes as a consequence of normal ageing and mitochondrial dysfunction has 

been implicated to neuronal loss in multiple neurodegenerative disorders. 

Mitochondria are highly dynamic organelles and morphology and homeostasis is 

tightly controlled by mitochondrial fission and fusion. In Chapter 3 I found 

mitochondrial dysfunction in the AR100 mouse model of SBMA and in Chapter 4 I 

found that mitochondrial genes were downregulated in d28T MNs which contributed 

to the identification of the thermogenesis, NAFLD, metabolic pathways and 
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HuntingtonΩǎ ŘƛǎŜŀǎŜ ǇŀǘƘǿŀȅ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƛƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘŜŎǊŜŀǎŜŘ ƎŜƴŜǎΦ L 

therefore investigated whether mitochondrial function was altered in SBMA iPSC-

MNs. 

5.1.6 Response to heat shock 

In the AR100 mouse model Hsp70 expression is significantly reduced in late stage of 

the disease compared with controls (Malik et al., 2013). Hsp70 is a chaperone that 

plays a fundamental cytoprotective role in the heat shock response (HSR). Treatment 

with Arimoclomol, a novel co-inducer of the HSR led to upregulation of Hsp70 in the 

spinal cord (a 2.3 fold increase) and amelioration of disease progression, even when 

administered after symptom onset.  I next investigated whether there is an altered 

heat shock response (HSR) in SBMA iPSCs and NPCs, under basal conditions using 

Western blot analysis for Hsp70.   

In this Chapter, I examine the role of the DNA damage response (DDR), CHMP7, 

axonal transport, mitochondrial dysfunction and response to cellular stress in the 

pathogenesis of SBMA. These specific phenotypes were selected based on the 

findings from the AR100 mouse model described in Chapter 3  as well as from 

previous published studies from our  lab (Malik et al., 2011; Malik et al., 2013). I 

established the iPSC culture and differentiation into MNs, collected samples for qPCR 

and Western blot, and performed live cell imaging assays for mitochondrial 

membrane potential and axonal transport. Cells were collected at key time points in 

neural development: pluripotency (iPSC), at the end of neural induction (d7), after 

patterning to the ventral neural tube (d14), in early MNs (d21) and in established 

MNs (d28). Ligand binding is a key step in SBMA pathogenesis, therefore to 

understand the effect of ligand binding in the development of pathology in SBMA 

MNs, at d22 cultures were split into two experimental arms: (i) d28T which were 

treated with 10nM DHT in neural media from d22 and (ii) d28 which received the 

same neural media but without addition of DHT. 
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Unfortunately, the COVID-19 pandemic has significantly impacted the completion of 

the   experiments described in this Chapter, with initial lab closures, reduced lab 

occupancy, in addition to two periods of return to full-time NHS clinical work for a 

total of five months (3 months (March-June 2020) and 2 months (January-March 

2021)). Nevertheless, the experiments that were completed and analysed are 

described below. 

 

5.1.7 Chapter Aims: 

The experiments described in this Chapter were designed to establish whether 

selected phenotypes observed in the AR100 mouse model of SBMA described in 

Chapter 3 and revealed in the RNA-Seq analysis presented in Chapter 4 are also 

present in the SBMA iPSC-derived MN model, in this Chapter I examined the following 

questions:  

1. Is there evidence of an impaired DNA Damage Response in SBMA iPSC-derived 

MNs? 

2. Is CHMP7 dysregulated in the SBMA iPSC-derived MNs? 

3. Are axonal transport deficits present in the SBMA model? 

4. Is mitochondrial function disrupted in SBMA? 

5. Is the response to cellular stress altered in SBMA MNs 
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 Results 

5.2.1 RNA-Seq revealed differential expression of DNA damage response genes 

during motor neurogenesis in control MNs.  

Firstly, I examined the DNA damage repair pathways in basal conditions during motor 

neurogenesis. I used RNA-Seq to elucidate the baseline transcriptional profile of DDR 

genes during MN development in the control MNs (n=4) using DDR genes (Shimada 

et al., 2019) involved in DNA repair (NBN, MRE11A, BRCA1, BRCA2), non-homologous 

end joining (double strand breaks, NHEJ1, XRCC4, PKNP, XRCC5), TP53 and target 

genes (TP53, GADD145A, SESN1, IGFBP3), cell cycle checks (ATM, ATR, CHEK1, CHEK2) 

and apoptosis (PARP1, CASP3, BID, CDKN1A) (Figure 36). Normalised read counts 

were generated using Deseq2 to allow comparison of gene expression between 

samples by taking into account sequencing depth, gene length and RNA composition.  

I found that overall the pattern of gene expression levels of factors involved in DNA 

damage signalling and DNA repair was higher in iPSCs, d7 and d14 cultures with lower 

expression in established MNs. Interestingly GADD45A, SESN1 and CDNK1A are all 

TP53 target genes and all have low expression at the iPSC stage, perhaps inhibited by 

the high level of TP53. These genes all demonstrate much higher level at d7 and d14 

when TP53 expression has fallen. Interestingly CASP3, which encodes caspase 3 

which has a central role in apoptosis, is expressed at a higher level in MNs compared 

with earlier in motor neurogenesis.  

5.2.2 Differences in DDR between SBMA and Control d28T MNs 

In Chapter 4 I found the overexpression of pathways involved in the DNA damage 

response in SBMA d28T MNs compared with control d28T MNs. To expand upon the 

finding that the DDR pathway is associated with SBMA MNs, I further analysed the 

RNA-Seq results and identified that expression was dysregulated in multiple DDR 

genes in SBMA compared with control d28TMNs (Figure 37). Interestingly, whilst 

genes involved in DNA repair and in the p53 pathway were differentially regulated in 
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SBMA iPSC MNs, there was no differential regulation within apoptotic genes, with the 

exception of PARP-1. PARP-1 is a DNA damage sensor and serves as a survival factor 

which only leads the cell to apoptosis with caspase activation if the damage is severe 

enough (Diamantopoulos et al., 2014). This finding suggests that the DDR pathway is 

activated in d28T SBMA MNs, but damage is not sufficient enough at this point to 

cause apoptosis and cell loss.  Treatment with DHT did not significantly alter the 

expression of any of the genes where there was a significant difference in expression 

between SBMA d28T MNs and control d28T MNs (Figure 38). This suggests either that 

the effects of expression of the DDR genes is either not affected by the ligand binding 

to the AR, or potentially that there is a component of the cell media that contributes 

hormonal support to the cells.  

I used qPCR to compare mRNA expression of TP53 and the DDR genes which had been 

explored in the AR100 mice between SBMA d28T MNs and healthy controls (Figure 

39). I found GADD45 mRNA expression was reduced in SBMA d28T MNs relative to 

control. Whilst this was not significant in d21 MNs there is the suggestion of reduction 

at d21. In d21 and d28T MNs TP53 is significantly increased in SBMA relative to 

control cells.  

5.2.3 Temporal phenotype of DDR in SBMA v control MNs 

To see whether the abnormality in the DDR pathway is present earlier in motor 

neurogenesis in SBMA MNs, I compared the differentially regulated genes in d21 MNs 

using the RNA-Seq data. Only IGFBP3 (n=4, FC=8.35) was differentially regulated at 

d21, suggesting that this is an emerging phenotype in the d28T MNs. I performed 

qPCR to determine the expression of TP53 and its related genes in iPSC and in d14 

neural precursor cells (NPC) (Figure 40). At this stage in development I found no 

difference in the expression of TP53 and the TP53 target genes with the exception of 

upregulation of TSC2 in SBMA iPSC compared with control iPSC. This was not found 

at the NPC stage. 
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Figure 36 RNA-Seq analysis revealed the transcriptional expression of DDR genes 
throughout motor neurogenesis in control motor neurons.  

Differential expression patterns of each gene were represented by DESeq2 normalised read 

count. Expression patterns were classified to (A) DNA repair (B) Non-homologous end joining 

repair (C) p53 target genes (D) cell cycle checkpoints and (E) apoptosis. Data presented as 

mean ± SEM. (n=4 control lines, 1 induction) 
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Figure 37 RNA-Seq analysis revealed transcriptional alteration of DDR genes 
between SBMA and control MNs at d28T 

Differential expression patterns of each gene were represented by DESeq2 normalised read 

count. Expression patterns were classified to (A) DNA repair, (B) Non-homologous end joining 

repair, (C) p53 target genes, and (D) cell cycle checkpoints and (E) apoptosis. Data presented 

as mean ± SEM. (n=4 SBMA, n=4 control lines from 1 experimental block, *p<0.05, **p<0.01) 
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Figure 38 RNA-Seq analysis to show that treatment with DHT did not significantly affect 
expression of DDR genes in SBMA d28T MNs.  

Comparison between SBMA d28MNs and SBMA d28TMNs which had been treated with DHT 

was performed in genes which were differentially expressed between SBMA and Control 

d28T MNs. Differential expression patterns of each gene were represented by DESeq2 

normalised read count. Data is displayed as mean ± SEM (n=4, 1 experimental block, 

*p<0.05). Significance was determined by a fold change >1.5, FDR <0.05.  
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Figure 39 Dysregulation of DNA damage response genes TP53 and GADD45.  

mRNA expression of TP53 and growth arrest and DNA damage-inducible 45 (GADD45) was 

examined in d21 and d28T MN cultures using qPCR. TP53 was increased and GADD45 was 

decreased in SBMA d28T MNs relative to control d28T MNs and TP53 this was also increased 

at d21. qPCR data are displayed as mean ± SEM. Statistical analysis was performed using an 

unpaired t-test (n=3 control and SBMA lines, n=3 technical replicate, one induction, *p<0.05) 
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Figure 40 Expression of p53 and related genes and DDR genes in iPSC and d14 neural 
precursor cells 

(A) The mRNA expression of tuberous sclerosis complex 2 (TSC2) was upregulated in SBMA 

iPSCs compared with control but there was no change in mRNA levels of other target genes. 

(B) There was no significant difference between mRNA expression of p53 and DDR genes in 

SBMA and control d14 neural precursor cells. Expression levels were determined by qPCR. 

qPCR data are displayed as mean ± SEM. (n=3 control, n=3 SBMA lines, n=3 technical 

replicate, one experimental block). Statistical analysis was performed using an unpaired t-

test (*p<0.05) 
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5.2.4 There was no evidence of DNA damage and apoptosis in SBMA d28T MNs 

In the symptomatic AR100 mice, ɹIн!·, which is an established marker for double 

strand DNA breaks, was found in the nuclei of MNs, suggesting that accumulation of 

DNA damage does occur in SBMA. I compared the protein levels of ʴIн!· in d28T 

MNs and did not identify a band in SBMA or control MNs. However, further work 

should include immunocytochemistry of fixed cells utilising antibodies with specific 

binding to ɹ Iн!· to examine whether there is evidence of ɹIн!· in the nuclei 

demonstrating DNA damage in the cells at d28 in order to more completely 

characterise this finding.  

A downstream effect of DNA damage is apoptosis or programmed cell death through 

the intrinsic pathway through which the cell kills itself as a result of cell stress. Early 

transition to apoptosis may underlie the selective vulnerability of spinal motor 

neurons to neurodegeneration. An impaired cellular viability is seen in VCP MNs 

generated using the same differentiation protocol, with an increased percentage of 

VCP MNs staining for propidium iodide, reduced survival in the VCP MNs using 

longitudinal imaging and increased cleaved caspase 3 and nuclear pyknosis using 

confocal microscopy (Hall et al., 2017). Based on the RNA-Seq findings recorded 

above it seemed likely that active apoptosis was not occurring at d28 in SBMA MNs.  

However, to investigate this I used the cellular marker caspase 3 to quantify cellular 

apoptosis in d28T MNs. I performed Western blot and found there was no significant 

difference in caspase 3 levels between SBMA and control d28T MNs (n=3, p=0.56) 

(Figure 41). 

The difference in these findings may reflect the fact that the experiments on the VCP 

cells were performed at d35 rather than d28 MNs (d28 was used for my experiments 

due to a tendency for the cells to peel and to differentiate past d30). Alternatively it 

may be that VCP mutations are more detrimental to the cells than the polyQ AR and 

therefore the MNs exhibit cell death earlier in VCP than in SBMA. Potentially, the 

SBMA MNs will begin to develop a cell death phenotype at a later time point. For 

future work, I aim to explore this further, initially by performing longitudinal imaging 



173 
 

based survival analysis as well as propidium iodide, cleaved caspase3 and nuclear 

pyknosis imaging analysis and then further to try and optimise plating conditions 

further to extend the length of culture to a later time point. 
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Figure 41 Protein levels of Caspase3 was not altered between SBMA and control d28T MNs 

The protein levels of caspase3 were analysed by Western blot of d28T MN cultures. Levels of 

caspase3 were not significantly different between SBMA and control cultures. Densitometric 

analysis of bands was performed using values normalised to actin. AU=arbitrary units. 

Statistical analysis was performed using an unpaired t-test (n=3, *p<0.05). 
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5.2.5 Transcription levels of CHMP7 are not altered during motor neurogenesis 

in control or SBMA MNs 

I looked at the transcription levels of CHMP7 through motor neurogenesis using RNA-

Seq data. There was no difference in CHMP7 expression throughout motor neuron 

development in control or SBMA cultures (Figure 42).  
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Figure 42 CHMP7 expression does not change throughout motor neurogenesis in control 
MNs or in SBMA MNS.  

The expression level of CHMP7 transcripts was compared across motor neurogenesis in both 

control and SBMA cells. Differential expression patterns of each gene were represented by 

DESeq2 normalised read count. There was no significant change in expression levels of 

CHMP7 in control or SBMA MN development. Data is displayed as mean ± SEM (n=4 control, 

n=4 SBMA, 1 experimental block) Significance was determined by a fold change >1.5, FDR 

<0.05. 
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5.2.6 Comparing CHMP7 between SBMA and control d28T MNs 

I next compared expression between SBMA and control d28T MNs. In the AR100 

mice, there was a significant 2.74 fold reduction in expression of Chmp7 in the spinal 

cords of pre-symptomatic (3 month) mice (on qPCR), however in the d28T MNs, 

CHMP7 was not differentially regulated in SBMA compared with control (Figure 43). 

To validate these findings I used qPCR to analyse CHMP7 mRNA expression and again 

found that there was no significant difference in CHMP7 mRNA expression between 

SBMA and control d28T MNs. There was also no difference in expression of CHMP7 

transcripts in response to DHT, in either SBMA or in Control MNs.  

I next examined protein levels of CHMP7 using Western blot and found that levels 

were significantly decreased in SBMA d28T MNs compared with control (Figure 44). 

This difference was not present between the two cell lines at iPSC stage.  

Interestingly, in control cells there is a significant increase in CHMP7 levels between 

iPSC and d28T MNs (n=3, p<0.05) whilst there is no significant change in SBMA cells. 

This may suggest that rather than necessarily a decrease in CHMP7, the SBMA MNs 

are unable to mount an increase in CHMP7 levels in MNs and therefore this 

potentially affects the cells autophagic ability.  
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Figure 43 Expression of CHMP7 in iPSC-derived MNs. 

(A) In the RNA-Seq results was no significant difference in the expression of CHMP7 between 

SBMA and control d28T MNs. Data presented as DESeq2 normalised read count mean ± SEM 

(Significance with FDR<0.05, FC >1.5. n=4 SBMA, n=4 control, 1 induction). (B) qPCR mRNA 

expression confirmed the finding in the RNA-Seq that there was no significant difference 

between SBMA and control d28T MNs. (n=3 control, n=3 SBMA, technical repeat=2, 1 

experimental block). There was no significant difference in CHMP7 expression in SBMA (C) or 

in control (D) with treatment with DHT. Data presented as DESeq2 normalised read count 

mean ± SEM (Significance with FDR<0.05, FC >1.5. n=4 SBMA, n=4 control, 1 induction). 
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Figure 44 CHMP7 levels are reduced in d28T MNs  

(A) The protein levels of CHMP7 were analysed by Western blot in the d28T MNs and iPSCs 

from SBMA and control cells. CHMP7 was decreased in SBMA MNs. (B) Densitometry analysis 

of bands was performed using values normalised to actin. Comparison of levels of CHMP7 in 

iPSC and MN in (C) control cultures and (D) SBMA cultures. Data are displayed as mean ± 

SEM, statistical analysis was performed using an unpaired t-test. (n=3 control, n=3 SBMA, 1 

technical repeat, 1 induction). 

5.2.7 Autophagy in SBMA MNs 

CHMP7 forms part of the machinery to sort ubiquitinated proteins for removal from 

the cell by autophagy. Autophagy is the mechanism by which the cell degrades and 

recycles cellular components. Together with the ubiquitin proteasome system (UPS), 

autophagy is closely regulated and maintains cellular homeostasis by preventing the 

aggregation of misfolded proteins which could otherwise lead to cellular toxicity. 

Overwhelming the autophagic response and disruption of autophagy has been 

implicated in a wide variety of neurodegenerative diseases and the development of 

cancer and it offers developing interest as a site of modification for treatments.  

Disrupted autophagy has been described in SBMA. Normal AR receptor function is 

involved in the transcription of the key autophagy genes ATG4B, ATG4D, ULK1, UKL2 

and TFEB which is a master regulator of autophagosome-lysosomal biogenesis and 

function. Using the RNA-Seq data, I first looked first at the autophagy genes 

controlled by the AR I found that ATG4B (1.4 fold decrease, n>3, FDR<0.05) and ULK1 

(1.26 fold decrease, n=4, padj<0.05) were downregulated in the SBMA d28TMNs 

compared with controls (Figure 45). TFEB expression was not significantly different 

between SBMA and control MNs. In SBMA myoblasts, polyQ AR has been 

demonstrated to cause reduced expression of BAG3 and VCP proteins which are pro-

autophagic and this led to decreased autophagic response (Cicardi et al., 2019). In 

d28T MNs I found no difference in the expression of BAG3 or VCP transcripts in SBMA 

compared with controls.  
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Figure 45 Autophagy genes regulated by the AR and affected by polyQ AR  

(A) ATG4B, ATG4D, ULK1, ULK2, and TFEB have all been shown to be regulated by the AR. In 

d28T MNS expression levels of ATG4B and ULK1 were lower in SBMA than in control. (B) 

Expression of VCP and (C) BAG3  were not significantly different between SBMA and control 

d28T MNs. Data presented as DESEq2 normalised read count (n=4 control, n=4 SBMA, 1 

experimental block, significance with FC>1.2, padj <0.05). 

A 

B C 
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I looked at additional autophagy-associated genes and found that LAMP1 expression 

was upregulated (1.66 fold increase, N=4, padj<0.05) in SBMA d28T MNs, whilst there 

was no significant difference in expression of other autophagy associated genes (P62, 

LC3B, LAMP2, ATG5, ATG7, ATG12, BAG1, BECN1 and HSPB8) (Figure 46).  
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Figure 46 Autophagy genes are largely unaltered in SBMA 

Expression of LAMP1 was significantly increased in SBMA d28T MNs compared with control, 

however other autophagy genes tested in models of SBMA are not altered in these cells. Data 

presented as DESEq2 normalised read count (n=4 control, n=4 SBMA, 1 experimental block, 

significance with FC>1.2, padj <0.05). 

 

In the AR100 mice CHMP7 protein was decreased in the spinal cord of pre-

symptomatic mice compared with control mice, whilst LAMP2 and P62 (which are 

associated with lysosomal protein degradation) were unchanged. At the symptomatic 

stage the levels of LAMP2 and P62 were significantly increased with CHMP7 markedly 

decreased. In the d28T MNs there was no significant difference in the protein levels 

of P62 between SBMA and control at iPSC or MN stage and there was no significant 

difference during development in either SBMA or controls (Figure 47). LAMP2 levels 
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were significantly increased in SBMA iPSCs but there was no significant difference at 

MN level. These experiments were performed prior to the RNA-Seq data being 

available. 

  

 

Control SBMA

0.0

0.5

1.0

1.5

2.0

2.5

WB iPSC P62

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

) Control

SBMA

ns

Control SBMA

0.0

0.5

1.0

1.5

2.0

2.5

WB iPSC LAMP2

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

)

Ṧ

Control SBMA

0.0

0.5

1.0

1.5

WB MN P62

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

) Control

SBMA

ns

Control SBMA

0.0

0.5

1.0

1.5

WB MN LAMP2

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

)

ns

iPSC MN

0.0

0.5

1.0

1.5

iPSC v MN P62 WB SBMA

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

)

ns

iPSC MN

0.0

0.5

1.0

1.5

iPSC v MN LAMP2 SBMA

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

)

Ṧ

iPSC MN

0

1

2

3

iPSC v MN P62 WB Control

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

)

ns

iPSC MN

0.0

0.5

1.0

1.5

iPSC v MN LAMP2 Control

O
p

ti
c
a
l 
D

e
n

s
it

y
 (

A
U

) ns

 

A 

B 

E 

C 

F 

D 

 



182 
 

Figure 47 Expression of P62 and LAMP2 in iPSC and d28T MNs  

Protein levels of P62 and LAMP2 were analysed by Western blot in (A) iPSCs and (B) d28T 

MNs from SBMA and control cells. There was no significant difference in P62 levels between 

SBMA and control iPSCs (C) but LAMP2 was increased in SBMA iPSCs (D). There was no 

significant difference in levels of P62 (E) or LAMP2 (F) in d28T MNs. Densitometric analysis 

of bands was performed using values normalised to GAPDH (LAMP2) and actin (P62). Data 

are displayed as mean ± SEM, statistical analysis was performed using an unpaired t-test. 

(n=3 control, n=3 SBMA, 1 technical repeat, 1 induction). 

5.2.8 Preliminary studies of heat shock  

In order to investigate whether a heat shock response could be detected in 

development of MN cultures, control iPSC and NPC were subject to thermal stress of 

42°C for 2 hours in an incubator. Cells were collected at 1 hour, 3 hours and 24 hours 

after heat shock to determine the optimal timing for measurement of HSP70. Both 

IPSC and NPC demonstrate upregulation of HSP70 in response to heat shock ( 

Figure 48).  
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Figure 48 Trial of time points to collect samples for heat shock experiments  

Cells were subject to a two hour thermal stress at 42° in an incubator. Samples were collected 

in RIPA at the time points highlighted. Expression levels of HSP70 by Western blotting shows 

that (A) iPSC and (B) NPC are able to mount a heat shock response to cellular stress and 3 

hours was significantly raised in both iPSC and NPC at 3 hours and 24 hours. The difference 

between 3 hours and 24 hours in NPC is not significant so 3 hours was selected as the time 

point for collection for future experiments.  The response was greater in iPSC than in NPC. 

Data presented as mean ± SEM (n=3 control lines).  

 

5.2.9 Response to cellular stress is reduced in SBMA iPSC and NPC 

I found that thermal stress increased the expression of Hsp70 in SBMA and control 

iPSC lines. There was no significant difference in expression between control and 

mutant lines at basal levels (n=3, p=0.98). The expression of Hsp70 in control iPSCs 

was significantly higher than in SBMA cells in response to thermal stress (n=3, 

**p<0.01) (Figure 49). In d14 neural precursor cells (NPCs) there was no significant 

difference between control and SBMA lines in basal conditions (p=0.99) and whilst 

there appears to be a trend to a smaller response to heat shock in SBMA NPCs 

compared with control this was not significant (p=0.13). Of note, the fold change is 

considerably higher in these experiments than in the time trial expression although 

the relative proportion response between iPSC and NPC is consistent. I plan to repeat 

these experiments in another induction to clarify which is truly representative. I was 

unable to perform WB on the d28T samples due to lab access restrictions. I will 

complete these experiments as part of my future work.  
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Figure 49 Hsp70 levels in response to heat shock.  

Immunoblotting (A) and quantification (C) of HSP70 expression levels in SBMA and control 

iPSC cultures which had either undergone thermal stress for 2 hours at 42°C (HS) or were 

untreated demonstrates an upregulation of HSP70 in response to thermal stress in control 

and SBMA lines. The response is significantly greater in control lines. Immunoblotting (B) and 

quantification (D) of HSP70 levels in SBMA and control NPC cultures which had either 

undergone thermal stress for 2 hours at 42°C (HS) or were untreated. There was a significant 

increase in expression of HSP70 response in both control and SBMA lines compared with 

untreated but there was no difference between SBMA and control lines at this time point. 

The fold increase was greater in iPSC than in NPC.  Samples were collected after 3 hours in 

RIPA buffer and were then separated by SDS-PAGE and immunoblotted with HSP70. Values 

were normalised to GAPDH levels. Data presented as mean ± SEM Statistical analysis done 

using ANOVA testing with multiple comparisons (n=3, *P<0.05, **P<0.01) 
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5.2.10 Preliminary studies of retrograde axonal transport 

Having learnt the protocol for testing axonal transport I first examined control iPSC-

derived MNs produced in the Patani Lab to ensure that it was possible to visualise 

retrograde transport in these iPSC-derived MNs. The MNs were differentiated in 

MatTek dishes for imaging. We were able to demonstrate AT in the iPSC-derived MNs 

with average speeds of ~2µm/s and maximal speeds of ~5µm/s with no alteration 

between d21 and d35 cultures.  

In the preliminary experiments, the MNs were imaged on MatTek dishes and tended 

to form clumps of cells with axons radiating out as seen in Figure 50. This cell 

configuration is less common in embryonic primary MN culture from mice and may 

reflect the lack of supportive cells. This pattern may affect the behaviour of the cells 

and the transport dynamics. I therefore decided to use a microfluidic platform which 

had been successfully used in primary MN cultures in the lab of our collaborator Prof 

Giampietro Schiavo.  

 

Figure 50 Clumping of MNs on MatTek dishes 

Brightfield image demonstrating the MN cell bodies clumping together when plated on 

MaTTek dishes with axons extending. Whilst the direction of retrograde signalling 

endosomes can still be assessed the directionality of mitochondria and lysosomes is more 

difficult to assess with cultures plated out in this way.  
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5.2.11 IPSC-derived MNs can differentiate and survive in microfluidic chambers 

Microfluidic devices allow in vitro separation of axons and dendrites, anterograde 

and retrograde trafficking of organelles and assessment of distal and proximal 

compartments (Pal et al., 2018). This is the first time that iPSC-derived MNs have 

been grown on microfluidics in my lab (Figure 51).  

To model axonal transport in SBMA microfluidics I plated out 150,000 cells in 10µL of 

media in a dropwise manner into the somatic compartment of a microfluidic chamber 

(the method for making the microfluidic plates is in the material and methods 

section) at day 18 of culture (after expansion of neural precursors). Prior to plating 

the cells I washed off the Matrigel with media to ensure that the microfluidic channels 

between somatic and axonal compartments were patent. 20µL of media was added 

to the axonal compartment and the plates were laid flat for an hour to allow the cells 

to attach. At this point, further media was added dropwise to a total of 150 µL in the 

somatic compartment and 100µL in the axonal compartment.  

The following day (d19) the media was changed in both compartments to N2B27 

media with compound E supplementation for terminal differentiation. At day 22 the 

media was changed to N2B27 with either (i) compound E supplementation or (ii) 

compound E plus DHT supplementation for each control and disease line. Axon 

outreach to the axonal compartment was observed in all cell lines and treatment 

groups. I tested the cells on day 28 (10 days post terminal differentiation) in line with 

the observations in culture that there was an increased number of differentiating 

cells after this time point and this therefore aligns with the RNA-Seq data.  
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Figure 51 SBMA iPSC-derived MNs survive in microfluidic chambers  

(A) Bright field image of iPSC-derived MNs in microfluidic chambers taken on d19, the day 

after plating with NPCs in somatic compartment. Cells were fed with N2B27 media with 

NOTCH antagonist (compound E) to encourage all cells to exit the cell cycle simultaneously. 

(B) Axons with cell bodies in the somatic compartment and axon outgrowth along grooves to 

the axonal compartment due to a gradient in media volume. Image taken on d22. 10nM DHT 

was added to the N2B27 media. (C) D28T control MNs and (D) D28T SBMA MNs prior to 

imaging.  

5.2.12 Retrograde axonal transport of signalling endosomes is not disrupted in 

SBMA iPSC-derived MN 

Firstly, I looked at retrograde axonal transport of signalling endosomes as reduced 

retrograde transport was the earliest finding reported in a previous study (Katsuno 

et al., 2006). I used an assay established in Professor GiampietǊƻ {ŎƘƛŀǾƻΩǎ ƭŀōƻǊŀǘƻǊȅ 

(Institute of Neurology, UCL) in which a non-toxic binding fragment of tetanus toxin 

(HcT 441, residues 875-1315) with a fluorescent probe is added to the cells and which 

on contact with the MN undergoes clathrin-mediated endocytosis and subsequently 

retrograde axonal transport. MNs were treated with HcT-555 for 30 minutes, 

followed by a wash with fresh media and incubation for a further 15 minutes. Data 

A B 

C D 
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on the transport of HcT-positive organelles was then collected as time series videos 

using confocal imaging. 

I used live trackers of signalling endosomes (fluorescently-labelled atoxic fragment of 

tetanus toxin (HcT)) to acquire movies of live imaging to document transport at the 

distal end of the axon. Over 2-4 minutes, two images were captured every second 

using an inverted Zeiss LSM 780 microscope with a Zeiss 40X. 1.3 NA Plan-

Aprochomat oil-immersion objective at 37°C. I analysed the movies using FIJI Track 

Mate plug in for dynamic organelle tracking with individual tracking of each visualised 

organelle. An organelle had to cover at least half of the recorded distance to be 

included in the analysis. Output analysis consisted of three folders: track statistics, 

spots in track statistics and links in track statistics. Track data summarises the 

movement for the entire track whilst link data defines the individual movement a 

single cargo makes. Pauses were defined as moving slower than 0.1µm/s. GraphPad 

Prism was used for the graphical representation of the data.  
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Figure 52 Retrograde travel of signalling endosomes 

Individual signalling endosomes were loaded with fluorescently labelled atoxic tetanus toxin 

fragment and were tracked and analysed from iPSC-derived motor neurons. Image series 

depicts retrograde (right to left) trafficking of distinct endosomes (demonstrated my 

matching arrows across the time series). The imaged neuron is from SBMA 4 cell line. Images 

shown are at 2.5s intervals from top to bottom.  

In neurons, signalling endosomes are used to traffic neurotrophins which are 

required for neuronal survival and maintenance through synaptic plasticity and nerve 

repair. Endosomes travel in a retrograde manner from the synapse back to the cell 

body. I investigated the retrograde axonal transport of signalling endosomes using 

time-lapse confocal imaging of live iPSC-derived MNs using a fluorescently-labelled 

atoxic fragment of tetanus toxin (HcT) (Figure 52) (Lalli and Schiavo, 2002). I analysed 

the speed of transport and I found that there was no significant difference in the 

mean speeds of carriers between SBMA and control MNs, or in the max speeds of 

carriers (Figure 53). Velocity distribution profiles of transport in the SBMA MNs with 
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DHT were not different from the controls, although the SBMA MNs without DHT were 

slightly shifted to slower speeds. I analysed the time that cargoes spent pausing 

between movements and this revealed that there was no significant difference 

between MNs expressing SBMA and controls. 
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Figure 53 Retrograde axonal transport of signalling endosomes is not altered in SBMA iPSC-

derived MNs  

TeNT Hc was taken up by signalling endosomes in the axons of SBMA and Control iPSC-derived 

d28T MNS and transported to the cell body in a retrograde direction. (A) The speed 

distribution curves of signalling endosome frame-to-frame movements in motor axons 

indicate that there is no difference in axonal transport speed between SBMA and control 

MNs. For the velocity distribution graph, endosomes were binned into 0.2µm/s bins and the 

relative frequency for each bin plotted. (B) Visual representation of mean track speeds for 

each endosome for each line. There was no difference between SBMA and control MNs in 

(C) the mean track speed of the endosomes or (D) the maximum endosome transport speed. 

(E) If an endosome displacement was between 0-0.1 µm it was considered to be pausing. 

There was no difference between control and SBMA d28T MNs in the percentage of 
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endosomes that paused. *p<0.05, NS, not significant, unpaired t-test. N=3. Axons from 4-8 

microfluidic channels were imaged for each line. Data is presented as mean ± SEM for all 

graphs.  

 

5.2.13 Expression of axonal transport genes in SBMA 

Whilst transport pathways were not significantly overexpressed in the RNA-Seq data, 

the STRING protein-protein interaction data was significant for the kinesin complex 

(strength 0.64, FDR 0.002) in the GO Cellular Component analysis and for microtubule 

motor activity (strength 0.54, FDR 0.001), motor activity (strength 0.54, FDR 0.00067) 

and microtubule binging (strength 0.32, FDR 0.0362) in the GO molecular function 

analysis. These findings are consistent with a previous study which found that binding 

of kinesin-1 to microtubules was significantly reduced in polyQ AR expressing cells 

compared to WT-AR expressing SH-SY5Y human neuroblastoma cells (Morfini et al., 

2006).  

5.2.14 Mitochondrial membrane potential is reduced in SBMA MNs 

I used live cell imaging to analyse mitochondrial function in iPSC derived neurons 

from patients with SBMA. Live cell imaging allows capture dynamic functions of the 

cell, for example in this case, mitochondrial membrane potential which would not be 

possible with immunocytochemistry. Further, there are no artefacts induced by fixing 

cells. There is a risk of bleaching of the cells through the lasers used for imaging, as 

such laser power was kept at the minimum required for optimal imaging and discrete 

areas of the plate were imaged with at least 4 field views performed for each line for 

each experiment.  

I used TMRM, a fluorescent cationic dye to study mitochondrial membrane potential. 

TMRM is taken up by the mitochondria and is an indicator of the flow of hydrogen 

ions across the mitochondrial membrane. I found a reduction in basal mitochondrial 

membrane potential in the cell bodies of SBMA d28T MNs compared with control 
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(78.8±1.4% SBMA compared to 100% control, n=3 control, n=3 SBMA, p<0.05, Mann-

Whitney test) (Figure 54).  
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Figure 54 Mitochondrial membrane potential is reduced in SBMA d28T MNs.  

TMRM intensity was used as a measure of mitochondrial membrane potential from the 

maximum projection of the cell bodies of MNs using Image J. Representative images of (A) 

control and (B) SBMA motor neurons loaded with TMRM. Scale bar 20µm. (C) TMRM 

intensity measurements from neuronal cell bodies of control or SBMA MNs. n=3, 591 

neurons analysed for control, 614 neurons for SBMA. Data are displayed as a percentage of 

the average intensity measurements from control cells and expressed as the mean ± SEM. 

Statistical comparison was performed using a Mann-Whitney test. ****p<0.0001.  
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