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Abstract

Spinal and bulbar musculatraphy ¢ . a! 0> | f 42 |y dséage,iba YSyy

slowly progressive neuromuscular diseasmused by a tniucleotide CAG repeat
expansionn the first exon of the andragn receptor AR gene which encodes for the
polyglutamine repeat tract within the AR proteifihe precise mechanisms of polyQ
mediated toxicity in SBMA are complex and are yet to be fully underst@dlines

and animal models of SBMA have provided kégrmation 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 systemin this Thesis, | use the AR100 mouse model and a new
humaniPSC model of SBMyatient motor neurons tocharacterise early pathogenic
eventsin SBMAUsing RNA sequencing and phenotyping assdgsndevidence of
transcriptional dysregulation, tachondrial dysfunctionp53/DNA damage response
impairmentand premature activation of the cell cycle and cellular senesciertugth
models of SBMA. Ideifiying these early disease mechanisms offers potential targets

for future clinical treatments.

This Thesislsodescribesthe development of a portfolio of public engagement in
motor neuron disease and proposes that public engagement shoukhbeuraged

for all PhD students.



Impact Statement

For patients and patient organisations:

- This research aims to prald insight intothe 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 br 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 neurosedises

- 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

- DuetoKS &AYATFNRGASAE gAGK !''[{ ola | Y2
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 mocel to screen drugsould be beneficial to drug discovery



- ldentification 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 numbeainahals needed for

experiments.
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Chapter 1Introduction

1.1 Spinal and bulbar muscularnt@phy

1.1.1 Clinical Features

Spinal and bulbar musculafiaNR LJK& 6{ . a! 00X +faz2 1ymRsy
x-linked, slowly progressive neuromscular 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
asymptomatiq Schmidiet al., 2002) SBMA is characterised by a lower motor neuron
pattern of weakness with muscle atrophy, tremor, fasciculagiand wasting in the

limb muscles innervated by the spinal motoeurons (MNs)Frattaet al, 2014;
Rhodeset al, 2009) Progression of weakness is slow in SBMA qumhtitative
muscle assessment indicates a decline in muscle strength of 2% péFgea@indez
Rhodest al,, 2011) Theres 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 fasciculatiog, tongue wasting, dysarthria and dyspha@isutaet al.,, 2006;
Grunseictet al,, 2015) There is frequently fatigue with chewing and occasional jaw
drop with weakness of temporalis and masseter mus¢smner and Fischbeck,
2002) Bulbar weakness can also lead to an increased susceptibility to aspiration
pneumonig which was identified as the leading cause of death in a natural history
study of SBMAAtsutaet al., 2006)

Historically SBMA has been considered a condition of the lower motor neurons,
however, clinical caseeses 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 paieported, particularly in the feefAntoniniet al.,

2000; Manganellet al, 2007; Rocchet al., 2011) Patients also frequently develop
bladder outflow obstruction without clear evideador benign prostatic hypertrophy,

and other lower urinary tract symptom®uerinet 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 knoekn mouse model of the diseag&uet al., 2006) Taken

together these findings suggest a primary neurology component of SBMA.

Evicence of nomneuronal 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 reduce risk of androgenetic alopec{&irclairet al., 2007; Queriret 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 SBMAgaBa
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 clifirakiet al,, 2014) Metabolic dysfunction manifests in
SBMA with raised cholesterol and lalensity lipoprotein (LDL), increased insulin
resistance and, recently, the presence of racoholic steatohepatitis (despite
normal BMI) in patient§Rhode<et al., 2009; Queriret al, 2016; Gubeet al.,, 2017;
Nakatsujiet al,, 2017)

Clinical investigation in SBMA can be used to detect the metabolic dysfunction on
biochemical profiles, as welas elevated creatine kinase (CK) and lactate
dehydrogenase which reflects a primary myopathy in SBMA which will be discussed
later (Lombardiet al, 2019) Testosteroe levels are usually within the normal
reference range, however approximately one third of patients have androgen
resistancgQuerinet 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 (Suzukiet al, 2007) Quantitative MRI has recently shown a characteristic
pattern of fat infitration 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 todKlickovicet al., 2019) Muscle biopsy studies have long
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recognised the presence of neurogenic findings with a mixture of hypertrophic and
atrophic fibres demonstrating a seadary pathology in the muscléBorgiaet al,
2017) However, primary myogenic defects were also shown to present in muscle
biopsies from SBMA patien{Soraruet al., 2008) Postmortem examinations of
patients with SBMA identify motor neuron loss in thainstem motor nuclei and the

anterior horn of the spinal cor@Bbueet al., 1989)

Diagnosis of SBMA is made by confirmation of a polyglutamine repeat expansion in
the androgen receptorAR gene on genetic testingiith a longer polyglutamine
repeat correlating with an earlier age of disease on@Bbyfisau 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 confirmatio8BMA(Fratta

et al, 2014)

The prognosis for SBMA is thiae majority of patients have a normal life expectancy
although patients with prominent bulbar involvement are at risk of developing
aspiration pneumonia which may be faféitsutaet al,, 2006) There are currently no
diseasemodifying treatments in routine clinical practice to treat SBMA, however,
some clinical trials are curregtin progress or have recently completé@uerinet

al., 2013; Shradeet al., 2015; Hashizumet al., 2017; Hijikataet al., 2018)

1.1.2 The Androgen Receptor

In 1991, a landmark finding was publishedUaySpada 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 proteinLa Spadat al, 1991) The androgen receptoAR gene is

located on the Xhromosome and is composed of 8 exons that span approximately

180kb of DNA. ThARgene encodes the androgaeceptor (AR) protein through
transcription and subsequent translation of its mMRNA which consists of the 2.7kb
21LJSY NBIFIRAY3 FTNIYSSE | mMdmM]0 pQ dzy NI yatl
2F (KS a0SNRAR K2 N2y SFaideOsd, 199D Nprastate y R |
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cancer cell lines, expression of tARgene has been shown to be directly suppressed
by the AR binding to the second intron suggesting that it regulates its own expression
(Caiet al,, 2011)

The AR is a member of theesbid and nuclear hormoneeceptorsuperfamily and is

a ligandactivated transcription facto(Brinkmannret al., 2011) Tre 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 expressiemale
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 &eductase 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 dep signs of neurodegeneration if fed with
food containing androgenélakeyamaet al., 2002) Historically neurotoxicity of the
polyglutamine expansion in SBMA was believed touo@fter activation of the AR
polyQ by itdigand, however, two recent studies have found pathogenic changes in
iPSC MN precursors preceding exposure to testoste(dtadik et al,, 2019; Xiet al.,,

2018)

The AR comprises three princiglemains: the Nerminal transcriptional regulation
domain (NTD) the central DN#nding domain (DBD) anthe carboxyterminal
ligand binding domain (LBD); as showifrigurel.
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Figurel Schematic of the androgen receptor.

The androgen receptdiAR)is a steroid hormone receptor that binds testosterone through
the ligand binding domaifLBD) The polyglumatine (Poly@actin which there is expansion

in SBMA is shown bold and underlinadd is in the Nterminal transcriptional regulation
domain(NTD) This is usually-96 in healthy individuals but causes SBMA if there are more
than 38 repeats. The NTD also contains two additional polygingtracts, a polylycine tract

and a polyprolie 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 domair(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 11)AR the NTD and
activating factor 2 (AR) in the ligand binding domain are involved in bindingactivators

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 functigfaradaet al., 2010) There $ also a polyglycine
tract, the length of which does not affect disease severity and a polyproline tract.
Within the NTD there is a subdomaicalled activating function 1 (AB, which
recruits the pl160 family of nuclear receptor coactivators, including steroid
receptor ceactivatorl (SRE) and eAMP responsive element binging protein (CBP),

to the AR, and both of these interactions are altered in models of SEBWAoienet

al., 1999; McCampbeét al., 2000) The DBD has a nuclear localisatiomaigNLS),

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

conserved basic residues and works in a hormdegendent 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 (AB® which recruits ceegulators of
transcription(Tanet al, 2015) Within the AR the interaction between the domains

is criticd to the function of the receptor(Beitel et al, 2013) The N/C terminal
interaction occurs when the activation function 2 (AF3)r@ein interaction surface,
formed through a conformational change of the LBD, binds to’tRQNLF motif

near the AR MNerminus. This is essential for activation of specific genes in an

androgendependent manner.

The molecular weight of the AR is appimately 110kDa and tgpicallylocated in

the cytoplasm in an inactive complexith heat shock proteins and molecular
chaperones(Pratt et al, 1994) Hs@0 within the complex stabilises the protein
conformation, prevents miolding and ensures that the AR complex is in a high
affinity state for hormone binding which is important for an efficigasponse to
testosterone(Fanget al,, 1996) On liganebinding, the AR homdimerises exposing

the nuclar localisation signal in the DBdomain which binds to importih thus
facilitating translocation to thewucleus.Here, the zinc fingers of the DBD facilitate
the directbinding of the AR to the promoteand regulator regions of the AR target
genes. The NTD and LBa&nstimulate or repress the transcription of thesergss
through androgerresponse elements (ARHjranscriptional activity caalsohappen

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 Il leading to
transcriptional regulation of target genes. Following transcription the AR is exported
from the nucleus and undergoes degradation by the ubigtptioteasome system

(Gonget al,, 2012)
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The AR is a protein which undergoes hormalependent and hormone
independent postiranslational modifications throughout itsonmal metabolism
including: phosphorylatiorSUMQyation, acetylation andbiquitination (Gottliebet
al., 2012)and some of these are altered by the polggkbansionArnoldet al.,, 2019;
Chuaet al, 2015; Montieet al,, 2011) In the presence of the mutant AR these
modifications can impact normal cellular trafficking, transcriptional activation,

protein interactions and degradatiofirnoldet 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
(Tablel)® ¢ KS 20GKSNJ YSYOSNAR 2F GKAa 3INRAzZLI | NE
pallidoluysian atrophyDRPLAANd six of the spinarebellar ataxias SCA 1, 2, 376

and 17. In SBMA the polyglutamine (polyQ) repeat expansion is found in the @inst ex

of the ARgene(La Spada et gl991) Polyglutamine diseases have a clear genotype
phenotype correlation in which a loeg length of the CAG repeat correlates with
increased clinical severity and earlier disease onset. In healthy individuals the CAG
repeat length ranges from-96, however, a repeat length longer than 37 can result

in SBMA. The critical threshold for sevepallyQ repeat disorders is around 40
glutamines suggesting a structural change in the protein structure at this length

(Perutzet al., 1994)which may have importanimplications for AR function.

The proteins encoded in polyQ repeat disorders are expressed in multiple tissues,
however in # 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 ndzNER y | f ddzotelS GFENARFoATAGEDd C2NJ
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 neural 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.

Tablel Polyglutamine diseases

Disease Gene Pathogenic CA( Clinical fatures
repeat threshold
SBMA AR >37 Neuromuscular weakness
| dzy G A Y| HTT >35 Chorea, progressing to cognitive decli
Disease
DRPLA ATN1 >47 Progressive myoclonic epilepsy, ataxi
SCA1l ATXN1 >38 Ataxia
SCA?2 ATXN2 >32 Ataxia, parkinsonism, dementia
SCA3 ATXN3 >60 Ataxia, opthalmoplegia, spasticity
SCA 6 CACNA1A >18 Ataxia, peripheral neuropathy
oculomotor involvement
SCA7 ATX7 >33 Ataxia, retinal degeneration
SCA17 TBP >40 Ataxia, parkinsonism, psychiatr
disturbance

Polyglutamine diseases are caused bthdoss 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 tem@ain the neurological components of

the disease as neuromuscular deficits are not seen in patients with complete
androgen insensitivity syndrom@rinkmannet 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 herelll 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 limbthe internal capsule

to the brainstem where they decussate in the medulla oblongata to form the
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contralateral lateral corticospinal tract and ultimately synapse through glutaminergic
neurotransmission with lower motor neurons at the level of the appiaie 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 extmal 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 IMNs 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 thaction potential is converted to a chemical signal with the
release of acetylcholine, a neurotransmitter. Rgghaptic acetylcholine receptors

on the muscle bind to the acetylcholine instigating a change in conformational
change of ion channels which alls 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 contractionf ehe muscle. The fibre type of an innervated
muscles fibre is defined by the LMN that innervates it arel/thre divided into type

1 (slow twitch)type 2A (fast oxidativeand type 2B (fast glycolytipres which are

normally distributed in a checkerlaod 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 neuronsimisIND

there is denervation of the muscle which leads to muscular atrophy. There is some
compensation with reannervation 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
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innervation decreases as the number of surviving motor units fall until approximately

5% of theMNs are viabl¢Hanseret al., 1978)

The most common subtype of MND is amyotrophic lateral sclerosis (ALS), but this
group also includes primary lateral sclerosis (PLS)r@ssiye bulbar palsy (PBand
progressie 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 tygally 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 generaligiiefneret al., 2020) Patients

may also present with dysarthria and dyspleague 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 proyeesiisease leading to death
typically within 25 years of diagnosis with respiratory fail(&rown and AlChalabi,
2017) PLS®xclusively affects the upper motor neuns and occurs in approximately

5% of patients. The prognosis is good with survival of 20 years relatmeigon.
PBPhowever has a poor prognosis with a median survival of 2 years. It is limited to
the bulbar musculature at presentation although therayrbe subsequent spread to
cervical regias. PMASs 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 ALSausing genetic mutations, although the majority of patients do not
have a genetic diagnos(&FChalabiet al, 2017) This is reflected in the variable
phenotype of ALS with regard to age of onset, rate of progressinrrhe 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 alidridA
metabolism (Hardiman et al, 2017) Comparing and contrasting mechans

between ALS and SBMA can inform our understanding of both diseases.
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1.2 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 mechams 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 beloWihe 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 ubiquitirproteasome system play in disease.

1.2.1 Alterations in AR structure and function

In SBMA the polyglutamine repeat expansion is found in tHeriinal domain of

the AR and this expansion has been shown to lead to a conformational change in the
protein with an increase in thie-helices and decrease in thestructures seen in the
presence of a 45Q repeat sequen@avieset al, 2008) This altered structure was
subsequently found to be more sensitive to wi@aluced unfolding(Davieset 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
oligomersor aggregategBeitelet al, 2013) In SBMA, investigations have explored
the formationof polyQ AR oligomers, defined as subacromolecular 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. Liet al, 2007) One study utilised atomic force
microscopy to characterise the sumhicrometre aggregates in a neuronal cellular
model of SBMA and found thateiwildtype (WT)AR formed annular oligomers with

a diameter of 12a6180nm, whilst polyQ AR formed oligomeric fibrils &Mnm in
length (Jochumet 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 m conventional microscopy but are detrimental to M{N4alik

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 tigsiet

al., 1998) These inclsions 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 modula{@tenoienet al,

1999; Rusminiet al, 2007) This may be due to testosterone triggering a
conformational change from a neoxic to a toxic structure which generates
aggregategSimeonket al., 2000) The extent to which these inclusions disraptmal
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 interacwith approximately 250 proteingSottlieb et

al., 2012) The AR NTD allows the participation in profeintein interactions with
other transcription factors and ecegulatory proteins through a émnsactivation
domain. Therefore the structural changes seen in the AR as a result of the polyQ tract
in the NTD can strengthen or reduce these interacti@Davieset al., 2008) For
example, cytochrome c oxidase subunit Vb (COXVDb) interactsWItAR more
strongly than polyQ AR in a dedependent manne(Beauchemiret al., 2001) whilst

in contrast, [23, which is an essential component of tHs®0 complex has a greater
affinity for polyQ ARWazaet al, 2005) These altered interactions may have
downstream consequences, with polyQ AR able to specifically interact with Pax
Transactivatiordomairinteraction protein (PTIP), which functions in the DNA
damage response and failure of which can lead toab@mulation of mutations and

further cellular dysfunction in SBMKXiaoet al., 2012)
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1.2.2 Protein honeostasis

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 pathwaystaa
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 ubiquiproteasome system and/or thragh

the autophagylysosomal 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 celldar vulnerability and ultimately cell death. In SBMtpin homeostasis is
disrupted as the expanded P@Q\yproteins are prone to misfol@Perutzet al., 1994)

The polyQ segment is proposed to cause misfolding either throught{@molecular
factors, with the polyQ causing amtrinsic propensity to misfold (ithe elongated

siz causes improper foldingii) intermolecular factors with oligomerisatioar
aggregate formatiobetween polyQ AR proteirf®usminget al,, 2016) Theaberrant
ARproteins are prone to aggregation which is seen as a pathological hallmark of
SBMA(Liet al, 1998; Rusmiret al,, 2016) Protein homeostasis may be particularly
disturbed in cells with a high level of expression of AR includimgriootor neurons

as well as muscle cells. | 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 gieins called heat shock proteinsHER)
provide the first line of cellular defence in protein homeostadiSR form part of the

heat shock response which is activated in response to a number of cellular stressors
(Welchet al,, 1991)On exposure to cellar stress, the transcriptiofactor heat shock
factor 1 (HSH) 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[HSB,HSK0,HSB0,HSF0 andHSRO0 (Brehmeet al., 2014)These molecular
chaperones stabilise and refold misfolded proteins, transport irreparably damaged
proteins to the proteasome and inhikapoptosigBeereet al, 2000) SmalHSB and
HSRn | Ol | & difcg dgdregatiénagd Iacilkayin éttéer chaperones and
the largerHsps are ATRRS LISY RSy i aF2f R aSa¢ o

Cell types vary in the threshold and strength of the heat shock response they can
generatein response to cellular stregSaa et al. 2017; Tsvetkowt al, 2013)
Interestingly, motor neurons require a very high threshold for induction of the heat
shock response(Batulanet al., 2003)whilst astrocytes respond robustly to stress
with upregulation ofHsps (Kalmaret al., 2002) Supplementation oHSE to MNsby
astrocytes has been hypothesised as part of the supportive role of astrqt¢aénar

et al, 2017) TheWT 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, HSESF0 andHSRO0) are sequestered in nuclear
inclusions in SBMA, supporting the importance of these chaperones within the
pathogenesis of the diseag&tenoienet al, 1999) In general, over expression of
Hsps leads to a reduction in the total amount of polyQ AR in neuronal(éelischiet

al., 2009) This can be mediated by HEExpression as observed by Kondo et al, who
also found that HSE expression was lower in thenterior horns of AR97Q mice
compared with control¢Kondoet al., 2013) Furthermore, knocking out HSHed to
considerable pathological accumulation of AR aggregates, particularly in¢hand
motor neurons, accompanied by a more severe phenotype. In contrast,
overexpression of HSFled to upregulation of heat shock proteins and amelioration
of diseasgKondoet al, 2013. In addition to active refolding of aberrant proteins,
chaperone effects can be mediated through interaction with other proteins such as
the Gterminus of HSC70 interacting protdi@HIP) which ubiquitinates th@lyQAR
trapped in the chaperone maching 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

32



ameliorate the phenotype in the AR97Q mouse model dfiS&BAdachiet al, 2007)

The smalHSP also play a role in aréiggregation activity in SBMAS®B8 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 ubiquitinproteasome system (UPS) targets sHoréd or misfolded cellular
proteins for degradation through a tightly controlled, highly complex, temporally
regulated process which is a peasanslational 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 neurodegeneratiigeases 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 Al(Siechanover and Brundin, 2003)

There are two ubiquitination sites on the AR protein and three main ubiquitin ligases
known to interact with the AR: MDM2;terminus of the heat shock gmate protein

70 interacting protein (CHIP) and RNEB et al,, 2002;Xuet al., 2009) CHIP and
MDM2 are involved in the degradation of the AR through polyubiquitinating the
protein, whilst RNF6 promotes AR dependent transcription. BSIhAR and polyQ

AR are processed by the proszane and inhibition of the UPS leads to large
accumulations of eitheWWT or mutant AR in neuronal and nereuronal cells

(Rusminkt al,, 2007; Dossenet 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 pathogg@nesis
al., 1998) Neuronal cells form inclusions more readily than in other celesyp

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 iIPSCs or fibroblagiNiheiet al., 2013) There are components of the UPS
(NEDD8 and PA700) which arajsestered into the inclusion bodies and this, in
combination with inhibiting the UPS could alter protein repair and degradation, as
observed in other polyQ disorde(Rusminiet al., 2016) Certainly there is evidence

for inhibition of proteasome activity in SBMA using a drosophila model of the SBMA
expressing a reporter for pteasome function(Pandeyet 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 resptmtestosterong Rusminit

al., 2007) In addition to this finding Tokui found that UPS activity wa$ pvekerved

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 SBMAokuiet al., 2009) Therefore, the role of the UPS in

SBNMA 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 alterabins 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(Pandeyet 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 r(8gsind p62)
suggests that autophagic flux may be altered in SBNBSshizumest 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 beig involved in cellular functions including calcium homeostésesufman,
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1999) The UPR is activated through the activation of protein kinase-IRBIA
endoplasmic reticulum kinase (PERK) following dissociation from binding
immunoglobulin protein (BiP) which is essent@ protein folding(S&egezdet 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 transcripiopro-
survival and preapoptotic proteins. The survival of the cell depends on the balance
of these proteingSzegezdet 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 preseittiired 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-gyprptomatic
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 kimockice and patients with
SBMA(Yuet al, 2011) However disruption of this pathway led touscle atrophy

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

1.2.6 Transcriptionaldysregulation

The AR is a transcription factor that controls the expression of androggponsive
genes, which is activated by ligand bimgl{Cary and La Spada, 200B)has been
demonstrated that the mutant AR has increased binding to DNA, despiteceel
transactivation(Belikovet al., 2015) Pathogenic polyQ AR leads to transioipal
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 -activators such as heat shock
proteins Hsps) and CREBINding protein (CBRMcCampbelkt al, 2000; Sopheet

al., 2004; Katsunet al., 2005) Further evidence for this possibility is the finding that
normal AR promotes transcription factor EB (TFEB) transactivation, whereas polyQ
AR interéres 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 devgenes 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 channetsubunit, neurotrophin 4 and glial cell derived
neurotrophic factor(Sopheret al, 2004; Yuet al, 2006) Some transcriptional
dysregulation is seen in genes involved in neuronal maintenance, clearly highlighting
a potential mechanism for MN loss with transcriptional dggriation of these genes
(Katsuno et al,, 2002; Minamiyamat al., 2012) Transcription has been shown to be
disrupted with an inverse relationship between the length of the polyQ tract and total
transcriptional activity(Kazemiesfarjaniet al, 1995; Nakajimat al., 1996) More
recently, in depth studies of transcriptional activity have highlighted transcriptional
dysregulation in SBMA patient iP8€rived 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 downregulateth SBMA. Subsequently, RNA sequencing of SBMA iPSC
MNs identified dysregulation of genes involved in synapses, epigenetics and the

endoplasmic reticulunOnoceraet al,, 2020)

1.2.7 Alternative splicing

RNA splicing is the process through which thempfRNA 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 catalysgdabdarge RNArotein

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 exonsnatites 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 mostasigH#

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 R@Bsociated (PSF) and p54n{Donget al.,

2007) Alternative RNA splicing of the mRNA encoding the chlorine channel Clcnl has
been observed in a hormone dependent manner in the AR113Q mouse model of
SBMA and was associated with an increase in expression of th&®iRiNAg potein
CUGBP1Yu 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 aresubcellular 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
doublemembraned structureThe outer mitochondrial membrane encapsulates the
mitochondria and allows the passage of small molecular weight substances. The
mitochondrial respiratory chain is localised on the higfiolged, highly impermeable

inner mitochondrial membrane. The resgiory chain consists of four complexes:
NADH coenzyme Q reductase (complex I), succinate coenzyme Q reductase (complex
II) ubiquinol cytochrome c reductase (complex Ill) and cytochrome c oxidase (complex
IV), and two electron carriers, cytochrome C andqubione. 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 oxidoreductionctens 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 darold 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-golphur clustergAlstonet al.,,

2017) Mitochondria are therefore critical to normal functioning of tieell, and
mitochondrial dysfunction has been implicated in several neurodegenerative
RAaASI&aSa AyOfdzZRAy 3 ! (KddavhatgtR, 202y G Ay 32y QA&

It has been proposed that in SBMA, the polyQ AR can influentehundrial
function through regulation of transcription of nuclear DAcoded mitochondrial
proteins or mitochondrial DNAncoded mitochondrial proteins, or may have indirect
effects on mitochondria by interacting with proteins involved in cytoplasmic
signalling or norgenomic control of cation flugGavrilovalordan and Price, 20Q7)
Reduction in the expression of peroxisome peshttor-activated receptor gamma
co-activatorl (PG€El) mRNA which is a master regulator of mitochondrial biogenesis,
and has also been implicated in ALS and HD, is found in {igzatdd polyQ AR MN

1 cells(Ranganatharet al, 2009. As a consequence of this there is reduced
expression of mitochondrial transcription factor A and NADH dehydrogenase 1 which
are nuclearencoded genes regulated by P&Cas well as downregulation of
superoxide dismutase 1 (SOD1) and SOD?2.

The AR caalso directly interact with the mitochondria with botWTand especially
polyQ AR associating with the mitochondria in {iigells in culturéRanganathaet

al., 2009) Studies in motor neurons and muscle cells in SBMA have deratetstr
nuclearencoded mitochondrial proteins including COXVb, sequestered into mutant
AR aggregates, AR localisation to mitochondria and alterations in mitochondrial
distribution (Stenoienet al, 1999; Beauchemiat al, 2001; Borgiat al,, 2017. In
SBMA neurons this leads to mitochondrial membrane depolarisation and increased
ROS productiofRanganathart al., 2009) These findings are clinically validate

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(Borgiaet al,, 2017. A study using RNA sequencing in iPSC SBMA patient
derived motor neurons revealed decreased expression of gengslvied in
mitochondrial metabolisn{Pourshafieet al, 2020) Importantly, supplementation

with pyruvate improved mitochondrial function and motor neuron viability.

1.2.9 Axonaltransport

Axonal transport (AT) involves the movement of organelles such as signalling
endosomes, mitochondria, lysos@sand 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 neuromuscukynapse function, and
retrograde transport involved in neurotrophic and injury signalling as well as return
of ageing organelles and proteins to the cell body for degradatidadayet al,

2014)

There are two distinct types of axonal transpdirst, slow axonal transport which
occurs at a rate of 0:20mm/day and involves the movement of proteins including
cytoskeletal and cytosolic proteins; second, fast axonal transpord(®0nm/day)
which involves transport of vesicular cargos such mgosomes, 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(Twelvetreeset 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 kinggredominantly

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 lealveen detected even in embryonic motor neurons

from mouse models of Al{(8ieranet al,, 2005) In addition, genetic mutations in the
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p15C3edsubunit of dynactin 1 (which forms a complex with dynein) cause a slowly
progressive form of ALPulset al,, 2003) Furthermore, fast axonal transport has

0SSy RSY2yaidN)Y G§SR Ay &S @S NlsdaseldefititdimtheRA & S| :
transport of autophagosome@Vong and Holzbaur, 201,4nitochondria(Weiss and

Littleton, 2016)and TrkB containing vesicl@siot et al., 2013)have been reported,

and both the HTT gene and Huntingtassociated protein (HAP1) have been

implicated in axonal transpof(ReckPetersoret 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 tsgbedpolyQ

AR transfected into NSC34 immdisad 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
(Piccionkt al., 2002) Further expeéments found fast axonal transport to be reduced

in both the anterograde and retrograde directions in axoplasm in the presence of
polyQ (Q65) ARSzebenyket al, 2003) Morfini found that activation of cJun-N
terminal kinase (JNK) by polyQ AR led to phosphorylation on kitdsgavy chains

and subsequently inhibited binding of kinedirmicrotubule binding activity and
impaired fast AT (Morfinet 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 disruptin@n in
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.

Expresion of dynactin 1, a key cofactor for almost all known functions of dynein, is
decreased in motor neurons in pestortem spinal cord from SBMA patients.
Dynactin 1 is also reduced in AR97Q SBMA mice and in these mice retrograde
transport is reduced, andeurofilaments and synaptophysin are accumulated in the
distal motor axonKatsunoet 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. Howar, 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 bothAR&13Qand the
myogenic mousétransgenic mice expressing WT AR in skeletal muscleroobgls
detected trafficking defects in both models which could be rescued following delivery
of VEGF to the muscle, suggesting that there is-celhautonomous regul&n of
axonal trafficking from muscl@alievsket al, 2016; Kempet al, 2011) However,
extensve work from our lab using a variety of approaches from live cell imaging to
biochemical analysis failed to detect any axonal transport deficits eitheitro in
primary MNs from the AR100Q mouse model of SBMA, or, importamtyg in the
sciatic neves of AR100Q migMalik et al,, 2011) The AR100Q model more readily
recapitulates the disease course in humanghwprogressive, significant motor

neuron loss and a late progressive neuromuscular phenofgpgehetret al., 2004)

1.2.10 Non-cellautonomouspathology in SBMA

The role of skeletamuscle 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 tonaapy

role for skeletal muscle in disease pathogenesis. In 2014 two landmark studies
identified a critical role of skeletal muscle in disease pathoge(€sideset al., 2014;
Liebermanet 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 H&Be mice to specifically excise the expression of the
mutant ARin 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.
Contemporaneouyl, Liebermaret al used antisense oligonucleotides (ASO) in the

same model and targeted the ASOs to peripheral muscle expression ARhEhis
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treatment was able to reverse muscle atrophy and reduced lifespan without a change
in the humanARmMRNA levelsn 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 creatioe 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. Furter evidence which supports this possibility is the reduction in mRNA
levels of SLC6A&Nd corresponding reduction in SLC6AG staining of muscle biopsy
samples, which also occurs in a polyQ cell model of SBMA following testosterone
treatment (Hijikataet al., 2016) In our lab we have shown that in AR100 SBMA mice,
the disease first manifests ikeletal muscle in young mice, before any motor neuron
degeneration, which only occurs in late stage dise@eyet 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 increaseachait
nuclei fibres, demonstrating myofibre degeneration. In addition, fityge grouping

is observed, with a predominance of type 1 (slow, oxidative) muscle fibres compared
with type 2 (fast, glycolytic), indicative of neurogenic denervation arAdmervation
(Badderset 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 SBM@&hahin and Sorenson, 2009) contrast,
neurofilament light chain, which is a neuronal biomarker of axonal damage, raised in
other conditions with euronal damage such as ALS and Chavtanrie-Tooth disease

(CMT), is unchanged in the serum of patients with SBM#Abardiet al., 2019)
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LMNs and muscle have amplex 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 méad 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
(Monkset al,, 2007, 2008)In addition, SBMAike symptoms areameliorated with
antisense oligonucleotides which suppress polyQ AR expression in skeletal muscle
(Liebermaret al, 2014) It is possible retrogradaxonal transport deficits play a role

in the myopathic component of SBMA pathogenesis, as defeictivero endosomal
trafficking is observedhenWT-AR is over expressed in muscle gglislievsket al.,

2016) Whilst recognising the role of the myopathic component and the potential for
non-cell autonomous pathology in SBMA, itlsac that there is a primary neurogenic
component to SBMA and this will be the éscof this Thesis. Ramzan efalnd 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 newmoig contributions to motor
dysfunction in micdRamzaret 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 frorglial 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 (Guptaet al, 2012. These glial cells spjgment the motor neurons with
trophic factors as well as providing protection against injury and recycling
neurotransmitters. Glia expressing At&ising mutations have been shown to
actively contribute to motor neuron loss through noell autonomous mdtanisms

(Di Giorgicet 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 glidhe role of glia in SBMA pathogsis has to date,

not been widely exjored, and so remains unclear.

1.3 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 neurodegenergiaisuncet al,,

2003) Leuprorelin is a gonadotrophieleasing hormone analogue which initially
increases pduction 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 secreatiand reduced testosterone production. In an SBMA
mouse model, leuroprorelin improved the disease phenotype and reduced nuclear
AR (Katsunoet al, 2003) Promising phase 2 clinical trials were followed by a
multicentre, placebecontrolled phase 3 clinical trial with 199 SBMA patients treated
with either leuprorelin or placebo by subcutaneauagection 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 longntestudy of 36 patients
treated for 10 years with leuprorelin has found a slower decline in motor function
than in nontreated controls(Hashizumeet al., 2017) These results are prosing 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"&eductase 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
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(FernandeRhodeset al, 2011) This was a randomised control trial with a treatment
duration of 24 months, howevellue 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 #t has emerged from preclinical studies is the
reduction of mutant androgen receptor expression using an RNA interference
strategy(Pennuto and Rinaldi, 2018)his has been achieved in a mouse model of
SBMA using microRNAs, which are small, highly conservee;aaimg RNAs which
Ol y 0 A Y Runtiéarlatéd Ke§ionmf®he target mMRNA and affect translation and
stability, delivered by an adenassociated virus (AAV), to target the AR either directly
or indirectly (Miyazakiet al, 2012; Pourshafiet al, 2016) Another approach is
utilising antisense oligonucleotides, which are short, sisgtanded DNA sequences
that bind in a complementary fashion to the target mRNA, to target central or

peripheral expression of the ARiebermaret al,, 2014; Sahaslet al., 2015)

1.3.3 Increasng 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(Whanget al, 2013)and
HSB8 (Rusminiet al, 2013) Hsps are ubiquitous protein chaperones and
fundamental to normal cellar function, but any approach that targets their
expression must limit the risk of harmful side effects from continual,-specific
upregulation. Arimoclomol is a promising candidate as it isiadocer, or amplifier,

of the heat shock response and gnhduces upregulation diSHn in cells in which

the HSR has already been activated in response to cellular gifiesanet al., 2004;
Kalmaret al., 2008) Arimoclomol has been tested in a preclinical trial in the AR100
mouse model, where symptomatic mice were randomiseérimoclomol 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
HSKO in the spinal cord and tibialis anterior muscle, accompabiea significant
improvement inhind 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 invieidiat and
delay of disease progressi¢Maliket 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 lIfldagly trial in ALS patients, due

to report in the first half of 202INCT03491462

1.3.4 Targeting postranslational modifications

IGF1 signalling is involved in pesanslational phosphorylation of the mutant AR
through Akt and as a consequence, has-1®€een shown to reduce ligand binding,
translocation to the nucleus, transcriptional activation and ultimately ameliorates the
phenotype in preclinical cellular and animal models of SBRHazzolet al., 2009;
Rinaldiet al,, 2012) Furthermore, IGH can protect against motor neuron loss and
promotes regeneration of skeletal muscle in mouse models of(BbBrowolnyet

al., 2005; Kaspaet al., 2003) A 2 year clinical trial of subcutaneous G ALS did

not however show a clinical benef{Borensoret al., 2008)

A phase I/1l clinical trial utilising BVS8an analogue of IGFhas been completed in

a cohort of 18 SBMA patients. This was a dodthiled, placebecontrolled trial in
which BVS857 or placebo was administered for 12 wfeksnseiclet 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 neutratisamtibodies to IGF

1. Identification of another way to activate the KkFpathway 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 eolin muscle and so Preisler and colleagues
hypothesised that aerobic exercise could/aa beneficial effect in SBMRreisleret

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

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 conchinde

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 atolsténd could
improve function in pagnts with SBMAShraderet al, 2015) 50 patients were
allocated to the functionbexercise 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 v 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 1GBs exercise can increase {GBynthesis,

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 trainingdejeet al,, 2019) 8 of 10 patients were

able to complete the training with improvements in ¥@ax 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 apppach to improve muscle function is clenbuterol which is 2
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. Londgerm administration of high doses leads to increase in skeletal muscle
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through the anabolic effect of PI3K/Akt signallifigynchand 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 patief@sierinet 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 cofirse

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, meliorates the phenotype and extends survival when started at
disease onset in SBMMilioto et al., 2017)

Finally, as discussed previously, creatinine levels are reduced in SBM#eand
potential of creatine monohydrate as a potential treatment to improve muscle
weakness has been explored in a randomised, dcbbiel, placebecontrolled trial

of 45 patients with SBMA in 2014. Patients received either placebo, 10g creatine
monohydratdday or 15g/day for 8 weekgHijikataet al, 2018) The results of the

trial have not yet been published.

1.4 Models of disease

Model systems are used to capture insights into the molecular mechanisms that
underlie human disease. Human noeuronal cell lines and animal mels 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 humarinduced pluripotent stem cells from reprogramming somatic
cells(Takahashi and Yamanaka, 2008he iPSC platform provides the opportunity

G2 Y2RSt Yy AYRAGARAzZ € LI ASyiQa RAASI &
potentially cellbased 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 nodels of SBMA

The discoery 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 repodéo date are summarised ifable2.

Table2 Mouse models of SBMA.

Mouse model Promotor Motor Decreased | MN PolyQ length
dysfunction| lifespan pathology | dependent
Transgenic AR97Q |/ KA OJa&iy | Y (8 weeks)| Y Y Y

(Katsuncet al., 2002)

Transgenic AR121Q | Chickeni -actin | Y (4 weeks)| Y Y Y
(Badderst al,, 2018)

Transgenic AR121Q | Prion protein Y (8 weeks) N Y Y
(ChevalietLarseret

al., 2004)

YAC transgenic Endogenous Y (11m) N Y Y
AR100Q human

(Sopheret al., 2004)

BAC transgenic Endogenous Y (13 Y Y Y

AR121Q human weeks)

(Cortes, Lingget al.,

2014)

Transgenic AR22Q | Human skeleta | Y Y Y N
| acti

(Monkset al., 2007) actin

Knockin AR113Q Endogenous Y (8 weeks)| N N Y
mouse

(Yuet al.,, 2006)

Degite insights gained from these mouse models, as yet, there has been minimal
translation into clinically impactful therapies for SBMAere are many reasons for
failure of translation from preelinical 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 translatiomyreflect differences between mice
and humansFor exanple, a polyglutaminerepeat length over 3&ausesSBMA in
humans,whereastransgenic mouse models require over 90 repgétatsuncet al.,
2002) As well as this there are clearffdrence in therespective length of motor
neuron axondetweenhumans and micethere aredifferences in physiologyand
muscle pathologynay bemore prominent in mice compared with human patients
(Katsunoet al, 2002) In clinical trials as described abovesuprorelin acetate had
minimal improvement in patients whilst it dramatically improved clinical features in
the AR97Q micgHashizumeet al,, 2019; Katsunet al, 2003) The gap between
animal research and successful clinical outcomes may be bridged by induced
pluripotent stem cell models that allowmypotheses developed in animals to be
validated in clinically relevant human MN with pathophysiological protein levels due

to patient mutations.

1.4.2 Human nduced pluripotent stemcells

In 2006, the lab of Shinya Yamanaka made the Npbeé winning discowy 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 (octameibinding transcription factedt, OCT4;-8lyc, sex determining region
Y-box 2, SOX2 and Krupgide factor 4, KLF4()Takahashi and Yamanaka, 2006;
Takahashet 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 iPSCdfer 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 potentidly 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,

theyexpGaa GKS LI GASydQa Ydzil GA2yoaov |0 LKeéa
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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 whin 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

celkbased 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 srvitromodel it lacks theomplex

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 reprogramnfiag t
cells reverses cellular age to a foetal maturational st@i@etaniet 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 telomerewstening(Miller et al.,, 2013;
Paavilaineret al., 2018; Verat al,, 2016; Zifet 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 iIPSC 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 postrtem tissue. This tissue is valuable in
determining the enestage processes in clinical disease, however it does not allow

insight intothe onset of pathology.

51



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

modification, cell signalling and cekll contact(Patani, 2016; Zirrat al., 2016)

Neural induction

Following fertilisation, cells divide asymmetrically to ultimately form the early
blastocyst which consists of an inner cell mass (ICM) dre durrounding
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 layersdntera

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
thoud KG G2 200dzNJ LINAYI NAf& GKNRBRdzAK (GKS | OG7
at the beginning of the 20 century (Spemannand Mangolgd 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 rnomeplex 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 sign@llinget 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 responsé 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 restradal (RC) axis. This
occus 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 ogentration 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 Hé%*dx8 expressed in the
brachial level, Hox8lox9 at the thoracic level and HoxHbx13 at the lumbar level
(Philippidou and Dasen, 2013A refines the Hox signalling at the cervical/brachial
position. In addition, RA and FGF control thming 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 rostrecaudal patterning, cells aresal patterned in the dorswentral

(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 hedgehogftbe floorplate leading to

ventral regional specification and BMPs and WNTSs dorsally from the roof(plgie
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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 expreg$€thterleet al., 2002) In addition to its role

in RC patterning, RA is required for intermediate zone dpeation within the BV

axis.

Terminal differentiation of motor neurons

At the precursor stage, cells are no longer pluripotent but they still have the capability
to selfrenew and can still differentiate into either neurons or glia. Early neural
precursas are preneural, 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 ad 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 i-culture (Liet al, 2005; Patanet al.,

2011; Tomeet al., 2015; Halét al,, 2017)

The sequential events of neurogenesis observed from developmental studies
provides a conceptual framework for ratialised, directed differentiation into
specified neural cell types in a dish. The iPSC model has emergenh agtiarsystem
which can be used to study aspects of human neural development but also, by using
patient-derived iPSC as a model for diseasepval 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 iPS&erived motor neurons as a model of SBMA

Following the introduction of iIPSC technology, an increasing numiifer
neurodegenerative diseases have been modelled from patienived iPSO$arket

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 agentgDimoset al., 2008; Ebertet al, 2009; Egawat al, 2012)
Additionally, other polyglutamine diseases can be successfully modelleteiant

cell typesin vitro using this techniqug¢Zhanget 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 outlinéabie3

Table3 Modelling SBMA using iPSderived MNs

Lines Pathology Reference
Four SBMA, thre¢ Epigenetic dysregulatior] (Pourshafieet al., 2020)
control, two ARKO mitochondrial impairment

Three control line§ Neuromuscular synaps (Onoderaet al., 2020)
and four SBMA lines | involvement
Epigenetic
Endoplasmic reticulun
involvement
Four control lines an¢ Neurite defects (Narayananet al., 2017;
five SBMA lines Reduced survival Sheileet al., 2019)
Decreased protein synthes
levels
Downregulation of FAM135E
SB6 only BAG1 MRNA increag (Cristofaniet al,, 2017)
15-23% +ve SMI32 | following dynein blocker
Four SBMA lines LYONBI aSR |- ¢ (Grunséch et al., 2014)

(SB1, SB3, SB6, SB1 tubulin

20-30% posive HB9 Reduced HDAC6
and Isll1
Neuronal precursol Accumulation of insoluble A| (Cortes, Mirandagt al,
cells from 3 patieni protein. 2x as many SBM 2014)

lines and 3 controls | NPCs contained depolarise

mitochondria. Increase
frequency of
autophagosomes. 50¢

reduction in autophagy indey
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Reducton in TFEB target ger
expression.

One patient line with AR aggregation (Niheiet al., 2013)
two controls (from
autopsy) 80% B3T

In 2013, the first studyas published by Nihei and colleagues who generated iPSCs
from fibroblasts collected from an SBMA patient at autofi$ineiet al., 2013) They
demonstrated that the CAG repeat length in the AR was stable during
reprogramming, passaging and motor neuron differentiation. Further, gteywed

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 lds®0 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 thipaper, exploring diseaseelevant phenotypes in
iPSCs from four patients with SBMA compared with con{@tsinseictet 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 tubulin (implicated in regulating
microtubule function and stabilityin 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, thetlaors looked at the level of histone
deacetyltranserase 6 (HDACSG), which is a major tubulin deacetylase and therefore
regulates microtubuledependent cell motility(Hubbertet al., 2002). They found
HDAG6 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

complmentary models of SBMA including a human model. The role of HDAG is not
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fully resolved in SBMA but possibilities include its ability to increase AR stability by
de-acetylatingHSRO0 or by enhancing autophagy to compensate for an impaired
ubiquitin proteasone system(Pandeyet al., 2007; Aiet al, 2009) These results
suggest the potential for acetylation of the AR as a therapeutic target for SBMA,
however of the cells only between ZD% of cells were HB9 +ve from the
differentiation protocol so it will be interesting to see if tio&n 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 aamtrol and SBMA MNs
(efficiency 81%) in the presence and absence of [BhEilaet al, 2019) They
identified a downregulation of genes associated with neural plasticity, synaptic
transmission and axon development as well as marked downregulatibAML35B
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 gte of bulbar motor neurons which innervate masseter aahporalismuscles
which are particularhaffectedin SBMA. Knockdown of tHeAM135Bgene in wild

type MNs led to a reduction in neurite length and survival, supporting the hypothesis
that it plays akey role in SBMA pathogeneslis. 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 | commenced this projetd generate an iPS@erived MN model of SBMA, the
Grunseich and Nihei papers had shown for the first time that it was possible to create
an iIPS@®IN model in SBMA and these MNs could display a phenotype. However,
these studies were limited by the proportioof MNs within the culture and the
number of cell lines used. | therefore wanted to develop a highly enrichedWMR&C
model to explore the precise nature of the selective vulnerability of MNs in SBMA.

The recent publication by Sheila et al confirms tHas tstrategy can be utilised to
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capture SBMA pathology and they identified tR&M135Ba novel gene of unknown
function, was significantly downregulated in SBMA MNs. My project will utilise a
developmentally rationalised MN protocol to allow me to lodaktlae nature and

timing of pathogenic events in a highly enriched HR8Cmodel of SBMA.

1.5 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 lsgade 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 aimsf this thesis are to:

1. Utilise mouse models to validate pathomechanisms in SBMA

2. Generate and characterise an iP&2ived MN model of SBMA to
investigate whether this model captures authentic SBMA pathology

3. Use the iPS@erived MN model to make new disagries about the nature
and timing of pathogenic events in SBMA using fS&é

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 BBMA will alter cellular pathways and lead to dysfunction of
MNs in a human iPSderived MN modelThese molecular pathways will be targets
for potential therapies for patients with SBMakd the patientderived iPSC will be a

useful model to test therapeidsin vitro.

58



Chapter 2 Materials and methods

2.1 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) avete approved by the Ethical
Review panel of the Institute of Neurology, University College London (UCL). The mice
used were the BAC fXxAR121 mo¢ebrteset al., 2014)and the YAC AR100 model
(Sopheret al, 2004) which were bred and maintained in the UCL Institute of
Neurological Biological Servicekleterozygous male mice were crossed with
C57BL/6J femalegEnvigo).Only male mice were sed in this study as SBMA
symptomsprimarily manifest in males.Mice were housed individually in ventilated

cages with unrestricted food and water.

2.1.2 PCR genotyping

| carried out genotyping of mice by PCR amplification of genomic DNA from tail or ear
snipswhich were first digested in rapid digestion buffer (10 mM-H@GI pH 8.3, 50

mM KCI, 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 aforward (5-catctgagtccaggggaaca8¢ and reverse primer (5°
gcccaggcegcetgecgtagt8). The reaction mix consisted of 0.25 ul of F and R primer, 2
pl of DNA, 1%l Megamix Blue (Tag polymerase in a reaction buffer (2.75 mM4vigCl
220uM dNTPs, blue agase loading dye and stabiliser, Microzone LTd)) apticd

H-O. Cycling condition were as follov& °C for 30 seconds, 60 °C for 30 seconds, 72
°C for 45 seconds repeated 35 times and finally 72 °C for 2 msirR@R products
were analysed using agarosgel electrophoresis(100 V for 30minutes in
Tris/Borte/EDTA buffer (90 mM T¥l4C|] 90 mM boric acid, 2 mM EDTA, pH Sabg

@A adzZ £t AT SR dza A y 3 usidgsa Cvetn®ac Indader (Bighadp { A A Y| 0
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2.1.3 Primary mouse mixed motor neuron cultures

Primary mixednotor 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 werecpaged with poly
ornithine and laminin and mot neuronswere 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), 3@/ml streptomysin and 50 U/ml penicillin
(SigmaAldrich). MNs differentiated over 7 days before use in 5%aEQ37°C. MNs
were treatedwith 50 nM dihydrotestosterone (DHT) for 3 days before assays were

performed.

2.2 IPSC culture

Human induced pluripotent stem cel(iPSCs) 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 foiNJ CA a OKo6SO01 Qa 106 | yF
fibroblasts from the sister of SB1. The iPSCs were generated from fibroblasts from
patients with SBMA using lentiviral vectors containing the qaeadyronic transcripts

Oct4, KlIf4, Sox2, andMyciPSC lines had exmson of pluripotency markers by
immunostaining, quantitative PCR and teratoma formation was performed and

LJdzo t AAKSR 0¢& 5(BiurBGdickeak 208D Qa GSI Y

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 avéable from ThermoFisher. Details of the lines are showrainle4.
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Table4 Characteristics of iPSC lines

Line CAG Gender | Age Age of onset Method of
repeat 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 e 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 comparisongFigure2).
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46,XY (17/20)
Resuit
Karyotype: 46, XY
Comment A modal karyotype (in 17 celis) showed a normal

male chromosome complement and banding pattern.

In addition, three anomalous celis were noted:

One cell 45.X.-Y
One cell 45 XY,-9
One cell 45 XY,-14

The chromosome loss in these cells was most likely the
result of preparation artefact.

Figure2 Karyotype analysis c6BMA iPSC line

YIENRB2GRLIS Ftylrfeara ol a LISNF2NX¥YSR o0& ¢KS
Kath Masters. Samples from iPSC of each cell line were provided toZTRe(C2 NI &
Laboratory in a -7’5 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.
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iPSC di4 d28T

130kD
100kD 4

Control SBMA Control SBMA Control SBMA

Figure3 Androgen receptor expression i*SC, 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 iPSGnaintenance

6-well plates (Falcon) were pi@ated with Geltrex basement membrane matrix (150
pug/ml, ThermeFisher Scientific). An adherembonolayer system was used to
propagate iPSCs with fully defined Essential8 media (containing DMEM/E
ascorbic acid, selenium, transferrilaHCG@) insulin, fibroblast growth facte2 and
transforming growth factori 1) which was changed daily (Gibco). Cells were

maintained in an incubator at 3€ and 5% carbon dioxide.

SBMA lines were initially maintained in mTE®¥Rdedia (StemCell Technologies) on
Matrigelcoated (ThermeFisher Scientific) plates in keeping wikietconditions 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 andpimalogy after

passaging.

2.2.2 Passaging/freezing/thawing

PassagingiPSC were passaged with 0.5mM Ethylendiaminetetetraacetic Acid (EDTA,
Life Technologies) in DPBS when cellshredapproximately 70% confluencg8
media was removed, cells were washed vt f 2 F 5dzf 6 SOO2 @B t . {
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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®ffg 13 ml of media from a %nl

stripette and resuspended typically 1:6:12 in a new well.

FreezingStocks of cells were lifted using EDTA, taken up in 90% medium and 10%
dimethylsulfoxide (DMSO), a cryoprotectant, (Sigma) and placed in a freeaing v
Vials were placed aB0°C overnight in a cryopreservant container, to control the rate

of cooling and then transferred for long term storage in liquid nitrotfenfollowing

day.

Thawing:Cells were thawed until only an ice crystal remainednllof media was
added dropwise to the cells. The cells were added to a Falcon tube containmb 10

of media then centrifuged at 180xG for 5 mingfeesuspended in 1ml of medigith

10puM rho-associated protein kinase (ROCK) inhibit@783 (StemCell Techroglies)

and plated onto precoated Geltrex plates with gnl 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 €r)

| mantained iPSCs to 100% confluerzg® then initiated neural induction to direct

the cells to a neuroectodermal lineage. Cells were fed with neural maintenance
media (DMEM/F12 Glutamax (ThermoFisher), Neurobasdia (ThermoFisher), N2
supplement (ThermoFisher), B27 supplement (ThermoFisher), Pen Strep
(ThermoFisher), -glutamine (ThermoFisher), nesssential amino acids
(ThermoFisher), -mercaptoethanol (ThermoFisher) and insulin (Sigma)). Cells from
the ectodem 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 signallif@hamberst al., 2009) This method of dual
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SMAD inhibition was modified by Shi et(&hi et al.2012)and | used the protocol
refined in the Patani lab to accelerate the process using three small molecwes: 2
SB431542 (activin/nodal inhibitor) (Tocris)>1a  rBoorphin (BMP4 inhibitor)
6¢2O0NRA&0 | YR o isnhibitor)(MiltenyidBioteay forsdydn daysiall
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 d&e media was

changed every day.
Neural patterning (day 714)

| next patterned the cells using neural maintenance media supplemented with 0.5

>a NBUGAY2A0 I OAR 6642 O dzRba A 8I8z01va NIIRY Y & /1
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 risea MN precursor cells. The cells begin tgamise and form neural

rosettes Cells were split 1:2 using dispase on day 10 as described above.
Expansion (day 148)

| then expanded precursors in neural maintenaVc8 RA I 4 dzLJLJX SYSY G SR &
purmorphamire, to consolidate their cellular fate, for four days bef they were
dissociated with Acutase (ThermoFisher) and-péated on fresh Polyethylenimine

(PEI, Sigma) and geltrex coated plates for terminal differentiation.
Terminal differentiation (day 188)

To generate posmmitotic 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 tle 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 uM DHT (Sigma) on d21, d24 and d27. At
relevant time points cks were snap frozerior RNA extraction to use igPCR,
collected in RIPA buffer for Western blotting or plated fimmunocytochemistry
(ICC).

2.3 Immunocytochemistry

2.3.1 Immunofluorescence staining

Cells were plated onto preoated clear bottom 96 well platesgléon) or round glass
coverslips (diameter 181m) 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 theshes 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
PBS80.3% Triton X containing 5% BSA for 1 hour. Primary antibodyhaa#saited in
PBS0.3% Triton X containing 5% BSA overnight@t €ells were washed three times

for 5 minutes with PBS and then incubated with the complementary secondary
antibody made up in PB®%3% TritorX at 1:1000 for one hour at room temperature

in the dark. Cells were washed with PBS three times for 5 minutes each.rDARit

RA L YA RAY 2 11 mude&8siai (L:A00@) 2wiaS applied for 10 minutes as a
nuclear marker follower by a further two five minute washes. The primary antibodies
used are included imable5. Primary antibdies 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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Tableb5 List ofantibodies

Target Supplier Catalog number Species Dilution
SMI32 Cambridge Bioscienc¢ SMI32R500 Mouse 1:1000 (IF)
CHAT Millipore AB144P Goat 1:50 (IF)
Betatubulin 111 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)
L Millipore 05636 Mouse 1:250 (IF)
CHMP7 Sigma HPA036119 Rabbit 1:250 (IF)
1:1000(WB)
LAMP2 Novus NB300591 Rabbit 1:1000 (WB)
P62 Abcam Ab56416 Mouse 1:1000 (WB)
Cleaved Cell signalling #9661 Rabbit 1:1000 (WB)
caspase3
HSP70 Sant&ruz W27 se24 Mouse 1:1000 (WB)
Beta Actin Abcam ab8226 Mouse 1:20,000
(WB)
GAPDH Millipore AB2302 Mouse 1:5000 (WB)

Images were acquired usiegtheraZeiss LSM 510 confocal microscopéhe Opera
PheniXM High-Content Screening System (Perkimé&). Settings for acquisition and
thresholding were standard for each experimental set. For image analysis, Fiji or the

Columbus Image Analysis System (Perkin EImer) were used.

2.3.2 Image analysis

Images were acquired usinfe 40x objectives eithen ZeissLSM 510 confocal
microscopeor the Opera Phenl¥ 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@mumbus Image Analysis System
(Perkin Elmer). Experiments were blinded where manual quantification was

performed and at least five images were used per condition.

2.4 Immunoblotting

Protein samples ere lysed orice using RIPA buffé20 mM Tris pH 7.5, 1% NB,

150 mM NacCl, 0.5% deoxycholafel% SDS, 1 mM EDTA, 1 mM EGT Arndase

inhibitors cocktail) The proteinconcentrationof the samples were determined using

the BCA protein assay according to the maf I O dzZNBE N & Ay & G NHzOG A 2y
measured using a spectrophotometer at 7%®. Samples were stored é80°C until

required. Samples were then added 4:1 in sample buffer (Laemmli bufferl@¥h

i -mercaptoethanol) and heated for 10 minutes at’@%o denature the proteins.

Western blot waghen used to determine protein levels. Proteimgere loaded at

equal concentrations onto precasti®% NuPage BiEris gels andvere separated by
SDSPAGEhrough NUPAGE MES SDS running buffer at 160V for 1 hour. Proteins were
then transferred onto nitrockulose membrane (Amersham Sciences) using transfer
buffer (National Diagnostics) containing 20% methanol at Y0@r 1 hour. To

demonstrate efficient pragin 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 thernincubated on a shaker overnight in the cold room with
primary antibodies diluted in blocking solutidifable 5). The following morning
membranes were washed in TBST and then incubatedrferhour with secondary
antibodies at room temperatureBlots were then washed again in TCST and then
imaged usingither, the Odyssey CI(X-COR and Image&tudio(LFCORwas used to

perform densitometry, or, visualised using Luminata Crescendo chemiluminescence
reagent and images taken using a Bmimaging system with quéfication using
ImageLab software (Biorad). Protein expression mamalised to the housekeeping

LINR ( SA y &-U @xd tz6-Rafin. 2 NJ |
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2.5 Functional Genomics

RNA extraction

RNA extractions were performed using the Maxwell RSC instrument with the

t NRPYS3I

instructions. RNA content was measured using a Nanodrop. RNA was steé&d@t

until needed.

al E6Stt  wi{/

Reverse transcription and gPCR

AAYLX @wb! OSftf a

1 A

Superscript IV reverse transcriptase was used to prepare cDNA, following the

YI ydzF I OG dzNB N &

Ay &G NYzO G Ardryfiéd @singl fg?of RNERA S

per sample, Jul random hexamers and nuclease free water to a total volume of 12

pl, with 4 pl RT buffer, Jul RNAse inhibitor, 2l of ANTP mix and il of RT. The

mixture was incubated at 23°C for ten minutes, at 55°C for tetutes and finally at

80°C for ten minutes to inactivate the reactiocDNAwas stored at-20°C until

needed.

Realtime gPCR was performed using the Applied Biosystems 7500TRealPCR

system and Power SYBR Green PCR mastermix (Applied BiosystemsjvagPCR

performed using il of cDNA diluted 1:40, O} F primer, 0.5 R primer, JuL buffer

and 2uL of nuclease free water (Invitrogen). Primers used are listédlie6 and

Table 7. Reactions were performed in triplicate. Values were normalised to the

housekeeping genégs-actin and GAPDH.he comparative threshold cycle method

was used to calculate relative quantification of gene expression.

Table6 Primers for DNAlamage responsand mitochondrial genes

Primer Model | Forward Reverse

GADD45| Human | GTGCTGGTGACGAATCCACA | TCCATGTAGCGACTTTCCCG

SESN1 | Human | ACGGGCTTTCAAATACCGAG | ATGCCAAGTTCCTGGATGCTC
T

TSC?2 Human | GGTCCGCAGCAGGATACAGA | TCCAGACAGGTTTCCGTGAG
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PTEN Human | TGTAGTAAGTTGTGCTGAAAG | TAGCTGTGGTGGGTTATGGTC
ACA
IGFBP1 | Human | GCGCCAGGAAATGCTAGTG | AACTTGGGATCAGACACCCG
PRKAB1 | Human | TTCCGAGCCCATAGTAACCA | TAGGGTCCTGGGGGAGAACT
G
XRCC4 | Human | CTTGATCTGTGAAAGCGGGC | TCCATTTCTTAATACCTCTCCG
TGA
XRCC5 | Human | GGACGTGGGCTTTACCATGA | AGCAAACACCTGTCGCTGTA
XRCC6 | Human | GGTTGATGCCTCCAAGGCTA | TGGATACACTGGATGCTCATGT
TP53 Human | AAAGTCTAGAGCCACCGTCC | AGTCTGGCTGCCAATCCA
A
TP63 Human | GAACGGTGATGGTACGAAGC | GGCCCCTCACTGGTAAGTAT
0OGG1 Human | ACCAACAAGGAACTGGGAAA | GCCTATGGGGTCCGAGAAAG
CT
ATM Human | CCGAGTGCAGTGAGGCATAC | GGGCAGCAGGGTGACAATAA
ATR Human | TCTCAAGCTCGGTTGCTCTG | TGAATCTTCTACTCCAGTCACA
AA
ACTB Human | CCCCGCGAGCACAGAG ATCATCCATGGTGAGCTGGC
Actb Mouse | ACAACGGCTCCGGCATGT CATTCCCACCATCACACCC
AAG GC
Ampkbl | Mouse | TCCGAAGAGATCAAGGCT GACTCCTTTCCACCCCCTG
Cox1 Mouse | GGTCAACCAGGTGCACTT TGGGGCTCCGATTATTAGT
Cox2 Mouse | TGAAGACGTCCTCCACTC| GCCTGGGATGGCATCAGTT
A
Cox3 Mouse | GCAGGATTCTTCTGAGCG GTCAGCAGCCTCCTAGATC
T
Draml | Mouse | CTGTCGTCCCCATGATTG| CAAAAGCCACGGTCCACTC
Gadd45 | Mouse | TGA@GACGAACCCACATT( CGGGAGATTAATCACGGG(
Ho1 Mouse | GGTCAGGTGTCCAGAGAA CTTCCAGGGCCGTGTAGAT
Igfbp3 Mouse | TAAGAAGAAGCAGTGCCG TTTCCCCTTGGTGTCGTAG
Nqgol Mouse | TTCTCTGGCCGATTCAGA{ GGCTGCTTGGAGCAAAAT(
Nd1 Mouse | CCTTCGACCTGACCTGAC GATGCTCGGATCCAGAS
AGGA
Nd5 Mouse | GCTCTACCTCACCATCTC] TCCAGTATGCTTACCTTGT]
Nrf2 Mouse | TTCCTCTGCTGCCATTAG| GCTCTTCCATTTCCGAGTC
TC
P63 Mouse | GCCAGAGGAACAGATGGA AGCTTGGCCCTTCCGATTC
C
t 30m' Mouse | TTGCTAGCGGTCCTCACA| GGCTCTTCTGCCTCCTGA
t 3 Omi| Mouse | CGCTCCAGGAGBBATCCA CTTGACTACTGTCTGTGAG
G
Pparg Mouse | GGAAGACCACTCGCATTQ TCGCACTTTGGTATTCTTG(
Pten Mouse | GCGGAACTTGCAATCCTC ACATGAACTTGTCCTCCCG
Sesnl Mouse | GACGGACTTTCAAACGCG TTCCAAGTTCCTCGACGCT
Sesn2 Mouse | CGCCACTCAGAGAAGGTT ACGGGGTAGTCAGGTCATC
Tfam Mouse | CCAAAAAGACCTCGTTCA({ ATGTCTCCGGATCGTTTCA
Tsc2 Mouse | ACCATCAGGTCCGAAAG(C CGCGCCATCACCTTTTCAA
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Table7 Primers for studyingCHMPexpression

Primer | Specieg Forward Reverse

CHMP1A Human| CATGGACGTTCACGGCG CACACGGGCACACTATA
CHMP1B Human | GGATACACGCCGAAAAT| TCGACTTAACCACACCAGCC
CHMP2A Human| CTGTCGAACCTCCCCTC| CCTCCGCAGGTTCTTAAGC(C
CHMP2B Human| CGCCAAGGTCCTGTCCT| TGTTCCTTTATTACATCATCC
CHMP3 | Human| GAGAAGCCGCCCAAAGA TTGGATATCCCTTATTTGCCT
CHMP4B Human| TCAGGGACCCGAAACAQ CTTCTTGGCGGGTTTTGATG
CHMPS5 | Human| GAGGCGGGAGTGACTC] CTACTGTCCACCGTGCCAAT,
CHMP6 | Human| GCGCAATCACTCAGGAA GTGAGTCCCACAAGACGAG(
CHMP7 | Human| GGACCTGCTGCGTCGAQ CCACTTGAGAGGCTTCAGCA

2.6 Live cell imaging assays

2.6.1 Measurement of mitochondrial rembrane potential

To measure mitochondrial membrane potential, cells were grownu-atide 8well
imaging dishes (Ibidi). Cells were incubated fon80utesin recording medig156

mM NacCl, 10 mM HEPES, 10 mMliicose, 3 mM KCI, 2 mM MgS04, 2 mM CaClz2,
1.25 mM KH2PO4, pH 7.3Wjith tetramethylrhodamine methyl ester (TMRM)
(ThermoFisher Scientific) tdsualise mitochondria and 0.8& pluroni¢™ F127 to
permeabalise the cell membrane. TMRMaidluorescent dye which is positively
charged and accumulates the negatively charged matrix of the mitochondria. At
low concentrations ritochondrial membrane potentiak proportional to the TMRM
fluorescence 10 uM calcein blue (ThermoFisher Scientificasradded to the cells

directly before imaging to visualisedtctell area.

A Zeiss 7180 confocal enbscope was used to take@zstack images per cell line
using the63x objective. Cells were imaged in an incubation chamber &ep7C.

The images were blinded and analysed using ImageJ using the maximum pmnojectio
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 ofcontrol 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 oligoinyc H ®p > FJacdnfplexd A A Y |
inhibitor which is used to demonstrate whether mitochondria are actively
synthesising ATB.> a N2 (véhigtRis/aSomplex 1 blockeras added after 120s

and finally I>a C/ / t 6 Ol NXHt#lyotomethO&FH pilehyR;$ydiatine,

Sigma) was addeavhich is a protonophophore that uncouples oxidation from

phosphorylation(Joshkt al., 201).

TMRM baseline was calculateafter 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 theotal 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 Slie@stomer Curing Agent
(Dowsil). The mixture was whiskéabroughlyuntil opaque with bubbles and then

put in a benchdesiccatorfor 30 minutes until no bubbles we left. Tape was used to
carefully clean resin moulds with 5Q@n microgrooves to removeny 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 f@rhburs to set

the PDMS. Once complete, the PDMS pieces were carefully removediieanoulds

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 beloyFigure4).

Glss bottom dishes 4@&m in diameter (WillCalish®) were coated with 1.5l dilute
poly-D-lysine (PDL 1mg/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 wastd 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 theagg bottom plates groove side down and all aim
removed by pressing outwards. The channels were coated with 0.8% BSA in
Leibowitzs 115 media with 150l added to the somatic compartment and 100
added to the axonal compartment. The dishes were left oxgrhin an incubator on

tilt.

The following day, the BSA was aspirated from the channels and replaced with

Matrigeland left overnight tilted at 37C in 5% COA falcon cap with sterile water in

iKS RA&ZK 6Fa RRSR (2 YI1S8 &dNB GKS ac/ &
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Figure4 Schematic representation of a microfluidic device.

NPCs were plated into the somatic compartment (pink) with 15@f media with 10QiL of

media in the axonal compartment (purple). This gradient encouraged axons tdrgrowhe

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 agedde diretion,

towards the cell bodies.
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Plating NPCs in MFCs

TheMatrigelwas 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 firsefeting the cells (5ninutesat 270xg) and re
suspending in 1l of media. 2Qul of N2B27 was added to the axonal compartment
followed by the 1Qul of media containing cells into the somatic compartments and
the dish was left in the incubator for 1 holying flat. At this point 14@l N2B27 was
added to the somatic compartment and f0to 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..nM compound E. On day 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$says were performed using a labelled, atoxic
fragment of tetanus toxin (Hc@ 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 corchél same route of internalisation and
transport has been demonstrated with the HcT binding fragm@uwinhardtet 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. TheAT for TeNT Hises the same pathway as that used by neurotrophins which
are secreted by target muscles and are essential for the survival of(MiNset al.

2002) Therefore, this method is highly clinically relevant.

MNs were treated witi0 nMAlexa 647 TeNHLin neural maintenance medium with
HEPES and BDNF supplementation fanButes followed by a wash out period for

15 minutes Imageswere acquired through continuous scanning using a Zeiss LSM
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780 microscope with a Zeiss X4Gigimersion objective. The region of interest was
kept uniform between experiments. The distal axon wasget) near the edge of

the microgroove.

At least 20 endosomes were viewed for each condition @wkdeos. 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 frameene included within the analysis.
{LISSR RAAGNAROdziA2Y LINBFAL{SaE 2F GKS Ol NNXA
interval. Endosomes travelling betweem0®H >Yka 6SNBE O2yaARSNE]
Statistical analysis and representative graphs were perénl using GraphPad

Prism8.

Mitochondrial transport

MNs were treated with neuronal growth media supplemented wathmM HEPES,
20 nM TMRM (Thernféisher Scientific) for 3dinutes followed by a washout period
for 15minutes Images were acquired concantly with endosomal trafficking using

a Zeiss LSM 780 microscope with a Zeiss X4idrokrsion objective at 37

2.7 Exposure to thermal stress

To examine the response of the iIP&Zived MNs to stress, cells underwent heat
shock at 42C for 3 hours with % 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.

2.8 RNA Sequencing

RNA Qality Control

| performed NanoDrop nucleic acid testing and quacstion. All samples of RNA
weNBE G LJdzZNB¢ | OO02NRAy3 (G2 GKS FOOSLIISR N

76



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 iraaipkes
except SB18 d7 and C1 d7 samples wiieeg are very slightly lower.

RNASeqlibrary preparation

The libraries of mMRNS8eq were prepared by the Francis Crick Institute Advanced
Sequencing Facility STP using the polyA KAPA mRNA_Hyper_Prep kit Rdche,
according to theY | y dzF | Onstdzdignbl &

RNASeq

The multiplexed libraries were used for high throughput sequencing at the Francis
Crick institute Advanced Sequencing Facility as 100 pair end runs udiSg@000
sequencing machine covering 4fillion reads per sample. The data generated
included demultiplexed fastq files, fastqc with quality metrics for each fastq file,
fastg_screen, a low pass screen of several reference genomes for confirming the data
maps to the intended species and multigbich 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.

RNASeq data analysis

FastQC software was used to assess the quality of faet filhe files were then
aligned to the human reference genonfeuman genome assembly GR Ch38ing
STARDobinet al, 2013) To assign and count mapped reads the FeatureCounts
package was used to quantify transcrgtpression(Liaoet al, 2014) To perform
differential gene expression analysis DESeg2 was used which uses a generalised linear

model to normalise the gene counfisoveet al., 2014)

| then carried out pathway and gene ontology analysingiSGSEA (gene set
enrichment analysis), WebGestalt (WE#sed Gene SeT AnalLysis Toolkit) and DAVID

(Database for Annotation, Visualisation and /integrated discovery). To identify
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networks and functional pathways differentially regulatedgenes | usedsere Set
Enrichment Analysis from the Broad Institytdoothaet al., 2003) | then usedhe
STRINGV9O.1 database (Search Tool for the Retrieval of Interacting Genes) which
identifies both experimental and predicted interactions in a PPl network based on
their co-occurrence, ceexpression, neighbourhood, gene fusions and literature

mining to hcover associations between the gene/protein.

2.9 Statistics using Prism

| 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. Independenvariables 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 me&EtM.
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Chapter 3 Transcriptomic profiling illuminates mlecular

pathways that are disrupted in mouse models of SBMA

3.1 Introduction

Since the identification of the polyglutamine repeat expansion inARgene as the
underlying genetic cause for SBNLA Spadat 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
(Beitelet 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 unansweré&kspite the ubiquitous
expression of the AR protein, in SBMA the lower MNs of the brainstem and the spinal
cord are selectivelyféected and the reasons for this remain unclear. Further, the
mechanisms underlying neuronal degeneration are not yet fully elucidated; with both
toxic gairof-function as well as lossf-function of the AR believed to contribute. In

this Chapter | preserthe 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 ghological mechanisms that underlie MN loss in SBMA.

The AR100 mouse model has a 100 CAG repeat expansion ARthene which
encodes an expanded polyglutamine tract in the AR protein. Male mice develop a
slowly progressive, latenset, neuromuscular gmotype, with MN loss in the spinal
cord and with a normal life expectancy which correlates with the natural history of
the disease in SBMA patienflalik et al., 2011; Maliket al, 2013; Sopheet al.,

2004) The AR100 mouse has previously been used in the Greensmith lab to identify
impaired heat shock response and endoplasmic reticulum (ER) str&é&MAMalik

et al, 2013; Montagueet al., 2014) However, the shly 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, | decided to study the fxAR121 mouse.

ThefxAR121 is a transgenic mouse model with the hurARtransgene engineered

to carry 121 repeats (alternating CAG and CAA repeats) through pronuclear injection
and driven by a CMV enhancer and cBigk-Adtin promoter(Corteset 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 phenotypefom one month of age with a significant decrease in
body weight and reduced grip strength compared to their #i@nsgenic littermates
(Corteset 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 leemature
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
fXAR124 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, gldal transcriptomic analysis of purified, cultured
spinal cord MNs from embryonic AR100, AR20 andtyd mice was performed by

Dr Bilal Malik. Transcriptional dysregulation plays a significant role in the
development of SBMA. The AR is activated by hodo 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 tcapgion factors and reduce
transcription by reducing the availability of these fact@vdcCampbelkt al,, 2000)
Genome wide analysis waerformed 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 esqments 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. | investigated these pathways using established assayalitiate 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

81



3.2 Results

3.2.1 The UCL colony of AR121 mide dot develop a neuromuscular
phenotype

The fXxAR121 SBMA had recently been engineered by the La Spada lab when |
commenced my PhD. Cortes et al reported behavioural tests on this model and a
colony had been established at U@orteset al, 2014) My original research plan

was to fully characterise the physiological status of the fxAR121 mouse model of
SBMA at differentime points in disease development. | planned to perfamvivo
physiological isometric muscle force testing and muscle contractility testing. In
addition, | aimed to perform accompanying histopathological analysis of the spinal
cord and muscle of theRXL21 male mice at preymptomatic, symptomatic and late

stage disease.

| 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 iother models of SBMMMontagueet al., 2014 Ranganathan

et al, 2009) As well as this | aimed to explore the roleasfonal tansport in the
fXxAR121 model of disease. Work from my lab had shown that #tcarasport
deficits were not present in the AR100 model, however, other lab groups had found
evidence for altered axonal transport in other models of SBMA (Katsualk 2006,
Malik et al., 2011). Finally, 1 aimed to perform transcriptomic analysis dtalgish
whether novel pathway s could be identified. Overall, | 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 teetarg
these identified. Therapeutics could be trialled in this model and | would be able to
determine whether drug treatments successfully stopped or reduced the
neurodegeneration seen in SBMA. | completed home office training and learned the

techniques of enbryo 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 maintairfed24 generationswith some

mice aged to 148 months. The fxAR121 ei 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. | went
on maternity leave during this period and DraBiMalik 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 | decided to pursue

investigation into the pathogenic events of SBMA using tR&30 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 Adfym430 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 transcriptomeARI00 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 Chmp7is dysregulated irAR100 mice

Gene expression analysis in primary embrydidcultures fromAR100 SBM#kiice
revealed that the geneChmp7 (charged multivesicular body protein #yas
downregulatedcompared with controlsSCHMP7 protein is involved in the generation
of multivesicular bodies as part of the endosomal sorting complex required for
transport (ESCR), which transports ubiquitinated proteins from the endosomes

to the lysosomes and therefore plays a role in autophagic(floxiiet al.,, 2006)
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| investigated the expression @hmp7in the spinal cord andibialis anterior (TA)
muscle of 3 month old, preymptomatic AR100, AR20 and WT mice by performing
gPCR on samples which had been prepared from spinal cord and nCiscipAvas
reduced 2.74 fold in AR100 mice compared with AR20 mice (n=3, *p<6igljyg
5A). Interestingly,Chmp7was upregulated 2.5 fold in TA muscle, another site of
SBMA pathology, compared with AR20 mice (n=3, *p<O0F3yie5B). There was no
differencebetween WT and AR20. AR20 mice carry 20pathogenic CAG repeats

in the ARgene and are similar to WT mice as they do not develop a disease phenotype

In presymptomatic AR100 mice CHMP7 expression was reduced compared with WT
mice (1.4 fold decrease,>8, *P<0.05) on immunostainingrigure 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 ES€R¥%d endosome

formation or posibly failure of lysosomal degradation of endosomes.

CHMP7 expression was also decreased in the spinal cord-sf/pmetomatic mice in
AR100 mice using Western blot analysisg(re 5D). To investigate whether
dysregulation of autophagy occurs as a result of Chmp7 downregulation | 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 mte Figure5D), 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) Figure5E).
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Figure5 ChmpTis differentially regulated in AR100 mice.

(A) Chmpavas downregulated in the spinal cord of pgpgmptomatic (3m) AR100 male mice
compared to control and AR20 miciB) Chmp7was upregulated in the tibialis anterior

musce of presymptomatic AR100 mice. gPCR data are displayed as m8&M. A twe

sample ttest or onewar ANOVA followed by StudeNewmanY Sdzf & ' yR ¢dzl S& Qa

Significantly Different post hoc tests (n>3, >3 independent experiments, *P<CJENmMp7
staining was reduced in preymptomatic AR100 mouse MNs. In AR100 mice CHMP7 was
concentrated around the perinuclear aredll tubulin was used as a neuronal marker. Scale
bar = 26bm. (D) Chmp7 protein levels were decreased on Western blot analysis ef 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
andysis of bands was performed with values normalised to actin. Statistical analysis was

performed using a two sampletést (n>3, *P<0.05). AU=arbitrary units.

3.2.4 AR100 MNs exhibit mitochondrial dysfunction

Mitochondrial dysfunction has previously been refgal in SBMA with increased
mitophagy, reduced mitochondrial mass and reduced activity of complexes I, Il and
IV of the mitochondrial respiratory chain in the muscles of patients with S@@ddyia

et al, 2017) In addition, aggregates of the mutant AR have been shown to associate

with mitochondria in altured cells(Ranganathaset al., 2009)

| first looked at the expression of mitochondrial associated genes using gPCR. In
embryonic MNs genes associated with components of the mitochondrial respiratory
chain were reduced in SBMAmpared with controls foND1(NADH dehydrogenase,

part of complex ) an@oxland Cox2(subunits of cytochrome ¢ oxidase, complex V)
(Figure6). In addition,Ho-1, the antioxidant gene hemexygenasel, and, Nrf2

which regulates the expression of antioxidant genes were both downregulated.
These transcripts were not altered in spinal cord MNs from AR108ymgtomatic

(3m) mice butND5(NADH dehydrogenase 5) was reduced which encodes proteins
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contributing to mitachondrial complex 1 as waspx1 (glutathione peroxidase 1)

which is an antioxidant gene.
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Figure6 Dysregulation of mitochondrial genes in AR100 mice
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(A) Expression of mitochondrial associated genes in E13 MN cultures from ARL@R20

mice (B) Expression of mitochondrial associated genes ingyraptomatic (3m) AR100 and

AR20 micgC)Cytochrome c oxidase subunit gene expression in E13(MN3ytochrome ¢

oxidase subunit gene expression in gsanptomatic (3m) AR100 and AR2@e. Data are

displayed as mean SEM and are representative of at least three independent experiments.

Statistical analysis was performed using a two sampestt(n>3, *p<0.05).
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Mitochondrial complex activities contribute to thenitochondrial membrane
potentiall N i KSNBF2NB (2 RSGSNNXAYS (KSnexNRBf S
examined the m of the AR100 primary MNs compared with T is a measure

of mitochondrial health ands essential for the function of the mitochondrial
respiratory chain to generatATP to provide energy for the cell. In the event of loss

of n mthere is depletion of energy and cell loss.

Untreated + Oligomycin + Rotenone + FCCP

o ....

Figure7 Representative images of mitochondrial membrane potential measurement.

Mitochondria were loaded with TMRM ned 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, aomplex V inhibitor, rotenone, a complex | inhibitor and FCCP, a
protonophore that uncouples oxidative phosphorylation). These are images representative

of at least three independent experiments. Scale bars represent 10 pm.

As shown inFigure7 and Figure8, treatment with oligomycin caused a transient
hyperpolarisation and increase in TMRM intensity in WT MNs but this was not seen
in the AR100 MNs, rath¢here was a subsequr 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 endledf experiment. Taken with
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decreased mitochondrial gene expression, particulaiyland ND5which encode
protein componentofcomplex & 1 KSa S FAYRA yi@ARLIGD dN<IsS 4

more sensitive to mitochondrial insults than control cells.
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Figure8 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 hyperpolarspdmse 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 astB&dh. Statistical analysis was
performed using a repeated measures ANOVA followed by the Bonf@wenhhodest (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. | found that genes from these various aspects of the
p53 pathway were downregulated on gPCR analysis of AR100 cultured E13 MNs
compared with AR20F{gure9A) (there was no difference between WT and ARZ20).
Downregulation was also found in psymptomatic 3 month old AR100 mice
compared with AR20 mic&igure9B).

| then performed ifmunolabdling on the ventral spinal cord of 12 month old AR100
and WT mice. | usedH2AX which is a marker of doukdranded DNA breaks and is
increased with DNA damage and found that it was present in the nuclei of MNs of
symptomatic AR100 micéigure9C). These findings suggest that in SBM#ere is
dysregulation of the genes associated with DNA repairsyraptomatically and this

leads to DNA damage.
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Figure9 p53associated DNA repair is dysregulated in SBMA mice leading to DNA damage

(A)Reduced expressiorf p53target genes involved in DNA repair in AR100 E13 primary MN
cultures compared with ARZB) Reduced expression pb3target genes involved in DNA
repair in presymptomatic (3m) AR100 MN cultures compared with AR20. qPCR results are
displayed as meat SEM. Statistical analysis was performed using a two santes (n>3,
*P<0.05. (C)AR100 spinal cord from 12 month old mice immunolabeled wi2AX to show
evidence of DNA damage in MNs.L L L (i dzo dzfa nefrorsal Kerkiery Scaledbars

representm 1 > Y @
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3.3 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 | was unable to desise 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 occursaly in MN development and leads to disruption of normal
neuronal cellular processes. Transcriptomic profiling from cultured embryonic MNs
of AR100 SBMA mice identified dysregulatiorCbimp7 mitochondrial genes, p53
and DNA damage response (DDR) genesedisas 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

Chnp7 dysregulation was identified in SBMA through transcriptomic analysis of
cultured embryonic MNSs. It is involved in the endosoityabsomal degradation
pathway through its action as an ES@Rielated proteinHoriiet al., 2006) Chmp7

is downregulated in cultured embryonic MNs of AR100 SBMe&e rand in pre
symptomatic AR100 mic@-igure5). Previous studies dve shown thatChmp7is
associated with alterations of autophagic flux which has been described in SBMA
(Corteset al.,, 2014) My findings in the AR100 mice show that CHMP7 levels were
reduced in the spinal cord from pigymptomatic mice and further reduced in
synptomatic mice which concentrates in the perinuclear region, potentisititin
elaboratenuclear envelope invaginations as has been obsemgaoteins inALS
(Ortegaet al., 2020) LAMP2 and p62 were brelevated 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. IntergbtinChmp7 was
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upregulated in skeletal muscle but was not altered in AR100 cortex or meninges

suggestinghat Chmp7dysregulation is confined to the sites of pathology in SBMA

3.3.2 Mitochondrial dysfunctionis an early pathological features in SBMA

In this $udy | investigated the role of mitochondria in SBMA. Mitochondrial deficits
have previously been described in SBMA both in patient tissue and animal models
(Borgiaet al, 2017 Ranganatharet al., 2009) | found disruption in expressiorf o
genes which are associated with mitochondfay(re6) and a functional impairment

in the response of mitochondrial membrane potential to mitochondrial toxins in
SBMA(Figure7 andFigure8). | 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 maset@gownstream 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 genomegMadabhushet al., 2014) Markers of DNA damage are well
recognised in other polyQ repeat disorddidasseyet al., 2018)and ALSLopez
Gonzalezet al, 2016) In SBMA a previous study found that the muta#&®R can
sequester proteins involved in DNA repair away from the site of DNA dafHadéao

et al, 2012) The p53 pathway is involved in thesponse 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 sevgr@B associated gees were
downregulated presymptomatically 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 g/sfunction. | found evidence of DNA damage in the nuclei of AR100

mice MNSs.
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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 gen@fisteret al.,

2019) However, there are key discrepancies betweengras 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(Katsunoet 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 thergpyatsuncet al., 20@B; 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 diered early in SBMA
pathogenesis in the AR100 mouse model, and, in particGlamp7,these may
represent a molecular target for therapeutic development. To explore the relevance
of these findings in SBMA, | therefore decided to investigate the molecathology
behind motor neurodegeneration in SBMA using patidatived iPSCs to determine
whether the pathways identified from these results are observed in a human model

of the disease. This is the focus @inapter 4
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Chapter 4 Transcrigomic changes irf6BMA iPS@erived
spinalMNs

4.1 Introduction

In Chapter 3l explored the pathological pathways which had been identified in a
global transcriptomic analysis of the AR100 SBMA mouse model. Whilst the AR100
mice, aswell 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 ifhuwmnan cells

and this mean thatwhilst they capture amn vivoenvironmentthey may fail to truly
capture the pathophysiology which underlies human disease. | therefore decided to
generate an iPSC model of MNs derived from SBMA as this is a human model of
disease with the mutant potein, in this case the polyQ AR, expressed at
pathophysiological levels. In addition, in comparison to posttem studies, it is a
developmental system and can therefore be used to determine early pathogenic
changes rather than those of eraflage diseas. In this results chapter | use directed
differentiation of SBMA patientlerived and control iPSC into spinal cord MNs to
identify the transcriptional changes representing some of the earliest changes

associated with mutant SBMzarrying the expanded paly ARVINS.
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 | will investigate the pathological
events which occur in spinal cordNd as there is confirmed evidence for primary
pathology in these cells from pestortem, electrophysiological and animal studies.
I will generate enriched populations of spinal cord MNs using a protocol for motor

neurogenesis which has been refined in .|
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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 iChapter 3and in the literature) demonstrating that
transcriptional dysregulation plays a major role in the development of S@d2emi
esfarjaniet al., 1995; Katsunet al,, 2005) In this chapter, | use transcriptome wide
analysis using RNA sequencing (F9¢4) to identify transcriptional pathways that
discriminate between SBMA and control MNs which | will use to generate
hypotheses on the pathogenesis of SBMAest using focused lowhroughput and

high fidelity assaysRNASeq is a higthroughput, functional genomic technology

that is used to studRNAexpressionlt is used to capture the entire transcriptome

and dlows analysis of gene expression and spliewvents It is an unbiased technique

Fa AG RSGSOGa GNFyaONRLIi&a GKFEG 6SNByQi 1

Our understanding of SBMA stands to benefit from such an unbiased approach.

In order to nvestigate candidate genes and temporal molecular pathogenic events in
the hiPSC SBMA model | will use FB¢f at 5 stages of neural differentiation and
maturation: pluripotency (iPSC), at the end of the induction phase (d7), at the end of
the patterning hase (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
iPS@erived MN model oALS from the Patani lafallet al., 2017; Luisieet al,
2018; Tyzackt al,, 2021 )which will allow direct comparison of molecular patieogc

events between diseases which affect MNs.

Altered RNA splicing

In addition, | will examine the effect of the polyQ AR mutation on alternative splicing.
Following transcription from a gene, a pmRNA transcript undergoes
transcriptional modification,predominantly cetranscriptionally, to generate a

mature functional RNA molecule which can subsequently be translated into protein.
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polyadenylated tail which facilitate the tngport of the mRNA to ribosomes in the
cytoplasm and protect it from molecular degradation; and, RNA splicing in which
splicing removes the neooding introns and links exons. Alternative processing can

occur with alternative polyadenylation (APA) and aitgive splicing (ATianet 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 nmber of genes. Alternative RNA processing occurs in

a regulated celtype and stagespecific manner in neuronal development and

subsequent homeostasis of neurof¥apet al., 2016;Zhanget al., 2016)

In familial ALS, some identified mutations are in genes whichdsnoegulators of
posttranscriptional 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(Luisieret 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 lodaurther, Splicing Factor Proline and Glutamine
rich (SFPQ) was the most sig@ifit 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 anotheblin postmortem tissue from
sporadic ALS caséldoganet al., 2020) Binding of the SFPQ protein to its retained

intron was also associated with SFPQ nucletopdgtsmic ratio(Luisieret 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 ufi2tegret

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 polyglutamitength and hormonedependent maner with
mis-splicing of the chloride channel gefuet al., 2009) The presence of alternative

splicing in motor neurons or in iPSC models of SBMA has not been reported and | will
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therefore explore the roleof splicing and whether intron retention, particularly of

SFPQ, is a common molecular hallmark across motor neuron diseases.

Chapter aims:

To \alidate the model of differentiationrdm pluripotency to MNs usingSG.
Is there a mtant dependent effect oMN differentiation?
Is there a transcriptional phenotype for SBMA in d28 with testosterone?

Is that phenotype reflected earlier in MN development?

o b~ w0 D PRE

Is there evidence for alternative splicing and intron retention in MN

development in SBMA?

4.2 Generation of pinal MNs

4.2.1 Motor neuron differentiation

| generated MNs from four SBMA patient lireesd four control lines for comparison
using the established protocol from my |@Bigure10). Briefly, iPSCs were cultured
until 100% confluent, at which point they were treated with small molecule inhibitors
of the BMP4, activin/nodal and GSksgnalling pathways to trigger neural induction.
Following this neuroepithelium was patterned to geat spinal MN precursors with
purmorphamine (a sonic hedgehog agonist) and retinoic acid (RA). The precursors
were expanded for four days in a reducedncentration of mrmorphamine 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 generateacpotentials which are
sensitive to treatment with teratodotoxiriHall et al, 2017) Cellular samples from
each stage of MN differentiatiolnave been extensively characterised in myuaing
immunocytochemistry to validate the differentiation of iPSCs iatwmiched MNs

(>90%)Luisieret al., 2018)
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Neuroepithelium NPCs Immature MNs Electrically active MNs
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Electrically active MNs

C

Figure10 Motor neuron protocol

(A) Schematic depicting neurogenesis. Lines indicate samplingdaimgs in days. iPSC were
obtained from four patients with confirmed SBMA, and four different healthy controls. One
induction from each line was used for RISAg. Induced pluripotent stem cells (iPSCs); neural
precursor cells (NPCs); pemstitotic but electrophysiologically immature motareurons

(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 antagoristrébnated 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 imag€€) Represemtive immunocytochemistry images of
electrically active d32 MNs. Displayed is CHAT (green)3&§kllow), DAPI (blue) and a
merge of all the images. Scale bars = 20pM. Images of control cell lines by Jamie Mitchell in

the Patani Lab.
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4.2.2 Using RNASeq b validate the differentiation of iPSC into MNs

To generate the samples for RM&q | used the following workflowriure 11).
Briefly, | 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 & 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. | extracted the RNA using the Pro®gawell kit and
performed RIN score quafichecks (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
sampes were run on a HiSeq 4000 sequencing machine wittbf@&ired 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 geme (human genome assembly GRCh38)
was performed using the spli@vare STAR alignéDobinet al, 2013)by Dr Bilal
Malik using an RN&eganalysigipeline developed by Anraeigh Browrat the UCL
Queen Square Ingtite of Neurology

(https://github.com/frattalab/rna_seq _snakemale The FeatureCounts package

was used for assigning and counting mapped reads to quantify transcript expression
(Liaoet al,, 2014) Differential gene expression was performed using DESeq2, which

normalises the gene counts using a generalised linear mfidmsleet al,, 2014)
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Hypotheses:

1. Binding of DHT to the mutant AR will lead to differential gene expression in
SBMA iPSC-derived MN compared with control iPSC-derived MNs.

2. Differential gene expression is present even before treating with DHT

3. Intron retention is a unifying pathway for MN disease

Yy

4 SBMA and 4 control lines at 5 developmentally rationalised time points.

A 4
Library preparation: Using KAPA mRNA polyA HyperPrep.
Performed by the Sequencing STP at the Francis Crick Institute

Yy

Sequencing: HiSeq 4000 100bp PE and QC of raw reads
Performed by the Sequencing STP at the Francis Crick Institute

Read alignment to the human genome
Performed by Dr Bilal Malik using a pipeline developed by Dr A-L Brown

Y
Quantification: Looking specifically at differential gene expression, splicing events
and evidence of intron retention.

Figurel1 RNASeq workflow

Workflow for the processing and analy®f RNASeq samples to investigate transcriptional

changes between SBMA and control lines through motor neurogenesis.

Principle component and hierarchical clusteraugglysis (performed using Riere
able to discriminate between the transcriptomes thie different stages of spinal
motor neuron differentiation(iPSC, NI, NPC, d21MN, d28Mbiplogical replicates
n=4) Figurel?).
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Figurel2 Principle component analysis of control celthroughout motor neurogenesis

(A)Principle compoant analysis of RN8eq data at the time points ¢?SC, dfend of neural
induction), d14(end of patterning) d21(immature MNs)and d28T(electrically active MNs
treated with DHT)was able to discrimiate betweenthe stages of motor neurogenesis.

(Q@ntrol n=3, 1 induction)(B) PCA with the different lines highlighted throughout

differentiation

To establish whether differentiation into motor neurons had been successful, |
compared the gene expressionmtiripotent cells (d0) with terminally differentiated

MN (d28) in control lines (biological n=4). | specifically compalred mRNA

102



expression okstablished pluripotency marke(® OUF51NANOGand PODX).and
MN/neuronal markers QHATISL1and SLC18A3 The presence of MN markers in

terminally differentiated cells combined with low express@rnPSC stagprovides

evidence fortthe successful differentiation of iIPSC iMdNs Eigurel3).
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Figurel3 Differentiation from iPSC into MNs

Expression of pluripotency markePOUSF1NANOGand PODXlare increased in iPSC
compared with d28 MNs, whilst MN markeZ$1ATISL1and SLC18Aare increased in d28
MNs compared withPSC. Data is presented as DESEQ2 normabsedcounts showing

mean £ SENn=4 control lines)

4.2.3 MNs have a positional identity in the cervical spine

| then looked at the positional identity of the MNs by analysing the HOX gene
expression during MN develapent. HOX genes are a subset of homeobox genes that
specify regions of motor neurons to an identity along the rostaodal axis. The HOX
genes are grouped into 4 paralogous gene clustd@XA, HOXB, HOxi@ HOXD
Exposure of neuronal precursors to 0:M retinoic acid (RA) for 7 days has been

shown to lead to HOX gene expression paralogugddgated in the cervical region
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of the spinal cordPhlippidouet 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 oHOX1andHOX613 (Hallet al,, 2017) | used the DESeg2 normalised

read counts of mapped genes from the terminally differentiated MN from the control
lines (n=4)Figurel4). | found that whilst there was variation between the lines and,

in particubr, 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 expressen of HOX genes, expression was still predominantly focussed

in the cervical region.

In this section | have used Ri$&qg to further validate the differentiation and
positional identity of cervical spinal motor neurons generated using the protocol for
motor neurogenesis established in my lab. | will next explore whether there is a

difference in the differentiation of MNs using SBMA cell lines compared with control.
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Figureld Expression of HOX genes in d28 MNs

HOX genes specify regions of motor neurons to an identity along the roatrdal axis and

are arranged into four clusteHOXA, HOXB, HOMEHOX9with 13 paralgous groupsHOX
genes 411 align with spinal cord MNs. Here MNs have a cervical spinal cord positional
identity with preserved expression ¢OX in particular.Bar plots displaying the relative
expression oHOXA, HOXB, HOX@dHOXparalogougyenes ad28 in the four control lines
(n=4, 1 inductioh Data displayed is DESEQ2 normalised read count.

4.3 Is there apolyQ ARdependent effecton the transcriptome of
SBMA iPSCs undergoing directed differentiation?

| investigated whether the MN differentiationffeciency was the same between
SBMA and control MNs. At d14, neural precursor cells, there was no significant
difference in the expression dDLIG2and HOXB4(markers of MN precursors)
between control and SBMA samplésdurel5). There was low expression &L lin

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 Figurel6).
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Figurel5 Comparison of MN precursor gene expression between SBMA and control d14
neural precursor cells

There was no significant difference in the expressicBlOIG2HOXB4r ISLIbetween 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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Figurel6 Comparison of neuronal and motor neunogene expression between SBMA and
control d21 MNs

There was no significant difference in the expression of motor nedfiril( CHAT, SY ot
neuronal NEFHTUBB3r MAP2 gene marker between SBMA and control d21 cells. Data
presented as DESEQ2 normatisead count. Error bars represent mean + SEM (n=4 control,

SBMAlines fold change <1.2).
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At d28 howeverlSLIexpression is significantly lower in SBMA compared with control
MNs howeverCHATand NEFHwere not significantly different an&YTla gene
assaiated with neurotransmitter release at a synapse, was maintaifégli(e17).

The low level may reflect a restricted ability of the SBMA cells to undergo directed
differentiation, that the MNs are alive but exprel&d_1to a low level, or, potentially
that there is selective loss of MNs in these cultures. Of note, in otherdBf&d

MN models of SBMA there has been no significant difference reported in the
differentiation efficiency between SBMA and control M{@&unseichet al., 2014;
Cristofaniet al., 2017; Sheilat al., 2019; Pourshafiet al,, 2020) In a highly purified
SBMA and control MNs ffowing cell sortingthrough flow cytometrywith MN
specificHB3*%:Venusreporter lentivirus,ISLIwas actually increased in the SBMA
MNs(Onoderaet al., 2020)

The lower level ofSL1transcript 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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Figurel7 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 MNCHAT SYT) or neuronal REH, TUBB3or MAP2 gene
markers between SBMA and control d28 cells. Data presented as DESEQ2 normalised read
count. Error bars represent mean + SEM (n=4 control, SBi4 **p<0.01, fold change

>1.2).
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4.4 Analysis of the transcriptional phenotype in d28T SBNMINS

4.4.1 Differential gene expression

Principle component analysis and hierarchical clustering discriminated between the

SBMA and the control lines throughout differentiatidfiqure 18andFigure 19.
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Figure 18 Principle conponent 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 linéB) Individual cell lines
demonstrde the clustering at different developmental time points iPSC (navy circle),
d7 (blue circle), d14 (orange circle). There is less distinction betweemptugic

MNs at d21 and d28 (green circle). No individual line is a consistent outlier. (n=4

control,n=4 SBMA)
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Figurel9Principle component analysis between SBMA and control at each time point
through motor neurogenesis

Principle component analysshowsSBMA and contrdines are distincpopulations at(A)

iPSEB) d7 (C)d14 and(D)d28Ttime points.
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Transcriptional dysregulation

| explored the emergence of a transcriptional phenotype signal in which the mutant
expanded poly@R affects the transcriptoménitially, | looked at the transcriptional
changes at thanotor 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 ¥98enes upregulated and 1475 genes
downregulated in SBMA d28T MNsngpared with control d28T MN cultures (using

a threshold of logFC>1.2 and padj <0.05). Upregulated genes inditbés{inter-
alphatrypsin inhibitor heavy chain family member 5, FC=10.9), which is involved in
stabilisation of the extracellular matrix anaas found to be increased in the AR100
mouse model E2F2E2F transcription factor, C=7 Awhich is involved in the cell
cycle andALPKZAlpha Kinase 2, FC=41) which is a serine/threonine kinase crucial for

expression of DNA repaielated genes.

Differentially expressed genes in SBMA iPEBE models

Surprisingly, there was no differential expressio€iHMP71n d28T MNs despite the
significant reduction irChmp7expression in the AR100 mouse model. In addition,
FAM135Bvhich was significantly alterad another iPSC MN model of SBMA was not
differentially regulated between SBMA and control MNs in this iPSC model of disease
(Sheileet al., 2019) | therefore compared my list of differentially expressed genes to
those published by the other groups who have publisiugfierentially expressed
gene(DEG lists from SBMA iPSC derived M{Sseila et al,, 2019; Onoderat al.,,

2020) | performed pathway analysis on these published gene lists using WebGestalt,
as | have used in this chapter, but this did not identify significant overexpression of

any pathways.

Three genes were differentialiggulated in all three model$-{gure20). These were
DDIT4LSOX&@ndARMCGEDDIT4lis the DNAdamageinducible transcript 4dike gene
(homolog ofDDIT4 which is expressed in response to DNA damage and among its

related pathways are mTOR signalliBX6s a member of the D subfamily of sex
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determining region yelated transcription factors which are required for normal
development of the CNS, maintenance of cardiac and skeletal muscle and
chondrogenesisARMC4Armadillo repeat containing 4) is thought to be involved in
ciliary and flagellar movement. In my stutpIT4l(baseMean 42) was increased 12
fold in SBMA compared with control d28T ME§X@baseMean 497) was increased
3.6 fold andARMC4baseMean 164) waincreased 2.7 fold.

DEG DEG from Onodera

DEG from Shiela

Figure20 Overlap of SBMA DEGs and previously identified dysregulated genes in SBMA
iPSGderived MNs.

Overlap of differentially expressed genes from the FO&§ data of d28T MNs with
differentially expressd gene lists published in the scientific literature from Onodera et al
(2020)and from Sheila et al (201DIT4L, SOXhd ARM@ were differentially expressed
in MNs from 3 different iPS@erived models of SBMA. Venn diagram made in Venny 2.1.0

(Oliveroshttps://bioinfogp.cnb.csic.es/tools/venny/
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Differentially expresed AR responsive genes

| 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/gseal). 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 @ehdro 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 expresst@Nid1,
CDK6, CENPN, GSR, MAK, MYL12A, PTPN21, SLC26A2, SPCE3, XRDLS
DNAJB9, HERC3, IDI1, INSIG1, RAB4A, SRDBRF overlapped with the AR
responsive gened-{gure21). The proteins encoded by these genes are involved in

DNA damage repair response, response to celktl@ss and the cell cycle.

AR genes Increased

Decreasd

Figure21 Overlap of SBMA DEGs and knoWR responsive genes

Significant increased (11) and decreased (7) DEG overlapped with genes known to be
regulated by the AR. Venn diagram made in Venny 2.1.0live{Os,

https://bioinfogp.cnb.csic.es/tools/venny/

116


http://www.broad.mit.edu/gsea/
https://bioinfogp.cnb.csic.es/tools/venny/

Differentially expressed genes which overlap with other motor neuron diseases

I next compared the list of differentially expressed genes wetieg which have been
identified in familial ALS and Charédarie-Tooth disease to explore whether there

are common genes which may give insight into potential crossover mechanisms of
neuronal disruption. InterestinghSET>and SPG11vere present in allliree groups
(Figure 22 and Table 8). SETXencodes the enzyme senataxin which contains a
DNA/RNA helicase domain suggesting that it is involved in DNA and RNA processing.
SPG1 encodes the protein spatacsin which is expressed throughout the nervous

system and is postulated to play a role in axonal transport and maintenance.

SBMA DEG CMT

FAMILIAL ALS

Figure22 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/
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Table8 Table of overlapping genes between SBMA, familial ALS and CMT

SBMAandfALS SBMA and CMT CMT and fALS SBMA, fALS an
CMT

ANXA11l SH3TC2 NIF5A SETX
FUS TRPV4 VCP SPG11
PFN1 GLE1 CHCHD10
HNRPA1 ATP7A SIGMAR1
HNRNPA2 CCT5 FIG4
NEK1 DHIKD1
MATR3 DNMT1
TUBA4A CTDP1

DNM2

SBF1

DNAJB2

PDK3

Differential expression of RNA binding protein genes in SBMA

| was interested to find that four of the overlapping genes between SBMA and fALS,
FUS, HNRNPA1, HNRNPA2 and MATR3RIA binding proteins (RBPs). RBPs have
a role in RNA processing, RNA metabolism (including transcription), RNA stability,
nuclear export of RNA and regulation of translat{@orleyet al., 2020) Mutations

in genes encoding RBPs such as fused in sarcoma (FUS), TARdM/AProtein 43
(TDP43) have been identified in familial ALS and the FUS and3TBteins are
found in abnormal cytoplasmic inclusions in MNs of ALS patieng®sirmortem. In

fact, over 95% of patients, with or without a mutation in the T#encoding gene
TARDBPhave nucleacytoplasmic mislocalisation of TEIB. The mislocalisation of
RNAbinding proteins from the nucleus to the cytoplasm is a key pathabgic
molecular hallmark of AL{&uisieret al.,, 2018; Tyzacét al., 2019, 2021)

| compared the list of DEGs in the d28T MNs with the 552 reported human RBPs listed
on the RNA binding protein databadwtp://rbpdb.ccbr.utoronto.cal). Of the 3692
differentially expressed genes, 80 (2.1%) were RBPs of which 58 were increased and
22 were decreased. To explore this further | compared the list of DEGs at d21 MNSs.
Of the 333 DEGs, 11 (1.3%) were RBPs and all of which were increased. There was an
overlap of 5genes that were increased in d21 and in d28T which WéF243.24 FC
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d21, 5.82FC in d28TgPHB44.80FC d21, 3.65FC d28ARFIBP23.77FC d21, 3.11
d28T)MBNL1(1.54FC d21, 1.39FC d28T) KitSRPL.2FC d21, 1.21FC d28fig(re
23). These observations indicate a potential role for RBPs in SBMA and may be

relevant to pathogenesis of the disease.

Increased RBPs in d21 and d28T MNs

8-
E dJd21

o B (28T

Fold change compared
to control MNs

KIF24 EPHB4 PPFIBP2 MBNL1 KHSRP

Figure23 RNA binding proteins with increased in d21 and d28 N

Transcripts encoding the RNA binding protafig24, EPHB4, PPFIBP2, MBMIAKHSRP
were significantly increased 21 and d28T MN®ata presented as fold change in SBMA
compared with control MNs (n=4 control, n=4 SBME& >1.2, FDR>0)05

These reslis show a clear separation @fanscriptsat 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 i 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 iP&€ived MNs and from genes implicated in familial
ALS and CMT suggests that Diddnage reponse and repair, cell cyclstructural
pathwaysand RNA binding proteinsay be associated with the SBM¥%panded
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polyQ AR To investigate this further | performed pathway analysisestablish

enrichment of genes in biologically relevant patlys 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 | used WebGestalt
(WEBbased Gene SeT AnalLysis TogWanget al., 2013; Zhangt al., 2005)which

is a webbased tool for exploring and interpreting gene lists for enrichment analysis.
Using ovetrepresentationanalysisin which the genes are annotated to functional
categories and compared to a reference list, | looked at pathway enrichment using
the KEGG (Kyoto Encyclopaedia of Genes and Gejdatebases. The significantly
differentially regulated genes were ovegpresental in five KEGG pathways were
overrepreented: homologous recombinatiorthe Fanconi anaemia pathway, cell
cycle pathway, spliceosome pathway and cellular senescdatse (discovery rate

FDR<0.05)T@able9).

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
pathwaysinvolved 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 pathwayspathways involving SUMOIlyation and TP53 activity are
identified which is interesting as these have been identified in SBMA previ@lsiya

et al, 2015,Chapter 3. There were no sigficant hits identified from the Panther

database.
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Table 9 Overrepresented pathways identified using all significant SBMA DEG using
WebGestalt overexpression pathway analysis comparison to the KEGG, Wikipathway and
Reactome databses

GeneSet | Description \ Sze | Overlap| Enriched| FDR
Enriched KEGG pathways
hsa03440 | Homologous recombination 41 15 2.645| 0.017
hsa03460 | Fanconi asemia 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

DNA IRdlamage and cellular
WP4016 response via ATR 81 36 3.069| 0.000

DNA IRDouble Strand Breaks (DSB
WP3959 and cellular response via ATM 55 23 2.888| 0.000
WP2446 Retinoblatoma 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 2.4021| 0.002
WP411 MRNA Processing 133 38 1.973| 0.002
Enriched Reactome Pathwaffep gene sets with maximising gene cover)
RHSA ATF6 (ATFélpha) activates
381183 chaperone genes 10 1.483 4.046| 0.028
RHSA Apoptotic cleavage of cellular
111465 proteins 38 5.635 2.307| 0.045
RHSA Antiviral mechanism by IFN
1169410 stimulated genes 78| 11.566 2.075| 0.007
RHSA
1640170 Cell Cycle 641| 95.051 1.757| 0.000
RHSA
73894 DNA Repair 316| 46.858 1.707| 0.000
RHSA Intra-Golgi and retrograde Gok-
6811442 ER traffic 200 | 29.657 1.551| 0.028
RHSA Organelle biogenesis and
1852241 maintenance 294 | 43.596 1.537| 0.005
RHSA
8953854 Metabolism of RNA 674 | 99.944 1.431| 0.000
RHSA
74160 Gene expression (Transcription) 1430 212.050 1.339| 0.000
RHSA
194315 Signding by Rho GTPases 444 65.839 1.337| 0.043
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To explore this in more detaillhién 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 tabler@ble10).

Table10 Overrepresentedpathways in increased SBMA DEGs and decreased SBMA DEGs

GeneSet | Description \ Size | Overlap | Enricled FDR
Pathways enriched in genes increased in SBMA d28 MNs
hsa0410 | 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 apemia 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
Arrhythmogenic right
ventricular cardiomyopathy
hsa05412 | (ARVC) 72 15 2.43 0.034
hsa05224 | Breast cancer 147 24 1.90 0.047
Pathways enriched in genes decrease8BMA d28 MNs
hsa00100 | Steroid biosynthesis 19 6 5.986375 0.025
hsa04913 | Ovarian steroidogenesis 49 9 3.481871 0.049
Non-alcoholic fatty liver
hsa04932 | 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 dysfuniion, and involvement of the spliceosome and the lysosome. In the
decreased pathways is the presence of metabolic pathways as weldag G A y 3G 2 y Q.
disease (HD), another polyglutamine repeat disorder. Potential overlapping
mechanisms with HD include mitoahdrial dysfunction, altered vesicular transport,

impaired calcium sigalling, ER stress and apoptoditie decrease in mitochondrial

genes are the key differentially expressed genes which contribute to the significant

attribution of the NAFLD, thermogenssand metablic pathways in this analysis.
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4.4.3 Protein-protein interaction network analysis

| then used the STRING database to examine the prgieatein 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 interactiéingure24). The PPI enrichment
p-value was <1.046. Proteins encoded by theaffierentially regulated genes were
enriched in several KEGG Pathways including: DNA replication, the p53 cell signalling
pathway, the cell cycle, EGkéceptor interaction and cellular senescendalfle1l)

for full list please see appendix. Prominent enriched Reactome pathways included:
condensation of pranetaphase chromosomes, unwinding of DNA, TP53 regulates
transcription of genes involved in G1 cell cycle arrest andGésific transcription.

GO analysis of bliegical 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 cellulaomponent 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 disruptioh tbe cell cycle and aberrant extracellular

matrix contribute to early pathology in SBMA MNSs.

Table11 Enrichment analysis of the STRING data for d28T MNS SBMA compared with
controls

ID Term | Genes| Srength | 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 ECMreceptor 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 PI3KAKkt signalling pathway 40 0.3| 0.0069
hsa05200 Pathways in cancer 50 0.23| 0.0208
Reactome ID

HSA176974 | Unwinding of DNA | 6] 0.98] 0.0089
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HSA2514853 | Condensation of Prmetaphase 6 0.98| 0.0089
Chromosomes
HSA6804116 | TP53 Regulates Transcription of Genes 6 0.88| 0.0182
Involved in G1 Cell Cycle Arrest
HSA539107 | Activation of E2F1 target genes at G1/S 9 0.75| 0.0074
HSA69205 G1/SSpecific Transcription 9 0.75| 0.0074
HSA176187 | Activation of ATR in respea to replication 10 0.67| 0.0087
stress
HSA3000178 | ECM proteoglycans 16 0.57| 0.0032
HSA453279 Mitotic G1-G1/S phases 25 0.48| 0.00098
HSA5663220 | RHO GTPases ActivaterRomutes 21 0.45| 0.0052
HSA69206 G1/S Transition 20 0.44| 0.008
GO Biological Poesses
G0:0034699 | response to luteinizing hormone 4 1.24| 0.0254
G0:0051383 | kinetochore organization 7 0.86| 0.0131
G0O:0000083 | regulation of transcription involved in G1/ 9 0.73| 0.0111
transition of mitotic cell cycle
GO0:0006270 | DNA replication initiatin 9 0.71] 0.0143
G0:0034698 | response to gonadotropin 8 0.7| 0.0267
G0:0030261 | chromosome condensation 8 0.67| 0.0338
G0:0030865 | cortical cytoskeleton organization 9 0.65| 0.0252
GO Cellular Component
G0:0031262 | Ndc80 complex 4 1.24| 0.0173
G0:0000940 | condensed chromosome outer kinetocho 6 0.98 0.007
GO0:0005871 | kinesin complex 13 0.64| 0.002
GO0:0000779 | condensed chromosome, centromeric 22 0.52| 0.00046
region
GO0:0005604 | basement membrane 17 0.51| 0.0031
G0:0062023 | collagencontaining extracellular matxi 25 0.48| 0.00043
G0:0031012 | extracellular matrix 44 0.43| 1.76E
05
GO Molecular Function
G0:0005201 | extracellular matrix structural constituent 17 0.61| 0.0019
GO0:0003777 | microtubule motor activity 22 0.54| 0.001
GO:0003774 | motor activity 25 0.52| 0.0067
G0:0051015 | actin filament binding 23 0.41| 0.0233
GO0:0008017 | microtubule binding 30 0.32| 0.0362
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Figure24 STRING protehprotein network.

PPI network was built using the significant gene list from d28T MNs (fold change42
control, n=4 SBMA, 1 induction). Nodes have been highlighted in relevant pathways: DNA
replication (red), p53 signalling (green), cell cycle (blue),-EE®ptor interaction (yellow)

and cellular senescence (pink). Image generated in STRING (Istijrsgttb.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) | performed this using the

Broad Instiute GSEA online tooh{tp://www.broad.mit.edu/gseal)) which revealed

that genes in the cell cycle, prion diseases, DNA replication and prostate and basal

cell carcinoma pathways were enriched 280 SBMA MNs compared with control

KAt &l 3ISySa Ay G(GKS NrRo2a2YST 2EARIGAOGS
linoleic acid pathways were decreased in SBMA Mldblg12).

Table12 GSEA analysis

NAME \ Size \ Expected Enriclked | 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
KEG®NA replication 36 0.668 1.842 0.010
KEGG prostate cancer 89 0.545 1.744 0.029
KEG®asal cell carcinoma 55 0.566 1.665 0.046
KEGG pathways reduced in SBMA d28 MNs

KEGGibosome 88 -0.698 -2.211 0.000
KEG®xidative phosphorylation 132 -0.568 -1.892 0.001
KEGG I NJ AyazyQa 5A 130 -0.553 -1.836 0.006
KEGGinoleic acid 29 -0.641 -1.662 0.049

The differentially regulated genes were classified according to their molecular
function, biological process and cellular component gene ontology (GO) téahke(

13). The top 10 of each are includedthis 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 MNw&d similar pathways including enriched
pathways of cell cycle and DNA replication, with reduced including oxidative

phosphorylation and the ribosome.
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Table13 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 proteinDNA 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 ribosomgibunit 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 segregatiq 84 0.660 2.107| 0.001
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4.4.5 Transcription factor analysis

| 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 MNsT &ble14) for top 10enriched transcription factoréor full list
please see appendix). There were no significantly deee&anscription 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 divisionThis finding complementsverexpression pathway analysis
and genes in the cell cycle pathway were enriched in the KEGgue 25)
(enrichment ratio 1.87), Reactome (enrichment ratio 3.40) and Wikipathway

(enrichment ratio 2.48) databasas SBMA compared with control MNs at d28.

Tablel4 Top 10enriched 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
E2F4ADP2_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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Figue 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

, =4 SBMA.

4 control

performed in WebGestaltftp://www.webgestalt.org/). n
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Looking specifically at the RNs®q profile of cell cycle cyclitependent kinases and
cyclins(Horet al., 2018)I found upregulated expression GDK2CDK4CDK6Cytins

A2, B1, BandD1(Figure26). These findings suggest that the polyQ AR is responsible
for upregulation of cell cycle genes and therefore that MNs may aberrantyter

the cell cycle.

S )]
| |

MRNA fold change
N
|

(compared with control MN)

o
|

Figure26 Cell cycle genes are upregulated in SBHMZ8T MNs

Graph shows fold changmRNA expression levels of CDKs and ngydliom RNASeq
normalised read counts and shows upregulated expressi@Di2, CBIKCDKB6, Cyclins A2,
B1, BzandD1lin SBMA d28T MNs compared with control d28T Niisgl control, n=4 SBMA

To investigate this further, | compared the cell cycle status of MNs between the SBMA
and control cultures by determining the expressiomKI67(Marker of Proliferation
Ki67) which is a marker of dividing celMK167was increased 6.42 fold in SBMA
d28T MNs compared with controls suggesting that in SBMA the mutant AR triggers
MNs to reenter the cell cycléFigure27). There was no significant difference in the
MK167expression in d21 MNSs.
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Figure27 Expression levels dfiIK167are significantly increased in SBMA d28T MNs

Graph depicting expression viels of MK167 transcripts from RN#&eq analysis show
expression is significantly increased in SBMA compared with control d28T MNs. Data
presented from DESEQg2 normalised read count. Data presented as mean + SEM. FC >1.2.
P***<0.005, n=4 control, n=4 SBMA

| then used oPOSSUNt{p://opossum.cisreq.ca/oPOSSUN3fo examine over

represented transcription factor binding sites (TFBSs) in the differentially regulated
genes(Ho Suiet al, 2005) oPOSSUM utilises a database of conserved TFBSs and
combines this with statistical identification of overpresented sites in a gene set

and thus allows exploration of the TFBSs ionpotor regions of enriched genes to
extrapolate potential regulatory mechanisms. | used the human single site analysis
(SSA), with a 0.4 conservation @it and a matrix score threshold of 80% with a
2000/0 upstream/downstream score. | found that sevesiaks were associated with
response to DNA damage (SP1), G1/S cell cycle transition (NFYA), neuronal survival

(KIF4), cell proliferation and apoptosis regulation (EGRiI€15).

Therefore, analysis of transcriph factors and transcription factor binding sites has
provided support for a role in cell cycle disruption in d28T Misvever, MNs are

postmitotic and thereforeto determine what this transcriptional signature actually
means, further work is require@tinvestigate these findings at the protein level using

Western blotting. Additionally ICC should be used to look at differenck®h+ve
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cells at different stages of differentiation. Furthermoflmaw cytometry on relevant

cultures treated with the flwrescent intercalating and stoichiometric agent

propidium iodidecould be usedo examine DNA content. These experimeodsiid

effectively determine actual (rather than transcriptionalifferences in cell cycle

between SMBANd control samples

Table15 Identification of overrepresented transcription factor binding sites (TFBSs) using

0oPOSSUM software (top 20 listed)

TF Class Family Gene | TFBS | Zscore
S hits

SP1 Zinc BetaBetaAlphainc 2019| 1450 24.401
coordinating | finger 7

Kif4 Zirc- BetaBetaAlphainc 2121 | 1599 21.986
coordinating | finger 9

Zfx Zine BetaBetaAlphainc 1810| 8230 17.201
coordinating | finger

MZF1 513 | Zinc BetaBetaAlphainc 2079| 1496 16.839
coordinating | finger 5

Egrl Zinc BetaBetaAlphainc 1455| 4141 16.778
coordinating | finger

NFYA Other Alpha | NFY CCAAdiInding 1250| 2657 16.182
Helix

ELK1 Winged Helix | Ets 2117| 1217 16.11
TurnHelix 8

Mycn ZipperType HelixLoopHelix 1644 | 5193 13.302

Zfp423 Zinc BetaBetaAlphainc 1287| 3239 12.88
coordinating | finger

GABPA Winged Hek- | Ets 1765| 6042 12.558
TurnHelix

MZF1_14 Zinc BetaBetaAlphainc 2376| 3514 12.55
coordinating | finger 1

E2F1 Winged Helix | E2F 1197| 2551 11.872
TurnHelix

RREB1 Zinc BetaBetaAlphainc 532 782 10.968
coordinating | finger

HIF1A::ARN1 ZipperType HelixLoop-Helix 1927 | 9642 10.662

Myc ZipperType HelixLoopHelix 1608 | 4985 10.323

ZNF354C Zine BetaBetaAlphainc 2390| 3340 10.255
coordinating | finger 9

INSM1 Zine BetaBetaAlphainc 1561| 5250 9.699
coordinating | finger

MIZF Zine BetaBetaAlphainc 812 | 1239 9.365
coordinating | finger

PPARG::RXR Zinc Hormonenuclear 1382 3909 8.806

A coordinating | Receptor
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4.5 Temporal emergence of phenotype

To establish early pathogenic mechanisms in SBMA | then mapped the time points at
which the phenotypes emerged to identify ant@orally resolved sequence of
pathological phenomena at the transcriptome level. High stringency analysis (fold
change>1.2, false discovery rate <0.05) of the RB&Y data identified gene
expression changes throughout motor neurogenesis. In iPSCs theeel®8 DEGs

(111 increased, 27 decreased). There were no significantrepeesentedpathways

from comparison with the KEGG, Reactome, Wikipathway or PANTHER databases
with no proteinprotein 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 bidogical 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 QH 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 SBMAapeunpith

control MNs (FDR <0.05, n=4 control, n=4 SBMA, fold change >1.2). Several pathways
were over-representedin the DEGs utilising the KEGG, Reactome and Wikipathway
databases as seen ifable 16 (full list inthe appendix). Of particular note is the
emergence of the pathways around DNA replication, the extracellular matrix, notch

signalling and base excision repair.

133



Tablel6 Enriched pathways of differentially expressed genes in &BMA 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 | ECMreceptor 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 339 6.399 3.125 0.001
infection

hsa05200 | Pathways in cancer 526 9.929 2.114 0.044

Reactome pathway

RHSA Processive synthesisonth 11 0.194 15.392 0.045

174414 Gstrand of the telomere

RHSA NOTCH2 intracellular 12 0.212 14.110 0.048

2197563 | domain regulates
transcription

RHSA Repression of WNT target 12 0.212 14.110 0.048

4641265 | genes

RHSA Telomere &trand 24 0.425 11.758 0.007

174417 (Lagging Strand) Synthesi

RHSA Lagging Strand Synthesis 20 0.354 11.288 0.026

69186

RHSA PCNADependent Long 21 0.372 10.750 0.030

5651801 | Patch Base Excision Repg

RHSA DNA strand elongation 32 0.566 10.582 0.004

69190

RHSA Syndecan interactions 27 0.478 10.452 0.012

3000170

RHSA- Laminin interactions 30 0.531 9.406 0.015

3000157

RHSA Extension of Telomeres 30 0.531 9.406 0.015

180786

Wikipathway

WP3845 | Canonical and Nen 27| 0.62613 7.9855 0.045135
canonical Notch signalling

WP466 DNA Replication 42| 0.97398 7.1870 0.011473

WPR2911 | miRNA targets in ECM an 43| 0.99717 6.0170| 0.045135
membrane receptors

WP560 TGFbeta Receptor 58| 1.3450 5.2044| 0.045135
Signalling

WP2446 | Retinoblastoma Gene in 88| 2.0407 4.9002 0.011473
Cancer
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Protein-protein interaction

STRING proteiprotein 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 rol@LE, CCNA2 and
FBN1 aseen inFigure28. 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
ECMRecetor interaction, adherens junction, focal adhesion, tight junctions and
regulation of the actin cytoskeleton; and, signalling pathways including Notch
signalling, TGFbeta signalling, Rapl signalling, cAMP signalling,-A8Isignalling

and Hippo signafig. 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 suggestat 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 dysregulan 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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Figure28 STRING ProteiRrotein interaction network for d21 MNs using the significant

genelist

The significant differentially expressed genes at d21 were examined using the STRING
database, creating a PPI network centred round POLE, CCNA2 and FBNL1 (circled). Each node
represents the protein produced by a single proteading gene. SettingsulFnetwork, 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: turquoigeknown interaction, arated database, purple

known, experimentally determined, greerpredicted, gene neighbourhood, regredicted,

gene fusions, blue predicted, gene caccurrence, yellowtext-mining, blackco-expression,

lilac ¢ protein homology.

4.6 Alternative splicingn 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-RINA transcript is
transformed into mature messenger RNA (MRNA). Theegidome is a large RNA
protein complex composed of five small nuclear ribonucleoproteins (ShRNPs). The
spliceosome is assembled during transcription of the mRNA and splicing takes places
within the nucleus either during or immediately after transcriptiafth selective
inclusion or exclusion of introns (naroding regions) and exons (coding regions). The

mature mMRNA can then be translated into a protein.

Alternative splicing (AS) is the phenomenon by which the splicing process can create
multiple unique poteins from a single mMRNA thus increasing the cellular and
functional complexity of eukaryotes. Approximately 95% of all rexitinic genes in
humans are alternatively splice@Panet al, 2008) Traditionally five kinds of AS

events have been described: exon skipping (ES), mutually exclusive exons (ME),
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However it has become inasingly clear that there is a plethora of variations with

these classical events occurring in various combinatjSasnmethet al., 2008).

Abnormal alternative splicing has been implicated in disease and irlabuwe
identified thataberrantintron retentionoccursearly in motor neurogenesend isa
molecular hallmark of AL@uisieret al., 2018) Furthermore, in spinal muscular
atrophy, SMN deficiency causes widespread intron retention and DNA dadeagg

et al, 2017)suggesting that intron retention in MNs may be common molecular
hallmark across MN disease. Neurons have higher levels ohimét@ntion than
other cell types and IR is believed to play a role in neuronal homeo$¥agist al.,
2012) Further, spliceosome integrity is defe in ALS and SMAsuijiet al,, 2013)
and components of thespliceosome pathway are decreased d28 SBMAMVINs
compared with catrol MNs. In order to investigate whether intron retention is a

molecular hallmark of SBMA | performed splicing analysis on theRdldata

To examine postranscriptional changes in §8 | analysed higthroughput RNA

Seq data for polyadenylated RNA isolated from d28T MNs derived from four patients
with an SBMA polyQ AR mutation and four controls. | used MAJIQVardA
software(VaquereGarcieet 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 aHiseveral junctions converge (single target LSV).
LSVs are split into binary spligeaphs Egure 29 in which there are two alternative
splicing options, or complex in which there are multiple splicing optiBitgi(e30).

LSV terminology can be used to define and quantify the spectrum of complex
GFNAFGAZ2Yya Ay GNIyaONRLIIa Fa ¢gStf Fa RSa

specific splice graph splits.

MAJIQproduces splice graphs for each gene with detected single source and single
target LSVs and quantifies these LSVs from the input of-F¥gAdata. This

quantification is determined by estimating the relative inclusion of each junction
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(percentage spliced jrPSI)n the LSV and specifically can be used to compare two
conditions usingiPS) dPSl op A(delta PSIp KA OK A& GKS OKFy3IS A\
Percentage Spliced In valuBifferentially spliced events were filtered with high
confidence withh A O dinif a fgdifieant change inclusionset at dPSK0.2 with

a confidence thresholdCl)of >0.95.! Rt { L X n®H AYRAOFGSR w7
SBMA iPSMINs.

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 inviolin 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 (0D bp long) and are therefore unable to quantify all existing
isoforms of a gene. Furthermore, it cannot identify novel genes oraumting RNA

as it utilises a transcriptome annotation file and so is limited by existing annotation.
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Figure29 Examples of binary LSVs

LSVs demonstrating binary alternative splicing events using genes that wereatiltelsn

spliced between SBMA and control d28T MNs.
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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, | analysed transcriptomeide licing changes between SBMA andntrol

d28T MNs. 39Gjenes wee alternatively spliced with 55Iocal splice variations
between d28 SBMA patients and control MNggected absolute PSbs(E(dPSI))
threshold=0.2, C1=0.95pf the 3399 DEG between SBMA and control d28T MNs, 92
were alterratively spliced (Appendix). From this list, 14 of the alternatively spliced
genes were RBPs. These wa&idKHDIEIF4AEBP3, ANKS6, ENOX1, EWSR1, FUBPS,
HNRNPM, MYEF2, PPFIAL, PSPC1, QKI, RALYL, SAMB#B TSHHAQ

There were 168 binary events. Of the3eh Y NB S@SyidayY W 6SNB | f
H 6SNB FEtGSNYyIFGABS o0QS@Syiazr mHny 6SNB SE
Of the intron retaining events, there was an increase in intron retention in SBMA
compared with control in 3 geneAP1SZn = 0461) Figure3dl) (which is a subunit

of clathrinrassociated adaptor protein complex 1, which plays a role in protein sorting

in the transGolgi network and/or endosomes)NDUFAT (n ~= 0.445)
(NADH:ubiquinone odbreductase (complex 1) subunit A6divergent transcript,

which encodes an accessory subunit of Complex 1 of the mitochondrial membrane
respiratory chain) andSTAG3L5PVRIG2PILRB(n ~= 0.367) (a reathrough

transcript which is a candidate for nonsensediated mRNA decay and is unlikely to

produce a protein product.

There were 383 complex events, with multiple possible alternative splicing
L2aaAoAfAGASE Ay | [{+d hT (GKS&S O2YL} SE
0Q S@Syilas skipping egebtNadd 25F g 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

(n /= 0.967), AL390728.4 (=0.166), AMZ2PIn (= 0.288), C220rf3q(/=0.334),
CU633967.1 p( ~=0.421), FRMD4A n (/=0.050), GPM6B n(n=0.283), HIRA

(n ~0.334), NDUFABT fi ~=0.659), NHSL1 n(+=0.377), RPL1Z180rf32

(n ~=0.674), ZNF32( (~=0.254) and ZNF68R (~=0.233). Of particular interest were:
FRMD4A encodes FERM dorraamtaining protein that regulated the remodelling of
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adherens junctions and regulates epithelial cell polarity. Polymorphisms in this gene
have been associated withlzheime @ R AaiadSCCARCACorpus Callosum,
Agenesis of, with Facial Anomalies and Cerebellar Ataxia). GPM6B encodes a
neuronal membrane glycoprotein involved in membrane trafficking andtcetell
communication. HIRA encodes a histone chaperone which is associated with the
formation of senescencassociated 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 gesin SBMA d28T MNs

| 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 Reactomeekiiommunicatia pathway
(enrichment = 4.525, FDR = 0.01Dgl§le17). | also used DAVID to explore the gene
list and this tool also identified significant overexpression of the KEGG adherens
junction. No other significant pathwaywere identified. However, there was
enrichment in the gene ontology terms for molecular function including-c=l|

junction, cytoskeleton, focal adhesion, cytoplasm and-oellladhesion.

Tablel7 Table ofover-representedpathwaysusinggenes 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

RHSA

1500931 | CellCell communication 129 13 4.526| 0.010
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Figure31 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 tha&-Béf 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

N Aand the proportions per junction.

Cdl-cell junctions, including adherens junctions, tight junctions and gap junctions,
hold cells together and allow communication between the qélsreiraet al., 2015)

An adherens junction is one of the protein complexes that occurs in epithelial tissues
and is a cell junction which links toehactin 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 agiealal polarity of
neuroepithelial cells and this polarity hagdn seen to be perturbed when afadin
(AF6, an adherensinction-associated protein) is knocked o(Zhadanovet al.,
1999) so this mayrepresent 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(éelis

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 ghow€onsiderable
further work would be required to determine whether there is a link between
alternative splicing of adherens junctions to loss of contaetliated inhibition re

activating the cell cycle in MNs in SBMA.

4.6.4 Protein-Protein Interaction of altenatively spliced genes in SBMA d28T
MNSs.

| then used STRING analysis of the proteins encoded by these alternatively spliced
genes generated a proteiprotein interaction network with the highest confidence

selection (0.9)Kigure32). The KEGG adherens junction was enriched in this analysis,

145



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 mgphogenesis (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)amicrotubules (strength 0.99, FDR 0.01) enrichment in
cellular components (where strength=Logl0(observed/expected). For a full list
please see appendix. Two additional interesting observations from the cellular
component gene ontology is the enrichment thie betacateninTCF7L2 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 mdtighfter 3 and also of
paraspeckles (strength 134FDR 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(Shelkovnikovet al,, 2018)

In this section | have performed alternative splicing analysis using MAJIQ/VOILA
software on the SBMA and control d28T MNSs. | 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 awave of aberrant intron retention is a molecular hallmark of SBMA as has
been demonstrated in AL&. 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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Figure32 STRING protehprotein interaction analysis of genes with alternative splicing
between SBMA and control d28T MNs.

ProteinProtein interaction network was built using the gene list of genes with alternative
splicing betveen SBMA and control d28T MNs from MAJIQ/VOILA (next page). Each node
represents the protein produced by a single proteading gene. Settings: Full network, links
represent interaction evidence, highest confidence required interaction score (0.9),

discanected nodes not included.
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The associations between proteins are represented by different categories of evidence:
turquoise ¢ known interaction, curated database, purple known, experimentally
determined, greerx, predicted, gene neighbourhood, regredicted, gene fusions, blue
predicted, gene caccurrence, yellow text-mining, blackco-expression, lilaa; protein

homology.

4.7 Discussion

In this chapter | have generated a humanised monolayer culture system of SBMA
MNs using a robust, directed differeation strategy. | have used a bioinformatics
pipeline as an unbiased approach to elucidate the transcriptional phenotype of SBMA

which | will follow up in a hypothes@riven manner irChapter 5

Validation of the iPS@derived MN model of SBMA

To use iPSCs to study neurodegeneraiiowitro 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 inhthper demonstrate

that |1 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
deweloped by previous published work in the Patani lab, | have established a new

disease model which was not previously available in the Patani and Greensmith labs.

Transcriptional dysregulation in SBMA

| undertook transcriptional analysis of SBMA MN cubute 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 @anaact

transcription factor and as a transcriptional activator and repreg8amitel et al,
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2013) Analysis of RNB8eq showed 3399 differentially expressed geri&824
increased, 1475 decreasebtetween the SBMA d28T and control MNs providing

further support for transcriptional dysregulation as a result of the polyQ AR mutation.

Analysis oftie 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 andatévation of the cell cycle in SBMA

which I discuss in are detail here.

A potential role for RNA binding proteins in SBMA

In this study, | 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 decreasedx@ression and five of the RBPs also had increased in immature d21
MNs suggesting dysregulation of RBPs commences early in the developing MNSs.
Furthermore, 14 of the genes which were alternatively spliced in SBMA d28T MNs

were RBPs.

SBMA and ALS have diffat 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 (RBRse a family of proteins which carefully control
transcription, processing, localisation, function and decay of ¢Aeyet al., 2020)

In ALS, there is considerable evidence iogting RBP dysfunction in the
pathogenesis of MN loss with RBP leac to cytoplasmic miscalisation and
aggregation seen in cases of sporadic and familial disease and is considered a
hallmark of the diseasdéLuisieret al, 2018; Tyzaclet al, 2019) Additionally,
evidence suggés a potential overlap between RBP dysfunction with oxidative stress
and mitochondrial dysfunction, which are also common features of

neurodegeneratior(Harleyet al.,, 2021)
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The role of RBPs in SBMA is less cleams&ctivatioaresponsive DNAinding
protein 43(TDP43) has been widely implicated in ALS since the discovery 6#3DP
inclusions in cytoplasmic inclusions in diseased b &leumannet al, 2006)
However, no TDR3 inclusions have been identified in the brain or spinal cord of
patients with SBMATanet 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 androgimpendent fashior{Brookeet al., 2011; Haile

et al, 2011) The role oFUS was investigated in the AR100 mouse model using mMRNA
from embryonic primary MN culture anddar captured MNs and there was no
differential expression ifUSevels between AR100 mice and WT littermate controls.
Furthermore, protein levels of FUS from mymptomatic (3m) and symptomatic
(12m) were not significantly different between AR100 micd ¥AT controls and FUS

was localised to the nucleus, suggesting that FUS is not dysregulated by the polyQ AR
in SBMA(Frattaet al,, 2013) However, in the d28T MN&JSs increased nearly two

fold in SBMA MNs compared with controls.

Future work should explore the potentiadle of RBP dysfunction and naisalisation

in SBMA iPSRINs including dissecting any pathways in which dysfunction interacts
with mitochondrial function, oxidative stress as well as axonal trangjidatimann

et al, 2018; Harlegt al., 2021)

Activation of the p53 and DNA damage response pathways

One of my key findings is thaenes are overepresented inthe P53 and DNA
damage response (DDR) pathwagsSBMA 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 eod®gen
sources such as reactive oxygen species from normal mitochondrial respiration
(Massey and Jones, 2018oncurrently, intricate repair meahisms 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

150



signalling, cell cycle arrest, DNA repair and in some dasgsted apoptacsis 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 repeatading to genetic anticipation
(Bettencourt et al, 2016) Proposed mechanisms for this include: increased
sersitivity to exogenous insults; increased damage due to other pathological cellular
functions as a consequence of the polyQ rep@aibisoret al., 1984) the expanded

CAG repeat in posnitotic 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 ae transcriptional targets of the ARMassey and Jones, 2018urther, PolyQ

AR in SBMA has been found to sequester DDR proteins impaired AR112Q cell
model compared with control cells when challenged with ionising radiation(Xito

et al., 2012) | have summarised these proposed mechanisngs in

Figure33.)
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Figure33Proposed pathway of DNA damage leading to motor neurodegeneratioSBMA

There are several proposedrsequences of DNA damage and failure of DNA damage repair
that leads to neurodegeneration SBMA. The polyglutamine repeat expansion in the
androgen receptor gene may lead to transcriptional dysregulation of DNA damage response
(DDR) genes, as well as gegtering DDR proteins in polyQ aggregates and increased DNA
damage from oxidative stress due to mitochondrial impairment. These pathways have been
identified from researcliterature on other polyglutamine diseases as well as SBMA (created

in BioRender.am)

In the RNASeq data | 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(Ohashiet al., 2018; Porterfielcet al., 2020) In cancer, stem cells tolerate

DNA damage and subguently 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 INA damage accumulation leading to neuronal cells

undergoing cellular senescence argkeang prematurely.

Aberrant cell cycle

Using SBMA patierderived MNs | have found transcriptional evidence to suggest
that the polyQ AR MNs aberrantly-emter the cellcycle. Aberrant expression of cell

cycle proteins have been identified in the neurons of brains of patients with

lfT KSAYSNRAE 5AaSlrasSzy tFN)JAyazyQa 5AaalSlas,

and in motor neurons in amyotrophic lateral sclerosigl @pinal muscular atrophy
(Hor et al., 2018; Kim et aR009) Combined with the expression of cell cycle genes
there is evidence for DNA replication activity despite the fact that theseamsunave
been terminally differentiated since neurodevelopment and quiescent for decades
by the time that neurodegeneration develops. This is referred to as cell cyelgmng

although actual division of neurons has not been observed suggesting thaethe
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cycle activity is abortivéAberrant activation and rentry 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. H2is 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 byRBJ) 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 dfosophila Additionally, E2F
homologs also have netanonical factions and directly promote DNA repair by
localising to DNA doublstrand breaks and recruit other factors for homologous
recombination. Neuropathological studies in MNs from patients with sporadic ALS
found hyperphosphorylation of RB protein in MNs comguhawith 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 MNRBlis upregulated 53 fold.
Intriguingly, work in theAR107Q PC12 cellular model of SBMA demonstrated that
mutant AR inhibits APC# ubiquitin ligase complex whidis 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-aetivation as a pathogenic mechanism in SBMA
(Bottet al,, 2016)

A possible mechanism triggering cell cyclengry in SBMA is through DNA damage.
It has previously been reported that DNA damage and a samebus increase in p53
expression can lead postitotic neurons to reenter the cell cycldKrumanet al.,
2004) Alternatively, grhaps there is a role for RBAs. prostate cancer cells,
overexpression of FUS has been shown to regulate the expression -afydell
progression, with decreased levels of cydliand CDK6 inducing cell cycle arrest and

apoptosis(Brookeet al, 2011) In contrast, in the d28T MNs cyclinl and CDK6 are
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increased twefold 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 junctia functionality have been shown to reactivate the cell eyui
quiescent hair stem cell$.aim to investigate this in future work by validating the

RNASeq results with gPCR and confirming protein expression with Western blot.

Alternative splicing

Thedysregulation of RBPs, which are crucial regulators of RNA processing, raised the
possibility that postranscriptional 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 SBNMuet al., 2009) Here, | fond 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 overepresentedin the genes that were alternatively splicedsiag

the possibility of a structural, neurodevelopmental defect in SBMA. Further,
pathways associated with the extracellular matrix were dysregulated in d28T and d21
MNSs. Interestingly, genes associated with extracellular matrix pathways have also
been icentified in the transcriptomewide analysis fromembryonic (E13) AR100
mouse primary MN culturesChapter 3, in microarray studies from posnortem
sporadic ALS patientand extracellular remodelling and cell migration pathwaye
induced iNiPSEB SNA OSR Ay (i SNY SdzNE y @hagrtrlS2018) y 3 wS i

DNA damage has been clearly demonstrated to lead to changdteinative splicing

with alternative splicing events occur preferentially in genes implicated in DNA repair,
cell cycle control and apoptogiShkreta and Chabot, 2013)hilst 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.
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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 cetbgulations offers new opportunities for
understanding disease mechanisms. In this chapter | have generated a new model of
iPS@lerived MNs using SBMA patient lines, | have analysed the transcriptional profile
using RNASeq and found that transcriptional siegulation occurs early in SBMA. |
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.

| identified a potential role for RNA binding proteirfer disrupted DNA damage
response, for aberrant rentry 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 geneet 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 Phenotypicassays inSBMA iPS@erived spinal
MNs

5.1 Introduction

The ARgene is ubiquitously expressed, yet it remains poorly understood why MNs
are one of the cell types which are particularly affecie@BMAHowever, he AR100
mouse model, as well as other animal arellular models of SBMA have provided
considerable insight into the pathogenic mechanisms underlying the diseas@g
established the SBMA model of iP@&LTived spinal MNs | next wanted to investigate
whether this model could capturgome of therelevart molecular and cellular events

which have previously beamplicatedin SBMA(Figure34).
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Figure34 Summary ofproposedpathogenicmechanisms in SBMA

Several mechanisms, both autonomaoarsd noncell autonomous, have been implicated in

motor neuron deathin SBMA. Alterations in androgen receptor structure and function,
impairments in protein handling, axonal transport disruption, mitochondrial dysfunction,
DNA damage response atm@dnscrptional dysregulation are some of the key mechanisms

that have been proposed to play a role in SBMA.
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5.1.1 Modelling SBMA using iPS@erived MNs

Severaprevious studies have utilised MNs differentiated fr&BMApatient-derived

iIPSCs to investigataolecular ad cellular pathology underingneurodegeneration

Table 18). The first reportidentified aggregates of AR in iR&Zived MNs from a
single patient with SBMA usirafilter retardation assay in the presence of Qind
these aggregates were reduced usingAAG, arHSRO0 inhibitor which increases
clearanceof the polyQAR(Niheiet al., 2013) Grunseich et al generated iPSC lines
from six SBMA patients aridund that in two of the lineghose with the longest CAG
repeat length,there was anincrease in acetylated alpkabulin compared with
controlsand in all linesa deficiency of HDAC6 which is involved in protein handling
and microtubulemediated transport of intracellular organelles. éde findings
showed that SBMAPSCderived MNs coul demonstrate an SBMAhenotype
(Grunseichet al,, 2014) Furtherphenayping was performedy Steila et al who
generatedhigher purity MN culture$65-80%)and identified a reduction in neurite
length and morphology compared with control MNs as well as decreased survival i
prolonged culture and aignificantly higher level of caspase 3 in SBMA BiN&11
compared with control MN$§Sheilaet al., 2019) Of note, these experimental reks
were found after treating the cells with 50nM of DHT which is 5 times higher than in

the other iIPS@ANs research and used in the experiments described intapter.

SBMA iPSC MNs halkeen used to explore an impaired autophagy phenotype
confirmand complement results from other model systems of SBMABMA MNs

there was an increase in the mRNA expression of key autophagy genes in response
to DHT includingdSB8 BAGland BAG3however, these experiments were limited

as they were nottompared wih non-SBMA controlgCristofaniet al, 2017) In
addition to identifying key phenotypes, SBMA ilds also haethe potential to be

used for drug discoveryzor example, reatment with trehalose which promotes
autophagy via transcription factor EB (TEEB)luces aggregates of AR in AR46Q
NSC34 cellssavell aghe overall levels of AR SBMA iPStiduced MNs. Identifying

common mechanisms across modelsthis way could provide an opportunity to
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clarify which mechanisms are particularly key in pathology, howekier particular
finding wasnot confirmed compared to controls or in more than oliree so should

be interpreted more cautiously.

Table18 Characteristics of previously reported iPSMNs in SBMA

Reference | %MN Differentiation Aggregates [DHT]
efficiency

Niheiet al., | Unclear No difference betweer Yes 50nM
2013 SBMA and control
Grunseich | 20-30% No differencebetween | No 10nM
et al.,2014 SBMA and control
Cristofaniet | 15-23% No difference betweer] No 10nM
al,2017 SBMA and control
Rusmini et | Unclear Not included No 10nM
al.,2019
Sheilaet al., | 65-80% No difference betweer] No 50nM
2019 SBMA and control
Onodera et | Purifiedby m | . pkLat m No 10nM
al., 2020 cytometry
Pourshafie | Doxycycline | No difference betweer No 10nM
et al.,2020 | induction. SBMA and control

90%

Although there has been considerably less published research using the iPSC MN
model in SBMA than in mgnother neurodegenerative diseases such as ALS,

| dzyiAy3i2yQa 5A4SIasS o]l éitlencesNowstHal p&tiénk Y S N &
IPSC derived MNsan provide a valuable model of SBMA. Howevbese studies

have been limited bythe purity of MNs in culire, by a lack of comparison to
appropriate control MNsor do not truly recapitulate neuronal development and
therefore cannot be used to capture the temporal emergence of a phenotyghis

study, lexplored a range of phenotypes in SBMA iR&@ved MNs using a protocol
which generates approximately 95% motor neuronsand is welcharacterised

both molecularly and functionall§Hallet al,, 2017; Luisieet al., 2018) This model
recapitulates neuronal development allowing preinary 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 RNBeq data from d28T iP$iérived MNs revealed that p53 and

DNA damage response (DDR) pathways were enricheitie SBMA d28T MNs
compared with control MNs. Dysregulation of p53 associated DNA repair was clearly
identified in the AR100 mouse model @hapter 3 Whilst the DDR has been
extensively studied in other neurodegenerative dises 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 Chafiterefore
investigated the role of the DDR in the SBMAGB&ived MNs in more detalil.

5.1.3 CHMP7and autophagy genes

In the AR100 mouse model of SBMXmp7expression was found to be reduced
both in vitro in primary motor neurons, in vivo, in the spioatd of presymptomatic
mice and in lasecaptured MNsas described irChapter 3 The dysregulation of
Chmp7/CHMPWas also found in skeletal muscl@nother primary site of pathology
in SBMA and was not found in astrocytesyosther models of motor neuron disease,

suggesting thaChmp7dysregulations specific to SBMA.

CHMPT7is involved in the endosomlgsosome system by forming multesicular
bodies as part of the ESCGRTcomplex 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 (Corteset al.,, 2014; Cristofanet al., 2017; Rusmiret al., 2013) Transcrigion

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
aggregats in cells with concurrent loss of function of the autophagy pathway,
including interfering with TFEB activifgorteset al, 2014; Rusmiret al,, 2019) |

therefore investigated whetheCHMP7expression was disrupted in iR8&ived

159



SBMA motor neurons and whether there was a corresponding dysregulation of

autophagy genes.

5.1.4 Retrograde aonal transport

Axonal transport is the cellular progesn which proteins and organelles such as
signalling endosomes, lysosomes, mitochondria and RNA granules are moved to and
from the cell body along the axqiMadayet al., 2014) Axonal transport is divided

into two distinct types: fast axonal trapert with a rate of 56400mm/d by which
membranebound cargo, such as endosomes, lysosomes and mitochondria, travel;
and, slow axonal transport, GOmm/day, which involves the movement of
cytoskeletal proteingRoy, 20142016) In this results section | will focus on the

trafficking of membranéound cargo via fast axonal transport.

Transport can occur in an anterograde (towatti® distal axon) or retrograde
6G26FNRa GKS OSftf a2YFr0 RANBOGAZ2Y |f2y3
tubulin heterodimers. Within the axon these have asymmetric morphology which
allows specification of the direction of transport with anterade 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 theell soma.

Kinesin directs mitochondria, vesicles and RNA towards the dista &hilst
dynactin transports signalling endosomes, lysosomes and mitochondria towards the

cell body(Figure35).

Axonal transport dysfunction has been implicated in multiple neurodegenerative and
neurodevelopmendl disorder§Madayet al., 2014) MNs are considered particularly

at risk of defects as they such long axonal project{@rady & Morfini, 2017)in ALS,
deficits in axonal transport are well recognised with ALS causing mutations associated
with transport machinery such aslF5A(kinesin family membeA) (Nicolaset al.,

2018) and postmortem studies have identified accumulation of lysosomes and

mitochondria at the distal end of MNs in partied with AD® 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 psgmptomaticallyin vivoin the scatic
nerve of SOO¥*Atransgenic micéBilslandet al,, 2010; Gibbst al., 2018)as well as

in other models of ALleighet al.,, 2020)

Kinesin
Anterograde

Retrograde

Dynein

Figure35 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 tlaetion of dynein and leads to the movement of

mitochondria, lysosomes, RNA and endosomes towards the cell shma (

S5AANYzLIGA2Y 2F FE2ylFf GNIYyaLR2NL A& Ffaz2 a
disorders, however, in SBMA the role of axonal transpodisease pathology Iess

clear. In extruded squid axoplaspolyQ ARhas been shown to inhibit fastxonal

transport in both directions demonstrating cell autonomous axonal transport deficits,
postulated to be caused by reduction in kinesin moti{Bzebenyet al,, 2003) This

may be through phosphorylation of the kinesinheavy chain with inhibition of

kinesin1 function through JNK (cJuntBrminal kinas¢activity which is increased in

the presence of poly@R(Morfini et al., 2006) Interestingly, in thistudy, the effects
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of the polyQAR on fast axonal transport and JNK agtiigtindependent of hormone

binding.

Whilst these examples suggest a key role for axonal transport in SBMéAdy from

the Greensmith lab found an absence of impaired transjpoithe AR100Q mouse
model (Malik et al,, 2011) In this model, examination of axonal transport proteins
(kinesinl, cytoplasmic dynein and the dyneaissociagd protein p156'ed) found

that there was no difference in expression between AR100Q mice and controls as
well as no difference in the microtubul@nging properties of the motor complexes

or altered transportn vitroor in vivousing live cell imaginigr 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 fpsiological
expression of the AR protein it is unclear whether these mice are truly repiasen

of the full disease. In the AR100 which is not an @sqaression there is no change

in axonal transport. It is therefore important to understand how axonal transport is
affected by SBMA mutations in human MNs. | perfornreditro axonal transport
assessments in iPS@rived MNs to address the importance of axonal transport to
SBMA neuropathology. | first assessed the trafficking of signalling endosomes which

are critical to longrange 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 implicatel to neuronal loss in multiple neurodegenerative disorders.
Mitochondria are highly dynamic organelles and morphology and homeostasis is
tightly controlled by mitochondrial fission and fusion. @hapter 31 found
mitochondrialdysfunction in the AR100 mouse model of SBMA anGhapter 4l

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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therefore investigated whether mitochondrial function was altered in SBMA-iPSC
MNs.

5.1.6 Response to heat shock

In the AR100 mouse modHlspr0 expression is significantly reduced in late stafy

the disease compared with controlsalik et al., 2013)Hs0 is a chaperone that
plays a fundamental cytoprotective role in the heat shock response (HSR). Treatment
with Arimoclomol,a novel cainducer of theHSR led to upregulation éfsprOin the

spinal cord (a 2.3 fold increase) aacheloration of disease progressipeven when
administered after symptom onset. next investigatel whether there is an altered

heat shock response (HSR) in SBMA iPSCs and tiRRles basal conditionasing
Western blot analysis foHsp70

In this Chapter, | examine the role of the DNA damage response (DDR), CHMP?7,
axonal transport, mitochondrial dysfunction and response to cellular stress in the
pathogenesis of SBMA. These specific phenotypes were seleetsed bon the
findings from the AR100 mouse model describedCimapter 3 as well as from
previous published studies from our Iglalik et al., 2011; Malik et al., 28). |
established the iPSC culture and differentiation into MNs, collected samples for gPCR
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
patterningto the ventral neural tubgd14), in early MNs (d21) and in established
MNs (d28). Ligand binding is a key step in SBMA pathogenesis, therefore to
understand the dect of ligand binding in the development of pathology in SBMA
MNs at d22cultures weresplit into two experimental arms: (i) d28T which were
treated with 10nM DHTn neural media from d22 and (ii) d28 which receitkd

same neural media but without addin of DHT.
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Unfortunately, the COVH29 pandemic has significantly impacted the completion of
the experiments described in this Chapter, with initial lab closures, reduced lab
occupancy, in addition toato periods of return to fultime NHS clinical wérfor a

total of five months (3 months (Marebune 2020and 2 months (Januaiylarch
2021)). Nevertheless, the experiments that were completed and analysed are

descibed below.

5.1.7 ChapterAims:

The experiments described in this Chapter were designecdtalish whether
selected phenotype®bservedin the AR100 mouse model of SBMAscribedin
Chapter 3and revealed in theRNASeq analysipresented inChapter 4are also
present in theSBMAPS@&lerivedMN model, in this Chapter | examined the following

questions:

1. Isthere evidence of an impaired DNA Damage Response in iBBikferived
MNs?

IsCHMP ®lysregulated in th&BMAPS@erived MNs?

Are axonal transport deficits present in the SBMA model?

Is mtochondrialfunctiondisrupted in SBMA?

o & 0D

Is the response taellular stress altered ISBMA MNs
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5.2 Results

5.2.1 RNASeq revealed differential expression of DNA damage response genes

during motor neurogenesis in control MNs.

Frstly, | examined the DNA damageoeer pathways in basal conditions during motor
neurogenesis. | used RMge( to elucidate the baseline transcriptional profile of DDR
genes during MN development in the control MNs (n=4) using DDR ¢®hesada

et al, 2019)involved in DNA repaiNBN, MRE11A, BRCA1, BROAR+homologous

end joining (double strand breakBlHEJ1, XRCC4, PKNP, XRTES3and target
genes TP53, GADD145A, SESN1, IGFB&Rcycle check&TM, ATR, CHEK1, CHEK2
and apoptosis FARP1, CASP3, BID, CDKKRigure 36). Normalised read counts
were generated using Deseg2 to allow comparison of gene expression between

samples by takinmto account sequencing depth, gene length and RNA composition.

| 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 estdished MNs. InterestinglGADD45ASESNAnd CDNK1Aare all
TP53arget genes and all have low expression at the iPSC stage, perhaps inhibited by
the high level offTP53 These genes all demonstrate much higher level at d7 and d14
when TP53expression hasalflen. InterestinglyCASP3which 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 4l 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, | further analysed the
RNASeq results anddentified that expression was dysregulated in multiple DDR
genes in SBMA compared with control d28TMNgure 37). Interestingly, whilst
genes involved in DNA repair and in the p53 pathway were differentiallyatsgl in
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SBMA iPSC MNs, there was no differential regulation within apoptotic genes, with the
exception of PARR. PARHR is a DNA damage sensor and serves as a survival factor
which only leads the cell to apoptosis with caspase activation if the darmageere
enough(Diamantomuloset 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 losSreatment with DHT did not significantly alter the
expression of any of thgeneswvhere there was a significant difference in expression
between SBMA d28T MNs and control d28T MiguUre38). This suggests either that

the effects of expression of the DDR genes is either not affectedebdygdind binding

to the AR, or potentially that there is a component of the cell media that contributes

hormonal support to the cells.

| used gPCR to compare mRNA expressidiréfand the DDR genes which had been
explored in the AR100 mice between SBNEST MNs and healthy contro{Bigure

39). | found GADD45nRNA 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. Ind21 and d28T MN3P53is 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, | compared thedsffitially regulated genes in d21 MNs
using the RNA&eq data. Only IGFBP3 (n=4, FC=8.35) was differentially regulated at
d21, suggesting that this is an emerg phenotype in the d28T MN&performed
gPCR to determine the expressionT®53 and its relatel genes in iPSC and in d14
neural precursor cells (NP@®igure40). At this stage in development | found no
difference in the expression @P53and theTP53target genes with the exception of
upregulation ofTSC2n SBMA iPSC compared with control iPSC. This was not found
at the NPC stage.

166



NBN MRE11 BRCA1 BRCA2
3000+ N 4000 N 4000 2500
= - PsC = - iPSC = - iPsC = - iPSC
s 5 s P s
3 - a7 3 2000 -7 3 2000 - a7 g 2000 - J7
T 2000 - d14 B - d14 B - d14 B - d14
8 g g § 1500
= - 21 Z 2000 - 2 = 2000 - 1 £ - 2
s 1000 - d28 ¢ - d2g b " d28 & 1000 - d28
g d28T £ 1000 d28T £ 1000 d28T g w0 d28T
s S S S
z z 3 . z
0 0 0 o
O Q> D& QA Ay D & Q> D & o > &
&I & ST & TS \90 SPPs
NHEJ1 XRCC4 PNKP XRCC5
20; 600 2000 . 40000 .
= = iPsC = == ipsc = - iPSC = iPSC
S S S
3 15 -7 H -—dr 8 1500 a7 30000 a7
K - di4 g 400 - di4 B - d14 - d14
g g 8
S - 21 = - 21 < 1000 - 1 20000 - d21
3 = 28 2 200 = A28 K] = d28 = d28
g s d28T g d28T 2 s00 d28T 10000 d28T
2 2 2
0 0 o o
O QXA & O QA D>adad & O Q> & O QA B>y L
& ébwgbgvg;b & b&\,@&o@ & 60&&;@ & b&gg@b
TP53 GADDA45A SESN1 IGFBP3
6000 2000 ) 4000 800 )
= = iPSC = iPSC = == iPsC - iPSC
S =
8 1 -7 1500 - a7 3 30004 1 - 7 600 -7
= 4000 - 4 - a4 3 - - d
g g
3 - 2 1000 - a2 = 2000 - a2 400 - 2l
£ 2000 = dz8 = d28 9 = 28 - 28
g d28T 500 d28T £ 1000 = d28T 200 d28T
S S
z 2 -
0 0 0 0
O Q> A O QXY & O QA >y & O Q> Ay DS
& OIS &I R A &I
ATM ATR CHEK1 CHEK2
8000 3000 5000 2500 N
= - iPSC = = ipsC = = iPSC = = ipsC
s s S 5
3 co0od - -7 g - a7 3 4000 - 7 3 2000 - q7
F] - 4 T 2000 - s El - E] -
8 8 § 3000 § 1500
£ s000 - 2 = - 21 = - 21 = - 21
] R = d28 % 1000 - 28 3 2000 - d28 $ 1000 - d28
] K] 3 ]
£ 2000 d2sT £ d28T £ 1000 d28T E 500 d28T
=] =] =} =]
z z z z
0 0; 0 0;
O Q>R & QA (D & (L AD R & O QxR &
&SRS & ST ‘\ec’bé\ysbsfb & O
CASP3 BID CDKN1A PARP1
5000 N 1000 4000 30000 N
= - PsC = = iPSC = = iPSC = = iPSC
S s 5 5
g 4000 - a7 3 800 -7 2 3000 - q7 3 - q7
E] - d 3 - F] - 9 20000 - di4
3 3000 g 600 dia g a4 ]
= - 1 = - a2 = 2000 . - 2 3 - a2
& 2000 - 28 & 400 = 428 & = 28 2 10000 = 28
K 3 3 3
£ 000 d28T g 0 28T £ 1000 d28T £ B 28T
=] =] S o
z z z z
0 0; [ 0;
O Q> S O QR L Q> D & O QA R &
&SP & ST & TS A G )

Figure36 RNASeq amlysis revealed the transcriptional expressiaf DDR genes
throughout motor neurogenesis in control mair neurons.

Differential expression patterns of each gene were represented by DESeq2 normalised read
count. Expression patterns were classifiedapDNA repaifB) Non-homologous end joining
repair (C)p53 target genegD) cell cycle checkpoints ar{@)apoptosis.Data presented as

meanz SEM. i{=4 control lines,1 induction
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Figure37 RNASeq 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 classifieApDNA repair(B)Non-homologous end joining
repair, (C)p53 target genes, an(D)cell cycle checkpoints arfit)apoptosis. Dat@resented

as meart SEM. (n=4 SBMA, n=4 control lines from 1 experimental block, *p<0.05, **p<0.01)
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Figure38 RNASeq analysis to show that treatment with DHT did not significantly affect

expression oDDR 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 wepgesented by DESeq2

normalised read count. Data is displayed as meaSEM (n=41 experimental block

*p<0.05). Significance was determined by a fold change >1.5, FDR <0.05.
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Figure39 Dysregulation oDNA damage response genes TP53 and GADDA45.

MRNA expression dP53and growth arrest and DNA damagelucible 45 GADD4bwas
examined in d21 and d28T MN cultures using gA®R3was increased anGADD45vas
decreased in SBMA d28T Migsative tocontrol d28T MNsand TP53this was also increased
at d21.gPCR data are displayed as me=BEM. Statistical analysis was performed using an

unpaired ttest (n=3control and SBMA lines, n=3 technical replicate, one inductp+().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 compl&&Z¥was upregulated in SBMA
iPSCs comparedith 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.
gPCRdata 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 naevidenceof DNA damage and apoptosis BBMAd28T MNs

In the symptomatic AR100 mice,| H,whichis an etablished marker for double
strand DNA breaks, was found in the nuclei of MNs, suggesting that accumulation of
DNA damage does occur in SBMA. | compared the protein leveld af in d28T

MNs anddid not identify a band in SBMA or control MNs. However, further work
should include immunocytochemistry of fixed cells utilising antibodies with specific
binding to* | H to-examine whether there is evidence o6fl H in-the nuclei
demonstrating DNA damage in the lselat 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 apoposis 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 propidiurodide, reduced survival in the VCP MNs using
longitudinal imaging and increased cleaved caspase 3 and nuclear pyknosis using
confocal microscopyHall et al., 2017) Based on the RN8eq findings recorded
above it seemed likely that active apoptosis was not occurring &tinlSBMA MNSs.
However, to investigate this | used the cellular marker caspase 3 to quantify cellular
apoptosis in d28T MNs. | performed Western blot and found there was no significant
difference in caspase 3 levels between SBMA and control d28T(iSsp=0.56)
(Figure4l).

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 theells 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 dewgl a cell death phenotype at a later time point. For

future work, | aim to explore this further, initially by performing longitudinal imaging
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based survival analysis as well as propidium iodide, cleaved caspase3 and nuclear
pyknosis imaging analysis andethfurther to try and optimise plating conditions

further to extend the length of culture to a later time point.
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Figure41Protein 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. AUaarhimnits.

Statistical analysis was performed using an unpaivest (n=3, *p<0.05).
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5.2.5 Transcriptionlevelsof CHMP7are not altered during motor neurogenesis

in control or SBMA MNSs

I looked at the transcription levels @HMPZhroughmotor neurogenesisising RNA
Seq data There was no difference @HMP 7expressiorthroughout motor neuron

developmentin control or SBMA culturegFigure4?).
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Figure42 CHMP7expression does not change throughout motor neurogenesis in control
MNs or in SBMA MNS.

The expression level @ HMPtranscripts was compared across motor neurogenesis in both
control and SBMA cellBifferential expression patterns of each gene were repreed by
DESeg2 normalised read coufthere was no significant change in expression levels of
CHMPn control or SBMA MN developmeiata is displayed as mearSEM (n=4ontrol,

n=4 SBMA, 1 experimental bloc&ynificance was determined by a fold clgan>15, FDR
<0.05.
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5.2.6 Comparing CHMP7 between SBMA and control d28T MNs

| next compared expression between SBMA and control d28T MNSs. In the AR100
mice, there was a significant 2.74 fold reduction in expressid@hofip7in the spinal

cords of presymptomatc (3 month) mice (on qPCR), however in the d28T MNs,
CHMP#vas not differentially regulated in SBMA compared with confifadure43).

To validate these findings | used gPCR to an&ly#dPMRNA expression and daga
found that there was no significant difference@HMP7mMRNA expression between
SBMA and control d28VINs. There was also no difference in expressiorfCefMP7

transcripts in response to DHT, in either SBMA or in Control MNs.

| next examined protein l&ls of CHMP7 using Western blot and found that levels
were significantly decreased in SBMA d28Ys compared with contrdlFigure44).

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 d28VINs (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 unalle to mount an increase in CHMP7 levels in MNs and therefore this

potentially affects the cells autophagic ability.
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SBMA v control CHMP7 in d28T MNs MRNA CHMP7
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Figure43 Expression oCHMP7n iPS&erived MNs.

(A)In the RNASeq results was no significant difference in the expressi@HMP between
SBMA and control d28T MNs. Data presented as DESeq2 normalised reacheantitSEM
(Significance with FDR<0.05, FG>t=4SBMA, n=£ontrol, 1 induction)(B)gPCR mRNA
expression confirmed the finding in the RISAq that there was no significant difference
between SBMA and contral28T MNs. (n=3 control, n=3 SBMA, technical repeat=2, 1
experimental block). There was no significantad#nce inCHMP &xpression in SBM{E)or

in control (D) with treatment with DHT Data presented as DESeq2 normalised read count

meanx SEM(Significance with FDR<0.05, FG>1=4SBMA, n=4 control, 1 inductian)
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Figure44 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 SBMABJDisnsiometry analysis

of bands was performed using values normalised to aGomparison of levels of CHMP7 in
iPSC and MN i¢C)control cultures andD) SBMA culturesData are displayed as mean

SEM statistical analysis was performed using an unpairtgbt. (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 autophagyAutophagy is the mechanism by which the cell degrades and
recyclescellular components. Together with the ubiquitin proteasome system (UPS)
autophagyis closely regulated and maintains cellular homeostasis by preventing the
aggregation of misfolded proteins which could otherwise lead to cellular toxicity.
Overwhelming he 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 beerestribed in SBMANormal AR receptor function is
involved in the transcription of the key autophagy geRd$G4BATG4DULK1UKL2
and TFEBwhich is a master regulator of autophagosoigeosomal biogenesis and
function. Using the RN&eq data, | first load first at the autophagy genes
controlled by the AR | found th&TG4R1.4 fold decrease, n>BDR0.05) andJLK1
(1.26 fold decrease, n=4, padj<0.05) were downregulated in the SEMAVINS
compared with controlgFigure45). TFEB expression was not significantly different
between SBMA and control MNdn SBMA myoblastspolyQ AR has been
demonstratedio causereduced expression of BAG3 and VCP proteins which are pro
autophagic and this led to decreased autophagisponse(Cicardiet al., 2019) In
d28T MNs | found no differencetime expression o-BAG3or VCRranscripts in SBMA

compared with controls.
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Figure45 Autophagy genes regulated by the AR and affected by poyR)

(A) ATG4BATG4DULK1ULK2 andTFEBave all been shown to be regulated by the AR. In
d28T MNS xpression levels oATG4Band ULK1were lower in SBMA than in contrdB)
Expression o¥/ CPand (C)BAG3were not significantly different between SBMA and control
d28T MNs. Datarpsented as DESEQ2 normalised read count (n=4 control, n=4 SBMA, 1
experimental block, significance with FC>p&j<0.05).
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| looked atadditionalautophagyassociated genes and found tHaAMP lexpression
wasupregulated(1.66 fold increase, N+f4adj<005)in SBMA d28T MNs, whilst there
was no significant difference in expressiorotifer autophagy associated gen€x6@,

LC3BLAMP2ATG5ATG7ATG12BAG1, BECN1 aR&mBY) (Figure46).
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Figure46 Autophagy genes are largely unaltered in SBMA

Expression of AMP1was significantly increased in SBMA d28T MNs compared with control,
however other autophagy genes tested in models of SBMA are not altered in thissBatd
presented as DESEQ2 normalised read count (n=4 control, n=4 SBMA, 1 experimental block,

significance with FC>1gadj<0.05).

In the AR100 mice CHMP7 protein was decreased in the spinal cord of pre
symptomatic mice compared with control mice, Ngh 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 differem¢he 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 conti@ligure47). LAMP2 levels
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were significantly increaskin SBMA iPSCs but there was no significant difference at

MN level. These experiments were performed prior to the RS8Sé&q data being

available.
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Figure47 Expression of P62 and LAMP2 in iP&G @28T MNs

Protein levels of P62 and LAMP2 were analysed by Western bla&) iRSCsnd (B) d28T
MNsfrom SBMAand control cellsThere was no significant difference in P62 levels between
SBMA and control iPS@S) but LAMP2 was greased in SBMA iPS@¥). There was no
significant difference in levels of P@)or LAMPZF)in d28T MNsDenstometric analysis

of bands was performed using values normalised to GAPDH (LAMP2) and actin (P62). Data
are displayed as meah SEM statistical analysis was perfmed using an unpairedtest.

(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 welgect to thermal stress of

42°C for 2 hours in ancubator. 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 resgohsattshock (
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Figure48 Trial of time points to collect samples for heat shock experiments

Cells were subject to a two hour thermal stress dtidzn incubator. Samplesare collected

in RIPA at the time points highlighted. Expression levetsS#70 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@ir8 hnd 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 meanSEM(n=3 contol lines).

5.2.9 Response to cellular stress is reduced in SBMA iPSC and NPC

| 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 baal 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) Figure49). In d14 neural precursor cells (NPCs) there masignificant
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 thisvas not significant (p=0.13Qf note, the fold changes
considerably higher in these experiments than in the time trial expression although
the relative proportion response between iPSC and NPC is consistent. | plan to repeat
these experiments in another induction to clanf#ich is truly representativd.was
unable to perform WB on the d28T samples due to lab access restrictions. | will

complete these experiments as part of my future work.
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Figure49Hspr0 levels in response to heat shock.

Immunoblotting(A) and quantifcation (C)of HSFO expression levels in SBMA and control
iPSC cultures which had either undergone thermal stress for 2 hours’@t(#5) or were
untreated demonstrates an upregulation BISFO in response to thermal stress in control
and SBMA lines. Thiesponse is significantly greater in control lines. ImmunoblottBjgnd
quantification (D) of HSFO levels in SBMA and control NPC cultures which had either
undergone thermal stress for 2 hours at’@(HS) or were untreated. There was a significant
increase in expression &1SKFO 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 collectedhadiey i
RIPA buffer and were then separated by $I2&E and immmoblotted with HSFO. Values
were normalised to GAPDH levels. Data presented as mé&iMStatistical analysis done

using ANOVA testing with multiple comparisons (n=3, *P<0.05, **P<0.01)
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5.2.10 Prdiminary studiesof retrograde axonal transport

Having learnt the protocol for testing axonal transport | first examined controliPSC
derived MNs produced in the Patani Lab to ensure that it was possible to visualise
retrograde transport in these iPSferived MNs The MNs were differentiatedn
MatTek dishes for imagin§Ve were able to demonstrate AT in the iP@&€Zived MNs

with average speeds of ~2um/s and maximal speeds of ~5um/s with no alteration

between d21 and d35 cultures.

In the preliminary expements, the MNs were imaged on Mgk dishes and tended

to form clumps of cells with axons radiating out as seerfFigure 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. | therefore decided to use a microfluidic platform which
had been successfully used in primary MN cukumnethe lab of our collaborator ff

GiampietroSchiavo

Figure50 Qumping of MNs on Matek dishes

Brightfield image demonstrating the MN cell bodies clumping together when plated on
MaTTek dishes with axons extending. Whilst the direction of retrograde kignal
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 IPS&erived MNs can differentiate and survive microfluidic chambers

Microfluidic devices allovin vtro separation of axons and dendrites, anterograde
and retrograde trafficking of organelles and assessment of distal and proximal
compartments(Palet al, 2018) This is the first time that iPSferived MNs have

been grown on microfluidics in my IgBigure51).

To model axonal transport in SBMA microfluidics | platedl&@,000 cells in 30 of
mediain a dropwise mannento the somatic compartment of a microfluidic chamber
(the method for making the microfluidic plates is in theaterial and methods
section) at day 18 of culture (after expansion of neural precursdpsior to plating
the cells | washed off thlatrigelwith media to ensure that thenicrofluidicchannels
between somatic and axonal compartmemtgre patent. 2QL of media was added
to the axonal compartment and the plates were laid flat for an hour maathe cells
to attach. At this point, further media was added dropwise to a total of i5n the

somatic compartment and 1QQ in the axonal compartment.

The following dayd19)the media was changed in both compartments to N2B27
media with compound Bupplementation for terminal differentiation. At day 22 the
media was changed to N2B27 with either (i) compound E supplementation or (i)
compound E plus DHT supplementation for each control and diseaseAlxoa.
outreach to the axonal compartment was @bvged in all cell lines and treatment
groups.| 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 therefoadigns with the RN/&eq data.
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Figure51 SBMA iPS@erived MNs survive in microfluidic chambers

(A) Bright field image of iPSderived 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 gramves
the axonal compartment due to a gradient in media volume. Image taken on d22. 10nM DHT
was added to the N2B27 medi@C) D28T control MNs an(D) D28T SBMA MNs prior to

imaging.

5.2.12 Retrograde axonal transport of signalling endosomes is not disrupted in
SBVIA iPS@&erived MN

Firstly, | looked at retrograde axonal transport of signalling endosomes as reduced
retrograde transport was the earliest finding reported in a previous s{dtsuno

et al, 2006) | used an assay established in Professor Giamet { OKA | @2 Qa
(Institute of Neurology, UCL) in which a Aoxic binding fragment of tetanus toxin
(HcT 441, resices 8751315) with a fluorescent probe is added to the cells and which
on contact with the MN undergoes clathrmediated endocytosi and subsequently
retrograde axonal transportMNs were treated with Heb55 for 30 minutes

followed by a wash with fresh media and incubation for a furtheniibutes Data
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on the transport of Hc'positive organelles was then collected as time serideos

using confocal imaging.

| used live trackers of signalling endosonfes(escentlylabelled atoxic fragment of
tetanus toxin HcT))to acquire movies of live imaging to document transport at the
distal end of the axonOver 24 minutes, two images we captured every second
using an inverted Zeiss LSM 780 microscope with a Zeiss 40X. 1.3 NA Plan
Aprochomat odimmersion objective at 3. | analysed the movies using FIJI Track
Mate plug in for dynamic organelle tracking with individual tracking ofi@&ualised
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 susesathe
movement for the entire track whilst link data defines the individual movement a
single cargo makes. Pauses were defined as moving slower tham/8.1GraphPad

Prism was used for the graphical representation of the data.
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Retrograde travel

Figure52 Retrograde travel of signalling endosomes

Individual signalling endosomes were loaded with fluorescently labelled atoxic tetanus toxin
fragment and were tracked and analysed from ifl8fived motor neurons. Image series
depicts retrograde (ght 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 taffeurotrophins which are
required for neuronal survival and maintenance through synaptic plasticity and nerve
repair. Endosomes travel in a retrograde manner from theapse back to the cell
body. | investigated the retrograde axonal transport of signallendosomes using
time-lapse confocal imaging of live iR&2ived MNs using a fluorescerdbelled
atoxic fragment of tetanus toxirHCT) (Figure52) (Lalli and Schiavo, 2002)analysed

the speed of transport and | found that there was no significant difference in the
mean speeds of carriers between SBMA and control MNs, or in the max speeds

carriers(Figure53). 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. | analgisthe 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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Figure53 Retrograde axonal transport adignalling endosomes is not altered in SBM?SCE
derived MNs

TeNT kwas taken up by signalling endosomes in the axons of SBMA and ContrdéiR@ea

d28T MNS and transported to the cell body in a retrograde directith) The speed
distribution curvesof signalling endosome frare-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 infend/2 bins and the
relative freqency for each bin plottedB) 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 endosomegDjthe maximum endosome transport speed.
(E)If an endosome displacement was betweei®.Q um 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, unpaitedtt N=3. Axons from-8
microfluidic channels were imaged for each line. Data is presented as m&8a&Mfor all

graphs.

5.2.13 Expressiorof axonal transport genes in SBMA

Whilst transport pathways were not significantly overexpressed in the-Bégpdata,

the STRING proteiprotein interacton 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.82, FDR 0.0362) in the GO molecular function
analysis. These findings are consistent with a previous study which found that binding
of kinesinl to microtubules was significantly reducedpalyQ ARexpressing cells
compared to WIAR expressing SEIY5Y hman neuroblastoma cell@orfini et al,

2006)

5.2.14 Mitochondrial membrane potential is reduced in SBMA MNs

| used live cell imaging tanalyse mitochodrial function in iPSC derived neurons
from patients with SBMALive cell imaging alloweapture dynamic functions of the

cell, for example in this case, mitochondrial membrane potential which would not be
possible with immunocytochemistry. Further, thexee noartefactsinduced 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 leasiéd views performed for each line for

each experiment.

| used TMRM, a fluorescent cationic dye to study mitochondrial membrane potential.
TMRM is taken up by thenitochondria and is an indicator of the flow of hydrogen
ions across the mitochondrial mendre. | found a reduction in basal mitochondrial

membrane potential irnthe cell bodies oSBMA d28T MNs compared with control
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(78.8t1.4% SBMA compared to 100% control, n=3 control, n=3 SB&0A05 Mann
Whitney test)(Figure54).
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Figure54 Mitochondrial membrane potential is reduced in SBMA d28T MNs.

TMRM intensity was used as a measure of mitoch@mhdnembrane potentiafrom the
maximum projection of theell bodies of MNs using ImageREpresentative imageof (A)
control and (B) SBMA motorneurons loaded with TMRM. Scale ba@ign. (Q TMRM
intensity measurements from neuronal cell bodies of control or SBMA MNs. n=3, 591
neurons analysed for control, 6¥urons 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 M&whitney test. ****p<0.0001.
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