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Abstract

't T KSAYSNRA& RA &S méuddegehesative distase, gtite ingsOodzhiion dasd of
dementia. Most cases asporadic (SAD), with a complex aetiology amahy interacting pathogenic
mechanismsMitochondrial dysfunction is commonly seen, angyous work in the lab identified
severd deficits in sADibroblasts including reduced mitochondrial membrane potenfidMP), a
more fused mitochondriahetwork, and reductions itotal and mitochondria localised Drpl, a key
mitochondrial fission protein. This projeltiilt on these findings, hypothesising that the
mitochondrial phenotype seen in sAtzlls is driven by alammalities in fission and fusion processes,
andthat small molecules can be found which beneficially modulate the mitodhal phenotype in
AD. Mtochondrial quality control was investigated in sAD fibroblasts, including proteiressipn
and localisatia of Drpland itsreceptors, andnteractions of Drpl with its receptorsAD fibroblasts
showed reducedrpl, Fisl, Mff, and MiD4&pweverno significant difference are seen in the
localisation and interactions of these proteins compared to contiide.mitochondrialphenotype
was investigated ipatient derivediNeurons and adecrease ilMMP was seenywhereas
morphology phenotypes were variabldterationsin the fission processere seen in all lines, but
there was no consistent pattern in the ditemn or severity Alibrary of 21,000 compounds was
screened in sAD fibroblasts to identify compoundsalthiave a beneficial effect anitochondrial
function and morphologySomecompoundsescuedsome of the deficits seen including increasing
MMP, andpositively altering mitochondrial morphology. However, this rescue effest not
consistent across dihes tested Alterations in mitochondrial fission were common but variable in
sAD fibroblasts and iNeuronBhis variability is an important consideiat, particularly in the search
for new treatments for sAD, and highlights the benefits of better patient stratification, and a
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ChapterOne Introduction
1ALY GNP RdzOGA2Yy (G2 ' 1 KSAYSNDR&a RAaSHkas

111 ' T KSAYSNRa RA&aSKHasS

lfT KSAYSNDa RA&aSEHaS o0!50 Aa | ySdNRPRS3ISYySNI GADS
is the most common cause of dementia, a syndrome affecting memory and behaviour, which has a
significant impact on patients, families, and caregiversyEgrhptoms include changes in mood

such as heightened anxiety or apathy, disruptions to sleep, and forgetfulness, before progressing to

more advanced symptoms including major changes in behaviour, severe cognitive decline,

disorientation, and confusiofAtri, 2019)

The most recent estimates suggest that there are almost 885,000 people living with dementia in the
UK alone, and it is expected that this number will rise to approximately 1.6 million by 2040
(Wittenberg, Hu, an@arrazaAraiza, 2019)This is primarily driven by the ageing populatidme T
biggest risk factor for demeia is age; as life expectancy increases, so too does the prevalence of
dementia.With prevalence increasing, it is more important than ever to research the pathological

mechanisms and potential therapeutics for AD.

Most cases of AD occur sporadically@3fut a small number are caused by genetic mutations
(familial ADfAD),in the amyloid precursor protein (APP), presenilin 1 (PSEN1) or presenilin 2
(PSEN2) gengwith PSEN1 mutations being the most commbimough they share many clinical

symptoms, fAusually has an earlier age of onset and more aggressive progression th&losAD

et al, 2012)

sAD is a complex and multifactorial disease, with many associatddetseks. As well as increasing
age, there are genetic risk factors, with possession of the apolipoprotein E epsilon 4 (ApoE4) allele
conferring the greatest risk. Genome wide association studies (GWAS) have identified many other
genes associated with sAD¢luding triggering receptor expressed on myeloid cells 2 (TREM2),
clusterin (CLU), bridging integrator 1 (BIN1), and complement receptor 1 (@R, Chakrabarti

and Gambhir, 2018A recent large GWAS identified 75 risk loci, with pathway enrichment analysis
confirming the involvement of amyloid and tau pathways, and highlighting the involvemémiate
immunity, inflammation, and microgli@ellenguezt al., 2022) Other risk factas forsAD include
co-morbidities such as diabetes, vascular disease, hearing impairment, and traumatic brain injury,
and environmental factors such as diet and air pollufjbivingstoret al., 2020) This complex

aetiology has impacted understanding and treatment of sporadic disease.
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AD was first reported by German psychiatrist Alois Alzheimer (1907), where he described the
behavioural changes and memory impairment of a patient over the last five years of her life, and his
post mortem findings of atrophy and unusuddrfis (Alzheimer, 1907; Stelzmann, Schnitzlein, &
Murtagh, 1995) These days, AD pathology is definedhaspresence oéxtracellularamyloid beta

(i 0 LI I ijtde®lilariay/cBntaining neurofibrillary tangles (NFTs), and brain atrophy,
particularly in the cortexBalin and Hudson, 2014)

Many therapeutic approaches, amguch research has focussed on the amyloid cascade hypothesis.
Proposed byardy and Higgins (19%2) 6 KA a4 Keé LR iKSaAra aidldisSa aGkKIFaG Ad
plagueswhich directly leads to other pathology, such as NFTs, brain atrophy and cognitive decline.
Evidence for the central role ob4n AD comes from the role of fAD associated genes in amyloid

processing. APP is the precursor protein from whible#n be derived. In the neamyloidogenic

LI Kol &3 1ttt A& Of SHOSR 08 2T7a80NBzFE BlemtaNB 3 dz8 i 4 ¥
2017) In the amyloidogenic pathway, APP is instead cleavddsiegretase, resulting in the release

2T az2fdof SPKAOKI O6 ! ©tS FdzNII KSNJ LINE O &hedieSaR 068 + & ¢
2017) While the precise role offAin a healthy system is not precisely understoofl pdonomers

have been proposed to be neuroprotective and neurotrophic, suggesting they play a key role
(Chasseigneaux and Allinquant, 2018) monomers can go on to aggregate into various forms

including large, insoluble fibrils,hich can then go onto form plaques, and smaller, soluble
oligomers(Cheretal,2017%p t { 9bm YR t{9bu IINBE (S& O2YLRyYySyia
in these genes can lead to the abnormal processing of APP, including an increase in the production

of Ab42 (Jankowsket al., 2004) the main component of amyloid plaquéSu and Guo, 2013)

However, the amyloid cascade hypesis has proved to be controversial. Amyloid plaque burden
post mortem does not correlate well with disease progresgavveet al., 2009) As such, the
hypothesis has been questioned and revised, and recently tr@igomer hypothesis has become
more widely accepted.his hypothesis implicates oligomers as the more toxic formbafCAineet

al., 2018)

Research has also turned to tau, the main component of neurofibrillary tangles. Tau is involved in
many neurodegenerative diseases, called tauopathies, with many caused lspaaibdominant
mutations in the gene encoding for taMAPT including frontotemporal dementia with
parkinsonism(Hutton et al,, 1998) Whilst tau has been implicated in microtubule assembly

(Weingartenret al, 1975) a neuron spefic function has yet to be identifie@Naseriet al., 2019)
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Post translational modification of tau has been shown to be important in AD pathology, in particular
phosphorylation. Hyperphosphorylation of tau has been found to induce assembly into tangles

(Alonsocet al,, 2001) and indeed hyperphosphorylated tau is enriched in NNa&seriet al,, 2019)

PYEALS ' LXFljdzSazs Gldz KFa 0SSy aKz2 gAvfiagadzet O2 NNBf |
al., 1992; Biereet al, 1995; Giannakopoula al,, 2003; SairAubertet al,, 2016; Bucklegt al,,
2017 G K2dAK a ¢6AGK i3 Al NBYFAya dzyOf SI NI 6KS{K.

or the soluble oligomers. Nevertheless, tau accumulation as measured by positron emission

tomography (PET) imaging is emerging as a biomarker fogNageriet al., 2019)

1.13Currefi ¢ NBIF GYSyida yR ¢KSNILISdziaAO {GNY 1S3ASa

Current treatments for AD are limited, only providing temporary symptomatic relief for some
patients.Three of the licensed drugs for AD, donepezil, galantamine and rivastigmine, are targeted
at the inhibition of acetylcblinesterase, an enzyme whichdatkks down the neurotransmitter
acetylcholine. A metanalysis found that on average, acetylcholinesterase inhibitors only delay
cognitive decline by approximately 3 monttknight et al., 2018 Anotherlicensed drug for AD is
memantine, which blocks NMDA receptors in the glutamatergic system, and has a small effect on

cognitive decline in patients with moddgato severe AVan Marum, 2009)

'daty

alye OGKSNILISdziaAO aidNIGS3IASa KI@BS F20dzaaSR 2y (K
unsuccessful iglinical trialgyDoodyet al., 2013, 2014)despite promising preclinical results.

However, aducanumab, a monoclonal antibody targeted at clearing I Y R LINR RdzOSR 06 @&
recently approved for use in the treatment of AD by the US Food and Drug Administration. However,

this approval was not without controversy, with other regulatory bodies including the European

Medicines Agency refusing apmal due to a lack of evidence of both safety and effi¢agihgoe,

Jeneiand Prasad, 2022) 2 KA f &G NBa S| NOK klgatagce if dagoNg, kBckar G NBS

that other therapeutic targets must also bstudied.

These alternative therapeutic targets are varied; there are many underlying mechanisms implicated
in AD pathology, some @fhich are outlined in figure.1t is unlikely that any of these individual
mechanisms act in isolation, instead interacting with each other, and this complexity is a significant

factor in the difficulty in finding an effective, disease modifying treatment for AD.
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Figurel: Some of the key mechanisms implicated in Allany cellular processes have been proposed to

contribute to AD pathology, alongside protein aggregations. Genetic factors such as carrying the ApoE4 allele
confer increased risk of deloping AD, as well as environmental factors such ag@iaintet al., 2002) AD

has been linked to insulin resistance and has comorbidity with type 2 diabetes, leading to AD being described as
Wi e LIS o (Skainlaetéli ®ERey cellular processes such as autophagy, an essential degradation
pathway which removes abnormal aggregations and damaged components from the cell, have been seen to be
dysfunctional(Uddinet al, 2018) Iron homeostasis has also been proposed to contribute; increased iron
depositionhas been seen in AD patient brains whichomalises which amyloid plaquésu et al., 2018)

Oxidative stress has also been implicated; neurons are more vuladoateactive oxygen species (ROS) due to
their high oxygen consumption and a lack of antioxidant enzy{®learma et al., 2018¥lial cell dysfunction

has also been proposed to contribute to neuronal loss; astrocytes have been seen to become reactive,
undeagoing molecular and morphological changes, which may affect their ability to support the r@asse

et al.,2018) Microglia, which mediate the immune response in the brain, have been seen to induce an

abnormal neuroinflammatory response which has also beepgsed to contribute to AD pathology

(Marttinen et al., 2018)There is also evidencewlfite matter alterations and demyelination, implicating
oligodendrocytegNasrabady et al., 2018)

1.2 Introduction to Mitochondria
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1.2.1 Mitochondrial Structure and Functions

Mitochondria are essential organelles, thought to have evolved from @ytabiotic bacteridYang

et al, 1985; Roger, Mufieddmez and Kamikawa, 201RK)itochondria are double membrane

bound, consisting of both an inner and an outer membrane. These membranes form several
compartments within a mitochondrion; the mitochondrial matrix, the innermost compartment
surrounded by tk inner mitochondria membrane, the intermembrane space, between the two
membranes, and the cristae, formed by the folding of the inner mitochondrial membrane
(Kdhlbrandt, 2015)Mitochondria also contain their own DNA (mtDNA), which encodes for many
proteins critical to mitochondrial function. It forms closed circle, double stranded DNA, and is packed

into nucleoids, which are distributed throughout the mitochondrial maf€x Yaret al., 2019)

Mitochondria are important organelles, involved in several key cellular processes. One of their main
functions is the generation of adenosine triphosphate (ATP)xigative phosphorylation (OXPHOS).
This is carried out by thelectrontransport chaiETC)which consists of five complexes, located on
the inner mitochondrial membrane. During OXPHOS, hydrogen ions are pumped across the inner
mitochondrial membrane imt the intermembrane space by complexes I, lll, and IV. This produces an
electrochemical gradient across the membrane, which drives the synthesis of ATP by ATP synthase
(complex V)Mitochondria also play an important role in several other key cellulargzses

including autophagy, intracellular signalling, and apopt(Gispichet al,, 2017)

A consequence of OXPHOS is the production of reactive oxygen species (ROS), mainly from
complexes | andlllin a healthy system, ROS help to regulate growth, apoptosis, and other cellular
signalling pathways, and play a key role in the immune system and inflammatory response.

However, the balance of the production and clearance of ROS must be strictly medht&his

balance is maintained by antioxidants such as superoxide dismutases, thioredoxins, and glutathione
peroxidases. An increase in ROS can cause oxidative stress, which can cause damage throughout the

cell, including to the mitochondria themselv@3riegeret al., 2012)

1.2.2 Mitochondrial Morphology and Quality Control

The bioenergetic needs of a cell continually fluctuate, and the mitochondria must be able to respond
to these changes. As such, they form a highly complex and adaptable network within the cell, with
constantly shifting morphology and distribution. This morphology is controlled by dynamic processes
such as mitochondrial fusion and fission. A delicate balance between these two processes is
essential to maintain a healthy population of mitochondria, argtugtion to this balance can

greatly impact mitochondrial function.
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Mitochondrial fusion is the joining of two mitochondria, and is important for the exchange of
contents, and crossomplementation of mtDNA to reduce accumulation of mutant mtDNA. Fusion i
key under stress and starvation conditions as it can maximise the efficiency of mitochondrial
metabolism via the sharing of metabolit€Eilokaniet al,, 2018) During fusion, mitofusin 1 (Mfnl)

and mitofusin 2 (Mfn2) form a tether between the two mitochondria and mediateftiséon of the
outer mitochondrial membranes vguanosine triphosphatéGThHase activity. On the inner
mitochondrial membrane, long form optic atrophy 1 (OPA1) interacts with cardiolipin on the
opposite mitochondrion, then mediates inner membrane fusiaygia via GTPase activififadatoet

al., 2010) Ths process is shown in figu?e

The role of OPAL has proven to be somewhat controversial. OPA1 is cleaved by metalloprotease
OMAL(Ehsest al., 2009; Heaet al., 2009)to give long form OPA1-QPA1) and short form OPAL
(SOPAL). This often occurs in resgeno stresgEhsest al, 2009; Heacbt al., 2009; Leet al,,

2020; Gilkerson, De La Torre and St. Vallier, 202hiist LOPAL is sufficient for mitochondrial

fusion to take placéAnandet al., 2014) therole of SOPAL is less clearly defined, though it has
been linked to cell survival and maintenance of crigtaee, Smith and Yoon, 2017;k&ikon, De La
Torre and St. Vallier, 2021} has also been suggested that it plays a role in fuSonget al., 2007;
Geet al, 2020) or in fission, as expression 6O®AL promoted mitochondridragmentation

(Anandet al.,, 2014)

Mitochondrial fission is the division of a mitochondrion into two daughter mitochondria. Fission is
important for mitochondrial distribution, the removal of dysfunctadmitochondria, and

mitochondrial biogenesis. It also@as during apoptosis, and promotes the release of cytochrome ¢
(Tilokaniet al., 2018) Fission is regulated by dynamin related protein 1 (Drpl). Alternative splicing of
Drpl can give up to 8 different isoforms, with cell type specific expression. Drpl usually resides in
the cytosol, but is recruited to the mitochondria during fission egdnt four receptors located on

the outer mitochondrial membrane; fission 1 (Fis1), mitochondrial fission factor (Mff), and
mitochondrial dynamic proteins of 49kDa and 51kDa (MiD49/MiD51). There is a partial redundancy
in this recruitment system. All fourrPl receptors are capable of recruiting Drpl independently
(Losoret al, 2013) though the precise mechanisiy which these four receptors interact is not well

understood.

Fis1 was the first proposed receptor for Ditpdsed on its discovery as an important outer
mitochondrial membrane protein involved in the fission pathway in yeast, required for the
localisaton ofdynamin 1(Dnm1;yeast orthologue of Drpl) to the mitochondiislozdy, McCaffery
and Shaw, 2000}t was identified as a component ofaimmalian fission machinery dame<t al.

(2003) as overexpression of Fisl in HEK293,,@8d Hela cells was se® promote
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mitochondrial fragmentation. Soon after, it was shown to interact with Oidonet al., 2003) and

be actively involved in the recruitment of Drpl to the mitochondria from the cytPéoét al.,

2005) However, there is somaoubt about the necssity of Fisl for fission to take place; deletion of
Fis1 does not inhibit mitochondrial fission or lead to an increase in elong@iema et al., 2010;
Losonet al, 2013)

Mff was the second discovered Drpl receptor, initially identiifed small interfering RNA (SiRNA)
screen inDrosophilecells, and found to be a component of the mammalian fission machinery as
transfection of Mff siRNA led to inhibition of mitochondrial fission and similar elongated morphology
to cells transfected with DrpdiRNAGandreBabbe and van der Bliek, 2008)verexpression of Mff

in mammalian cells was found to increase recruitment of Drpl to the mitochondria, and increase
mitochondrial fission. Furthermore, knockdown of Mff ledateimpairment of fission, in contrast to
knockdown of Fisl kich had no sigjficant effect, suggesting Mff is more important for fission to

take placgOteraet al, 2010; Losowet al,, 2013) It has been propad the Mff selectively recruits

active Drpl, which may explain why it is the more significant receptor in fidsioand Chan, 2015)

MiD49 and MiD51 are the most recently discovered, and most poorly understood, Drpl receptors.
MiD49 was first thought to be involved in Smith Magenis Syndrome, though this was later proven
wrong (Slageet al,, 2003) whilst MiD51 was originally identified in a screen of uncharacterised
human proteins, and found to affect mitochondrial distributi¢@impsoret al, 20000 LG & ay Qi
several years later thd&almeret al. (2011)showed these proteins are localised to the mitochondria
and are involved in the recruitment of Drpl. Both were found to be present at mitochondrial
constriction sites, and knockdown was seen to lead to a more fused mitochondrial network,
suggesting theylpy a role in mitochondrial fission. At a similar tirddaoet al. (2011)also

identified MiD51 (which they named mitochondrial elongation factor 1), and also found an
interaction with Drpl. However, rather than an involvement with fission, they proposed that MiD51
promoted fusion and elongation of the mitochondria, as when it was overexpressed, they saw a
more fused network. The same group later found many functional similarities with MiD4%uet

al., 2013) In order to reconcile these differing findindg®&lmeret al,, (2013)proposed that the fused
network seen when MiD51 and MiD49 were overexpressed was due to inactivation of Drpl at the
mitochondrial membrane. This theory was further supported_bgonet al. (2013) who found that
expression of either MiD49 or MiD51 in Fis1/Mff null mutants led to a partial rescue of Drpl
recruitment. They also saw a more fused network when MiD49 or MiD51 were overexpressed, but
this was associated with an increase in Drpl at the mitochondria, again supporting the hypothesis

that MiD49 and MiD51 recruit inactive Drpl.
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Once recruited to the mitochondria, Drpl assembles into an oligomeric ring structure around the
mitochondrion.GTPhydrolysis enables the constriction of this ring structure, leading to

mitochondrial constriction. Another important consideration in the aetiondrial fission process is

the post translational modifications of Drpl. In order to be active, it is thought that Drpl must be
phosphorylated at ser61@ashatu®t al,, 2015)and dephosphorylated at ser637, as

phosphorylation at this site has been seen to inhibit GTPase a¢@ritybs and Strack, 200%)/hilst

it was originally thought that phosphglation at ser637 prevented translocation to the mitochondria
(Cereghettiet al., 2008) more recently Drpl phosphorylation status at ser637 has been seen to have
no effect on recruitment to the mitochondrigr'u, Liuet al., 2019) This can be explained by the
recruitment of inactive Drpl, and suggests that further triggers may be required at the

mitochondrial membrane to initiate fission.

The final scission mechanism, physically separating the two mitochondria, remains somewhat
unclear. It has been suggested that this process may involve dynamin 2 (Dnmz2), another dynamin
related protein. Dnm2 was s@ to be present at mitochondria where Drpl was alsdomalised and
knockdown of Dnm2 leads to a hypRised mitochondrial networkLeeet al., 2016) However, it

has since been shown that the absence of Dnm1, Dnma2yaamin 3 Pnm3, had no effect on
mitochondrial morphology or fission in mouse fibroblasts, whereas even a partial knockdown of
Drp1l led to hper-fusion of the networkFonsecat al, 2019) This suggests that only Drpl is
essential for fission to take place, and implies that Drpl itself is suffifor the final scission to take

place. An overview of the mitochondrial fissiprocess is outlined in figur2
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Figure2: The mitochondrial dynamic processesfissionand fusion.The following steps occur during

mitochondrial fission. 1. Drpl is dephosphorylated at ser637, and phosphorylated at ser616, inducing a fission
event. 2. Drpl is recruited from the cytosol to the mitochondria by several receptors on the mitochondrial
membrane; Fissionl (Fis1), Mitochoatlfission factor (Mff), Mitochondrial dynamic protein of 49kDa (MiD49)
and Mitochondrial dynamic protein of 51kDa (MiD51). 3. Drpl forms a ring structure around the
mitochondrion. 4. The ring structure contracts, enabling the mitochondrion to divideniatmitochondria.

The following steps occur during mitochondrial fusion. 1. Mfnl and Mfn2 on the outer mitochondrial
membrane (OMM) mediate fusion of the OMMSs. 2. OPA1 mediates fusion of the inner mitochondrial

membranes (IMM). 3. The contents of the mitondria mix, forming one mitochondrion.
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Following mitochondrial fission, damaged mitochondria are cleared from the cell via mitophagy.
Mitophagy can occur via several pathways, but the most well studied is the-irdided kinase 1
(PINK1)/Parkin pathway. PINK1 stabilises orotiier membrane 6 damaged mitochondria, where

it phosphorylates ubiquitin, which then leads to the recruitment of the e3 ubiquitin ligase, parkin.
This ultimately leads to the formation of the mitophagosome, which then fuses with the lysosome,
leading to mitochondrial degdation. It has also been shown that mitophagy can occur in a parkin
independent manne(Fivensoret al,, 2017) Some of the proteins associated with mitochondrial
fission have also been linked to mitophagy. For example, Fisl is proposed to playSheoist al.,

2014; Yamanet al, 2014) and PINK1 has been implicated in the phosphorylation of Drpl at ser616
(Hanet al,, 2020)

1.2.3 Mitochondrial Contact with Other Ongelles

The mitochondria do not act in isolation in the cell, instead forming contacts and working alongside
several other organelles. Mitochondria have been shown to form direct contact with the nucleus
(Desakt al., 2020) lysosomegWong, Ysselstein and Krainc, 2QE)d the plasma membrane
(Montes de Oca Balderas, 202Hpwever, thanost well defined contact sites are between the
mitochondria and the endoplasmic reticulum (ER). Mitochon#ifRacontact sites regulate several
cellular processes including calcium homeostasis, lipid transfer, and autopfiagwang and Tong,
2020) There are several types of contact site, with different tethering proteins involved including
vesicleassociated membrane proteiassociated protein BJAPB- protein tyrosine phosphatase
interacting protein 5PTPIPY), B cell receptorassociated protein 31BAP3)-Fislvoltage
dependent anion channeVDAG- glucose regulated protein 78%RP7% inositol triphosphate
receptor (P3R, and ER located Mfraaitochondrial Mfn1/2(Xu, Wang and Tong020), with some
tethering proteins known to have specific functions such as VGRE78P3R, which is thought to

be involved in calcium homeostagilson and Metzakopian, 2021)

MitochondriaER contact sites also play an important role in mitochondrial fission.-Agm&riction
step is thought to take place before the recrugnt of Drpl. The ring structure formed by Drpl is
much smaller than the diameter of the mitochondria, suggesting a prior, Drpl independent
mechanism(Friedmaret al, 2011) It is this preconstriction step which involves the mitochondria

ER contact sites; a large proportion of fission events take place at contagtasieboth Drpl and

Mff localise to these site@-riedmaret al,, 2011; Korobova, Ramabhadran and Higgs, 2@8)eral
proteins have been implicated in this peenstriction including ER localised inverted formin 2 (INF2),

and mitochondrial Spirelc. €ke proteins work together to initiate the polymerisation of actin
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(Korobova, Ramabhadran and Higgs, 2013; Chakragaatj 2018) Myosin Il then enables the
contraction of actin, which provides the mechanical force required for constriction of the

mitochondria(Chakrabartet al., 2018)

1.2.4 Mitochondria in Disease

Given the essential role of the mitochondria in metabolism and cell survival, it is unsurprising that
mitochondrial dysfunction is involved in a wide range of diseases. These include primary
mitochondrial diseases, a group of genetic disorders arising fnomations in either mtDNA or

nuclear genes encoding mitochondrial proteins. Symptoms can arise in either childhood or
adulthood, with childhood disease often showing a more severe progression and a worse prognosis
(Ng and Turnbull, 2016 he mutations associated with mitochondrial diseases usually affect
proteins involved in oxidative phosphorylation, therefore impacting the ability ohtitechondria

to produce enough energy, leading to a heterogeneous presentation of clinical symptoms, which can
affect either one or many tissues, often those with the highest energy derfrastbnet al., 2017)
Mutations in genes involved in mitochondrial fusion and fission also cause diseases. Mutations in
Mfn2 cause Charcetlarie-Tooth disease, a progressive neuropathy which causes muscle weakness
(Morena, Gupta and Hoyle, 2019hilst mutations in OPAL cause an optic neuropdfkiyard,

2003) Mitochondrial dysfunction has also been found to play a role inezgmathology, in

particular an overproduction of ROS, causing oxidative stress, thus increasing genomic instability,

and modification of gene expressi¢vianget al.,, 2016)

Mitochondria are also involved in many neurodegenerative diseases. Neurons require a large
amount of energy, around 4.7 billion molecules of ATP a second. They haneed tiapacity for
producing ATP via other pathways such as glycolysis, and so are heavily reliant on the efficient
functioning of mitochondrigHuet al,, 2017) Other neural cell types such as astrocytes and

microglia rely mainly on glycolysis for ATP production, though mitochondria still play an important
role in glial cell functiofRoseet al,, 2017) Mitochondrial dysfunction is seen in amyotrophic lateral
sclerosis (ALS; reviewed 8ynith, Shaw and De Vos, 201®nheurodegenetive disease

characterised by the loss of upper and lower motor neurons and muscle atrophy. Complexes I, II, Ill,
and IV of theETChave been seen to be reduced in post mortem spinal €dfieddemanret al,,

2002) and ATP is reduced in lymphocytes from sporadic ALS paiigmitssiet al,, 2012) An

imbalance in fission and fusion has also been seen, with the balance shifting towards an increase in
fission(W. Liuet al., 2013) Furthermore, some of the genes causing genetic forms of ALS are

associated with the mitochondria, for exate superoxide dismutase 1 (SOD1), an antioxidant.
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I YAG2O0K2YRNARLFf LIKSy2(GeL)S A& Ifaz2 OfVMEddadlet aSSy A
al., 2018) a motor disorder characterised by the loss of dopaminergic neurons in the substantia

nigra leading to bradykinesia, a resting tremor, and muscle rigidity. This waddimsified when

drug users who had takelxmethyt4-phenytl,2,3,6tetrahydropyridine(MPTP), which metabolises

G2 O02YLX SE L AYKAOAG2NI at t b IBallaB d&radanddahgston, NJ Ay & 2 y
1985) Complex | deficiency in PD was soon confirmed in sporadic PD patient post mortem tissue
(Schapiraet al., 1989, 199Q)Several genetic causes of PD also have links to mitochondrial function,

including mutations in leucine rich repeat kinase 2 (LRRK2), PINK1, and Parkin. LRRK2 has been

shown to impact sevetanitochondrial processes including fission and fusion, mitophagy, and

calcium homeostasiSingh, Zhi and Zhang, 201@hile PINK1 and Parkin play significant roles in
mitophagy(Fivensoret al,, 2017)

1.3aA020K2yRNAI Ay i1 KSAYSNDa RA&aSlkas

MPodMm aAl2OK2YRNAFE CdzyOGAazylf ! oy2N¥YIfAGASaA

The association bet@en mitochondrial dysfunction and AD is long standing. The earliest studies
linking mitochondria and AD found abnormal mitochondria with increased matrix density in cortical
dendrites from the frontal cortex of AD patienfSaraiveaet al., 1985) ard impaired glucose

metabolism in patient fibroblast@®eterson and Goldman, 198&)ne of the earliest discovered, and
most consistently seen, pathogenic mechanisms is an impairment in complex IV of the electron
transport chain. Reductions in complex IV have been consistently seen across multiple brain areas
including the hippocampusnd frontal, temporal and parietal cortic€Kishet al., 1992; Mutisya,
Bowling and Beal,994; Maurer, Zierz and Mdller, 200@ther patient derived models such as
fibroblasts(Curtiet al., 1997) blood plateletgParker, Filley and Parks, 1990; Parker, 1991; Patker
al., 1994; Bosettet al,, 2002) and pasma extracellular vesicl¢gaoet al, 2021)have also shown a
decreasen complex IV activity, as have animal models including both transf@i¢aigptmanret al,,
2009; Calkinst al, 2011; Ronnbackt al, 2016; Djordjeviet al, 2020)and streptozotocininduced
mouse modelgCorreiaet al., 2013) Fndings in other OXPHOS compleassless consistent; ate

see no change@aurer, Zierz and Mdller, 2000; Bosadtial., 2002) some see an increase
(Birnbaumet al., 2018) whilst others see reductions in activity and expresgiuatisya, Bowling and
Beal, 1994; Armantlgonet al.,, 2017; Lunnomet al, 2017; Djordjeviet al,, 2020; Yaet al, 2021)

More recently, deficiencies in complex | have been noted in living patients using brain imaging

techniques such as PET imaging, and magnetic resonance imagingTi@i&dpet al,, 2021, 2022)

29



Deficits in OXPHOS can lead to a reduction in mitochondrial membrane potential (MMP), a finding
which is also commonly seen in Qket al, 2015; Ronnbackt al., 2016; Dixit, Fessel and Harrison,
2017; Amit U. Joslet al., 2018; Belkt al,, 2018) Patient derived fibroblasts, from both familial and
sporadic patients, have also been shown to have a reduced basal and maximal oxygen consumption,
as well as reduced spare respiratory capaByay and Quinn, 2015n#t U. Joshet al., 2018; Bell

et al, 2018) a finding which has also been seen in a triple transgenic mouse ifijdedjevicet al,,

2020) ATP levels are also seen to be reduced across multiple models of AD, including mouse models
(Hauptmanret al,, 2009; Calkinst al., 2011; Correi&t al., 2013; Zhang, Rissman and Feng, 2015;

Dixit, Fessel and Harrison, 2017; Kandimetlial,, 2018a) overexpression cell modglxX. Wanget

al., 2008; X. C. kt al, 2016; Amit U. Josht al., 2018) and patient foroblasts(Gray and Quinn,

2015; Pérert al,, 2017)

Oxidative stress is also widely reported in (@bffi, Adam and Broerse8019) sAD fibroblasts have
shown increased levels of R@®rezet al, 2017;2018) as well as an accumulation cb&c-

guanine, an indicator of oxidative DNA dam@Bamamoorthyet al., 2012) sAD fibroblasts have

also been shown todomore susceptible to ROS, with glutamate uptake impaired in sAD fibroblasts
in response to oxidative stress to a greater extent than control fibrob{&stgniet al., 2004)

Oxidative stress is also commonly seen in various mouse models(bfaivizlet al., 2008; Zhangt

al., 2018; Butterfield and Mattson, 2020; Klaehal, 2020) Increased ROS has also been seen in
induced pluripotent stem cellRSEderived patient neurons, though this was only seen in three of

five patients involved in the studirnbaumet al,, 2018)

1.3.2 Mitochondrial MrphologyAbnormalitest y ! f T KSAYSNRa RAaSI &S

Mitochondrial function is impacted by mitochondriabrphology, and this is also seen to be altered
in AD. Many findings have indted a more fragmented mitochondrial network, for example in in
M17, a human neuroblastoma cell line, expressing mutant XP®Wanget al., 2008) This has also
been seen in animal models, including primary neurons from an APP mouse model, where an
increased number of fragmented mitochondria was seen in the cell fodikinst al., 2011) This
was replicated in an APP/PSENL1 transgenic mouse riddet al., 2017) and also in ®&rosophila
model(Wang and Davis, 2021urthermore, in these animal models alteratoin mitochondrial
morphology appear before the onset of cognitive symptdXset al, 2017; Wang and Davis, 2021)
as well as the formation of amyloid plagu@sushinaet al., 2012) In contrast, in patient fibroblasts
less fragmentation has beeeean, with both less and smaller mitochondria found to be separated
from the network(Drabik, Piecylet al,, 2021) Changes in mitochondrial length have also been seen

in AD pédient fibroblasts, though findings are inconsistent with some seeing a decrease in length
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(Pérezet al,, 2017; Amit U. Joskt al,, 2018)while others see an increag¥inglong Wangt al,,
2008; Belkt al,, 2018)

Changes in the distribution of mitochondria throughout the cell have also been seen. Mitochondria
are usually transported to the region around the nucleus, the perinucksgion, to be degraded. In
AD, an increase in the number of mitochondria in the perinuclear region has been seen in patient
derived fibroblast¢Xinglong Wanet al, 2008; MartinMaestro, Gargini, A. Sprowt al., 2017; Bell

et al, 2018) as well as in an APP/PSHEhduse mode(Xuet al,, 2017) This may indicate an

increase in the number of dysfunctional mitochondria, or an immpant in either the transport or
degradation of damaged mitochondriBrabiket al.(2021)investigated the age of mitochondria in

the perinuclear region and the distal regiaoisthe cell in control and sAD patient fibroblasts. They
found that in controls, mitochondria in the perinuclear region were older than those in the distal
regions, but this was not seen in sAD fibroblasts, where instead there was no significant diffarence
mitochondrial age between different regions of the cell. This suggests an impairment in

mitochondrial transport as well as in the clearance of old and dysfunctional mitochondria.

1.3.3 Mitochondrial Qualityd@trol Abnormalitest y ! £ T KSAYSNRa RAaSI &as

As mentioned above, mitochondrial morphology is strictly regulated by the dynamic processes of
fission and fusion. The balance of these two processes is key in the efficient functioning of the
mitochondria. The proteins controlling these processes haeantwidely studied in AD, though

results have been inconsistent. Mfnl and Mfn2 were seen to be reduced in a Tg2576 mouse model
(Calkinget al,, 2011) while Mfn2 was also decreased in a triple transgenic mouse n{Dgt@idjevic

et al, 2020) a tau mouse moddKandimalleet al, 2018a)and sAD patient fibroblas{®rabik,

Piecyket al, 2021) On the other hand, increased Mfn2 levels were seen in an APP/PSEN1 mouse by
12 months(Xuet al, 2017) and both Mfn1 and Mfn2 were increased in HEK293 cells, an embryonic
kidney line, when human tau was overexpresggdC. Let al., 2016) whilst others have seen no

change at al{Trushinaet al., 2012; Bellet al, 2018)

Results with regard to OPAL levels are equally contrasting. OPA1 was found to be increased in an
APP/PSEN1 mouse by 12 monfkset al, 2017) and in HEK293 cells overexpressing humarfXau

C. Let al, 2016) However, reduced OPA1 was seen in the M17 neuroblastoma line overexpressing
wild type APHX. Wanget al., 2008) in a tau mouse modé¢Kandimallaet al., 2018a) and in patient
derived fibroblastgPérezet al., 2017) Others saw no difference in OPA1 le@&nget al., 2008;

Bellet al, 2018; Drabik, Piecy&t al., 2021) but Drabik, Piecylket al.(2021)did see a decrease in

the ratio of LOPAL1 to ©PA1, even though no difference in total OPA1 was observed.
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Fission proteins have also been studied in various models of AD, with most of the focus on Drpl.
Increased Drpl has been seen in post mortem tigdd@nczak, Calkins and Reddy, 205y in

several mouse models, including both transgdmiaishinaet al., 2012; Xwet al,, 2017; Kandimallat

al., 2018a)nd streptozotocin inducefPaidiet al,, 2015) In fact, a partial reduction of Drpl in tau

mice was found to improve performance on the Morris Water Maze and rotarod tests, suggesting an
improvement in cognitiorffkandimallaet al., 2021) Interestingly, in triple transgenic mice, Drpl was
seen to be increased in females, but decreased in n{@lgsdjevicet al., 2020) Decreased Drpl

levels have also been noted in the M17 neuroblastoma line overexpressingARRNeet al,,

2008) and post mortem tissu@NVanget al., 2009) A reductionin Drpl has also been widely

reported in both sAD and fAD patient fibroblag¥énglong Wanet al., 2008; MartinMaestroet al.,

2017; Belkt al,, 2018; Drabik, Piecykt al., 2021) though again this is not aogistent(Amit U. Josh

et al, 2018) An important consideration when studying Drpl is the localisation within the cell; Drpl
is recruited to the mitochondria during fission events. The amount of Drpl localised to the
mitochondria has been seen to be reduced in SAD andofient fibroblastgMartin-Maestro,

Gargini, Garciat al,, 2017; Belet al,, 2018) andDrabik, Piecylet al. (2021)found thata higher
proportion of total Drpl was localised to the mitochondria, but a lower proportion of mitochondria
were localised with Drpl. This may be due to the reduced overall levels of Drpl, or may suggest an

impairment in the recruitment of Drpl to the mitoohdria.

The four receptors involved in the recruitment of Drpl to the mitochondria are less well studied in
AD. Fisl is the best studied, with an increase noted in various transgenic mouse (diag¢lal.,

2015; Kandimallet al, 2018a; Manczaét al., 2018; Reddy, Manczadt, al., 2018) post mortem
tissue(Manczak, Calkins and Reddy, 2Q0Ehd patient fibroblast§Xinglong Wanet al., 2008) Mff

was reported to be decreased in SAD patient fibrobléBisbik, Piecylet al., 2021) but increased

in post mortem tissuéWanget al,, 2019) transgenic micéQ. W. Yart al., 2019) and A treated

cell lines(Ahmedet al,, 2019; Wanget al,, 2019) MiD49 and MiD51 have not, to our knowledge,

been studied before in AD.

The topic of mitochondrial fission and fusion proteing\Dis controversial, with no real consensus
in the literature. It is plausible that different mechanisms are occurring at different stages in the
disease, or that different mechanisms occur in different cell types. More than ever, this highlights
the need for better, more relevant models of AD, to truly elucid&e impact of these processes in
human disease. To date, very few studies have investigated these proteins in a patient derived,
disease relevant cell type, thoud@irnbaumet al. (2018)used iPSC derived neurons from five

patients and two controls, and saw no change in Mffn2 or Drpl.
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As well as alterations to fission and fusion, mitophagy is also altered in AD. An accumulation of
damaged mitochondria is commonly seen in(X©et al,, 2015; MartiAMaestroet al,, 2016; Martin
Maestro, Gargini, A. Sprowt al., 2017) suggesting that there may be a deficit in the mitophagy
process. In one of theagliest studies investigatingitophagy in an AD model, neurons from an APP
transgenic mouse showed an increas@arkin translocation to the mitochondria, a finding which
was confirmed in post mortem AD tissue. Furthermore, cytosolic Parkin progressively decreased in
post mortem patient tissue as disease severity increased, again implying an increase in Parkin
localsed to the mitochondria. This suggested that mitophagy was enhanced in AD; however, an
abnormal accumulation of mitophagosomes and an increased number of damaged mitochondria
were also seen. This suggests that while the induction of mitophagy was indré¢lases was an
impairment downstream in the mitophagy process, for example in lysosomal degrad#tenal.,
2015) In models where tau is overexpressed, a reduction in Parkin translocation has bedrhhot
et al, 2016; Cumminst al,, 2019) a finding also seen in sAD patient fibrattgMartin-Maestroet

al., 2016) PINK1 levels have also been found to be altered; they were decreased in mutant APP
mouse modelgManczalet al,, 2018; Reddy, Yiet al, 2018) but showed an accumulation at the
mitochondria in both sAD patient fibroblag¥lartin-Maestroet al., 2016)and fibroblasts
overexpressing tau and APRartin-Maestro, Gargini, A. Sprowt al, 2017) In recent years,

several studies have shown that inducing mitophagy improves several pathogenic features of AD
including reducing Band tau accumulatiofFanget al., 2019; Xiongt al., 2020; Xiest al., 2022)
improving ATP leve(Xionget al,, 2020)and cellsurvival(Xieet al., 2022) and mproving cognition

in animal modelgFanget al, 2019; Xieet al,, 2022)

1.3.4 Interactias of the Mitochondria with Amyloid and Tau

The importance of amyloid and tau in the pathogenesis of AD is a central question within the field,
with many aiming to answer the question of whether they are a cause or consequence of another
disease causingnechanism. Nevertheless, they are a key hallmark of AD and their interactions with
other pathogenic mechanisms is a widely researched area. Whether mitochondrial impairment is
induced by amyloid or tau pathology or whether it occurs independently remaiksawn. There is
much evidence to suggest that impairment of the mitochondria precedes protein pathffeget

al., 2009; Hartkt al, 2012) Moreover, mice with a genetic complex | defect, or transgenic mice
treated with acomplex | inhibitor have shown an increase nlévels. This was shown to be due to
mitochondria derived ROS, as treatment with an antioxidant redudealcAumulation(Leuneret al.,

2012) Recently, it has been discovered that changes in mitochondrial membrane potertiehire
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Ab secretion, where reduced MMP led to a decreasefrsécretion in SFBY5Y cells, suggesting that
Ab levels may serve as a biomarker for mitochondrial funcfiafilkinset al., 2022) This has led to
the proposal of the mitochondrial cascade hypothesis, which places mitochondria at the centre of

AD pathology{Swerdlow and Khan, 2004; Swerdlow, Burns and Khan, 2010, 2014)

There is also much evidence to suggest thath amyloid and tau directly interact with the

mitochondria, impacting their function. Syntheti® fAonomers have been seen to enhance glucose
uptake in neurons, and increase glycolysis in response to stress. Increased glycolysis in response to
OXPHOS irihition was prevented by blocking endogenous this was reestablished by treatment

with synthetic A monomers(Santangel@t al,, 2021) It is possible that in AD pAnonomers

aggregate to form oligomers or plagues, thus preventing this response to mitochondrial stress.
Deficiency in complex IV has been found to be dependentfofiRAeinet al,, 2009) andtreatment

with Ab oligomers in wild type and triple ansgenic mice was seen to decrease MMP and ATP, as

well as increase mitophagy protein Pariitamet al., 2020) Ab40 treatment of platelets also led to
decreased MMP, as well as reduced maximal respiration and increased ROS, though no change was

seen in mitophagy protein PINK1, or fusion protePAQ(Donneret al., 2021)

Tau pathology has been linked with the dysregulation of complex I. In triple transgenic mice,
deregulation of complex | was seen to be dependent on(Rheinet al,, 2009) while in PET imaging
studies carried out on people living with AD, tau burden was seen to correlate with the function of
complex (Teradeet al,, 2021) It is important to note thatn this imaging study, there is no way to
know whether there is a causative relationship between tau and complex | deficiency. Tau has also
been shown to accumulate at dendritic mitochondria, and this was only seen in mice which also had
amyloid pathologysuggesting that amyloid is necessary for this pathology to qGuadrade

Tejedoret al, 2021) Loss of synaptic mitochondria is commonly seen in tauopathies, and recently
this has been attributed to a broaattivation of the Parkin mitophagy pathwéleonget al., 2022)

Not all studies have found an interaction between tau and the mitochondi&ai £021)

investigated the link between tau phosphorylation and OPAL processing, and tfoairttie two

occurred independently of each other. This suggests that there is another pathway impacting both
tau pathology and the mitochondria; it may be that this is related to amyloid,cmuld be an

entirely separate pathway.

It is clear that whisever occurs first in AD, mitochondrial dysfunction and tau and amyloid
pathology interact with each other. It is likely that a cycle occurs in which they continually
exacerbate each other, and it may be a combination of the two, plus other mechanisroh, dvivie

AD progression. This highlights the necessity of looking at multiple mechanisms as therapeutic
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targets, and the mitochondria in particuleé8hould mitochondrial dysfunction prove to be an

upstream event in AD pathology, it provides an attractiaeyét for modulating the disease.

1.4 Local Cohort Used in this Study

The locally collected cell lines used in this project were collected as part of a multicentre project
funded by the EU, the Virtual Physiological Humg&ementiA REsearch EnabledIbyVPH

DARE@IT; http://www.vpkare.eu/) initiative. Patients were clinically diagnosed with SAD using the
McKhann et al. (2011) criteria, after assessment by both a consultant neurologist and professor of
neuropsychology. No amyloid or tau biomarkers &vased in the diagnosis. Each patient underwent
brain MRI and cognitive profiling. Patients were excluded if they had a medical diagnosis of clinical
concern which could justify the presence of cognitive difficulties, MRI images showing abnormalities
otherthan the effects of aging and/or neurodegeneration, medical or radiological evidence of acute
or chronic cerebrovascular disease, history of transient ischemic attacks, cardiovascular disease,
uncontrolled seizures, peptic ulcer, sick sinus syndrome,apaihy with conduction defects,

abnormal levels of folate, vitamin B12, or thyroid stimulating hormone, treatments with medications
for research purposes or with significant toxic effects on internal organs, or evidence of a psychiatric

or psychological asse of cognitive impairment.
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1.5 Aims and Obijectives

Previous work in the lab has shown that both functional and morphological abnormalities are
LINS&ASYyild Ay &LR2NIYRAO YR t{9bm !fl KSAYSNRaA FTAONROG
These abnormalities include a reduced mitochondrial membrane potential, as well as fewer

mitochondria per cell, an increased percentage of long mitochondria, and an increased percentage

of mitochondria accumulated in the perinuclear region. Furthermorduoed total levels of Drpl, a

key mitochondrial fission protein, as well as reduced levels at the mitochondria have been seen (Bell

et al., 2018). The aim of this project is to build upon these findings, investigating the hypothesis that

the mitochondriaLJK Sy 2 e LIS aSSy Ay ! 1 KSAYSNDanfikdoni A Syd OS
and fusion processes, and that small molecules can be found which beneficially modulate the

mitochondrial phenotype in AD.

Aim 1: To investigate mechanisms leadingdnd resulting from reduced levels of Drpl in an

expanded cohortof f T KSA YSNR A& dRdicanfdl #b®blasts G A Sy
Objectives:

1. Tomeasure total protein expression of Drpl in an expanded cohort

2. Tomeasure total protein expression of the four Drpl recept&isl, Mff, MiD49, and
MiD51

3. Tomeasure interactions between Drpl and the receptors

4. To investigate post translational modifications of Drp1, primarily phosphorylation at ser637
and ser616

5. To investigate mechanisms upstream of Drpl recruitment

6. To determinewhether Drpl overexpression can rescue the deficits seen in sAD patient

fibroblasts

Aim 2: To investigate the mitochondrial phenotype seen in sAD patient fibroblasts in a patient

derived neuronal model
Objectives:

1. To develop a differentiation protocol fne induced neuronal progenitor cells
2. To characterise a patient derived neuronal model

3. To determine the mitochondrial phenotype of a patient derived neuronal model
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Aim 3: To determine whether the same mechanisms are present leading to mitochondrial

morphological changes in AD derived neurons as fibroblasts

Objectives:

1.
2.

Tomeasureprotein expression of Drpl in patient derived neurons

To measure protein expression of the four Drpl receptors, Fisl, Mff, MiD49, and MiD51, in
patient derived neurons

Tomeasure ingractions between Drpl and the receptors

To investigate post translational modifications of Drpl, primarily phosphorylation at ser637
and ser616

Aim 4: To screea compoundlibrary for compounds which have a beneficial effect on

mitochondrial function andmorphology in SAD patient fibroblasts

Objectives:

1.

2.

3.

4.

To screera 21,000 compoundsbrary in onesADfibroblast lineand identify those which

have a significant effect on MMP, percentage of mitochondria in the perinuclear region,
percentage of the cell takemp by long mitochondria, and mitochondrial count per cell

To assess the dose response of compounds identified as hits from objective 1 in one sAD
line, and identify a final hit list of top performing compounds

To investigate whether these compounds hav&nailar effect in fibroblasts taken from a
patient with a PSEN1 mutation

To assess the top performing compounds in further control and sAD lines taken from a

different patient cohort, to validate their positive effect on mitochondrial parameters
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Chapter TwoMaterials and Methods

Unless otherwise stated, materials were obtained from Merck.

2.1 Patient Information

Two patient cohorts were used in this studyost studies were carried out in a cohort of local
patients involved in the MODEAD study (Control: 64.2 yeatd 0.9, Sporadic: 68.4 yeatd 4.9,
table 1) (Research and Etki€ommittee number: 16/YH/0155), while a cohalstained from the
NIGMS Human Genetic Cell Repository at the Coriell Institutdddical Research (Control: 63
yearst 12.2, Sporadic: 58 £ 111ble 2 was used for limited studietocal patients were
RAIFIAy2aSR gAGK ! {1 KMcKNABaNA {2019 )krideBal 4 S dza A y 3

iKS
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Tablel: Sexage, and ApoE Statusf cell lines used in this project, which were collected from a local

population of patients.

Cell Line DiseaseState Sex Age ApoE Status
Control 1 Control Male 53 3/3
Control 2 Control Male 54 3/4
Control 3 Control Female 61 2/3
Control 4 Control Male 66 3/3
Control 5 Control Female 100 3/4
Control 6 Control Female 54 3/4
Control 7 Control Male 56 2/3
Control 8 Control Female 73 3/3
Control 9 Control Male 75 2/3
Control 10 Control Female 75 3/3
SAD 1 Sporadic Male 53 2/3
SAD 2 Sporadic Male 60 3/3
SAD 3 Sporadic Male 57 3/3
SAD 4 Sporadic Male 63 4/4
sAD 5 Sporadic Female 59 2/3
sAD 6 Sporadic Female 63 Unknown
SAD 7 Sporadic Male 60 4/4
sAD 8 Sporadic Male 60 3/3
sAD 9 Sporadic Female 79 3/4
sAD 10 Sporadic Female 61 3/3
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Table2: Sexage, and ApoE statusf cell lines used in this project, which were obtained from the NIGMS

Human Genetic Cell Repository at the Coriell Institute for Medical Research.

Cell Line Disease State Sex Age ApoE Status
ND29510 Control Female 55 Unknown
GM04188 Control Female 77 Unknown
GM13335 Control Male 57 Unknown
AGO08597 Sporadic Male 50 4/4
AGO07872 Sporadic Male 53 4/4
AG08243 Sporadic Male 72 4/4
ND34733 Presenilin {P264L | Male 60 Unknown
mutation)

2.2Cell Culture

2.2.1 Human Fibroblast Cell Culture

{1AYy 0A2LAASE 6SNB 200FAYSR FNRY KSIfGKe& O2yiNRt
punch, and fibroblasts were set up as described in Bell et al. (2018). This work was carried out by Dr

Simon Bell. Fibroblasts were culturedd2 Y LJX SGS 91 3f SQ& YAYyAYdzy SaaSyi.
supplemented as described in taleCells were maintained in T75 flasks (Corning) &€ 3hd 5%

CQ, with media changed every-2 days.

Whencells reached confluency, they were spiiio new flasks. hmedia was removed, and cells

were washed twice with phosphate buffered sal(®BS). 5ml of 1 x Trypsin EDTA (Sigraa)used

to detach the cells, which were incubated for five minua¢S87°C. Trypsin EDTA was quenched using
completeEMEM media. Cells weespun ab50gfor four minutes, and the pellets were then-re
suspended itompleteEMEM media and added to new flagkdnto plates to be fixed or assayed

All cells used in experiments from the locally collected cohort were between passage 8 and 16, and
control and sAD lines were matched to within 3 passages. Cells from the Coriell institute are bought
commercially and so come in at a higher passage than those which are sourced locally. For

experiments with these lines, all cells were below passage 20.
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Cells were stored at80°C, or in liquid nitrogenWhen freezing, all media was removed, and cells
washed twice with PBS. Cells were detached from flasks using 1 x Trypsin EDTA (Sigma), and
incubated for five minutes at 3. Trypsin EDTA was quenched usormgplete EMEM media, and
cells spun at 550qg for four minutes. Pellets weresuspended in 2ml complete EMEM media with
10% Dimethyl Sulphoxide (DMS&igma) and 10%oetal Bovine Serum (FBS; Biosera), and
transferred into two cryovials (ThermoFisher) flask. Cryovials were placed into a CoolCell
freezing container (Biocision) to ensure a controlled rate of freezint’Gfper minute, and kept at
-80°C. After one hour, cells were transferred to long term storage at el8@C or in liquid

nitrogen.

2.2.2Induced Neural Progenitor Cell Culture

Fbroblasts were reprogramed to induced neural progenitor cells (iINRSg)escribed byleyer et

al. (2014)Reprogramming of fibroblasts to iINPCs was carried out by Dr Simon Bd#raiadsor

Laura FerraiuoldNPC identity was confirmed by positipaired box 6 Pax§ and Nestin staining, in

work carried out by Dr Simon Bell, and as previously described in Meyer et al. (2014). Cell lines used

are shown in age and sex matched pairs in t&ble

iINPCs were cultured continuously in 10cm disfiesermoFisher)incomplete NPC media:

5dz2 6 5002Qa Y2RAFASR SaaSyidDMEMFERREIber;105658) C M H
with supplements as described in tatdeCells were maintained at 3Z andc% CQ When splitting,

cells vere detached using 1ml Accutase (Sigara] incubated for five minutest 37°C. Accutase

was then quenched whit PBS. Cells were spun at 2@@gfour minutes, and pellets then fe

suspended iromplete NP@nedia and addetb new dishes, preoated with 5ng/ml fibronectin

(Millipore) for ten minutes All cells used for experiments and for differentiation were below passage

20, and control and sAD lines were matched to within three passages.

Cells were stored aB0°C, or inliquid nitrogen When freezing, cells were detached using 1ml
Accutase (Sigma), and incubated for five minutes &3Accutase was quenched with PBS, then
cells were spun at 200g for four minutes. Pellets wersuspended in complete NPC media with
10%DMSO, and transferred into cryovials. Cryovials were placed into a CoolCell freezing container
(Biocision) to ensure a controlled rate of freezing13€ per minute, and kept a80°C. After one

hour, cryovials were transferred into long term storage eitat-80°C or in liquid nitrogen.

For neuron differentiationiNPCs were ptad into 6 well plates, preoated with 5ng/mfibronectin
for ten minutes Plating density was optimised for each line, and is given in faliferentiation

was started whertellsreached approximately 90% confluency.

41

Y



Table3: INPC cell lines used, in age and sex matched pairs.

Control Age Sex SAD Age Sex
Control 3 61 Female SAD 5 59 Female
Control 7 56 Male SAD 4 63 Male
Control 10 75 Female SAD 9 79 Female
Control 5 100 Female SAD 6 63 Female
Control 2 54 Male SAD 8 60 Male

Table4: Plating densities of INPC lines for iNeuron differentiation.

Cell Line Plating Density
Control 2 80,000
Control 3 80,000
Control 5 60,000
Control 7 100,000
Control 10 100,000
SAD 4 100,000
sAD 5 80,000
sAD 6 80,000
SsAD 8 50,000
SAD 9 60,000

42



2.2.3 Generic Neuron Differentiation

Generic neuron differentiation was carried out according to the protocol describé¢tlsteret al,,

(2016) Media used for differentiation was complete neuron mediadzt 6 SO02 Q& YR RA TA SR
YSRAI KI | YQ& CwmHu Y dzi NGy sippl¥eited deNdBscribed in SatBeCEells H

were maintained at 37C and 5% CGOwith media changed every other daytimeline of

differentiation is shown in figure.Briefly, on day one, cells wetreated with 2.51M N-[N-(3,5
difluorophenacetyH-alanyl}Sphenylglycine futyl ester(DAPTSigma). On day three, factors were
introduced to the cell media as followg;¥ retinoic acid (RA; Sigma), AN smoothened agonist

(SAG; Peprotech) and 204 forskolin (Cayman Chemical Company). On day four, cells were re

plated into 96 well plates (Greiner). All media was removed from the wells, and B86utase

(Sigma) added. Cells were incubated aiG3ior five minutes, before Accutase was quenched with

Day 1 Day 3 Day 4 Day 5 Day 11
|
I_I_I__I_ ] >
2.5uM DAPT 1pM Re-plate into 1uM End
Retinoic fibronectin Retinoic
Acid coated wells: Acid
0.5puM SAG 20,000 cells 0.5pM SAG
2.5uM per well 2.5uM
Forskolin Forskolin

PBS and cells spun at 200g for four minutes. Pellets wesagpended in complete neuron media
with factors added as described above, and plated into 96 well platesqated with 5ng/ml
fibronectin for ten minutes, at a density of 20,000 cells per wellls@Qvere given complete neuron

media withfactors as described for a further seven days.

Figure3: Timeline of factors added during generic neuron differentiation.
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Table5: Different types of celtulture media used in this project

Media Type

BaseMedia

Supplements

Cell Type

Complete EMEM media

EMEM(1000ng/L
glucosg (Corning;
MT10009CV)

10% FB®Biosera)

pn>3k YTt (AlfaNR

Aesar)

1mM Sodium pyruvate
(Sigma)

100uM Non-essential
amino acidsNNEAA

(Lonza)

0.1x MEM Vitamins

(Lonza)

100Ul/ml Penicillin
100>g/ml Streptomycin

(Lonza)

Fibroblasts

Complete NPC media

DMEM/F12Gibco;
10565018)

1% B2{Gibco)
1% N2AGibco)

40ng/ml FGFb
(PeproTech)

100UI/ml Penicillin
100>g/ml Streptomycin

(Lonza)

iNPCs

Complete duron media

DMEM/F12Gibco;
10565018)

2% B2 Gibco)
1% N2Gibco)

100UIl/ml Penicillin
{d

Mmnn>3kK Yt

(Lonza)

Generic neurons
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2.2.4 Fixing of Cells

For fibroblasts, all media was removed and cells were fixed ipat&ormaldehyde PFA Fisher
Scientifig in PBSor ten minutesat room temperature then washed twice in PBS. For neurons, 4%
PFA was addedropwiseto wells without removing any media in order to best preserve neuronal
processesand incubatedat 37°Cfor 30 minutes. All media anBFA was then removed, and cells
were fixed ird% HEA for a further ten minutes, then washed twice with PBS. Plates were stored at

4°C in0.1%sodium azide.

2.3Western Blotting

2.3.1 Cell Lysis

Frozen cell pellets were#® dza LISY RSR Ay pn>f NI RA 2 A Yifled@ignaINB OA LJA
Aldrich: R0278 5ul protease inhibitor cocktail (PIC; Sigaddrich: P834Q)and Jul phosphatase

inhibitor cocktail (MerckP0044. The resuspension was then placed on ice for 30 mi)tiven

centrifuged at 13,000g. The supernatant was placed into a clean Eppenddifeapdllet was

discarded.

2.3.2Bradford Assay

A Bradford Assay was carried out to quantify the amount of protein in the saBydlef bovine

serum albumin (BSA; Theascientfic) concentrations (see tab® and dHO, as a negative control,
were pipetted in triplicate into &lear96 well plate (Corning), as well as 2yl of cell sample diluted
1:4 in dHO. 250ul coomassie blue (ThermoScientific) was added to eactanelbrotein

absorbance was measured using the PHERASstar plate reader (BMG Labtech). Linear regression
analysis was applied using GraphPad Prism, and Microsoft Excel used to calculate protein
concentrations in cell sampled x sample buffer (see tabi@ was added to the cell samples, which

were then boiled at 95C for five minutes. Samples were stored ipg@liquots at80°C.
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Table6: BSA standards used in Bradford Assay to produce a standard curve

BSA (ufrom 2mg/ml stock dHO (ul) BSA Concentration (ug/ml)
50 950 100

62.5 937.5 125

125 875 250

125 375 500

187.5 312.5 750

250 250 1000

300 200 1200

Table7: Reagents used to make up 4x sample buffer

Reagent Amount Supplier

TrisHQ pH8.0 0.62g Tris, Sigm&ldrich; HCI, Fishe
Glycerol 8ml SigmaAldrich

Sodium dodecyl sulphate (SD 1.8g ThermaFisher Scientific
Bromophenol Blue 0.008g SigmaAldrich

Dithiothreitol (DTT) 0.8g SigmaAldrich
2-mercaptoethanol 10ml SigmaAldrich

2.3.3Gel Preparation

For later western blots, 12% precast gels were used (Biorad) due to time constraints. When gels
were handpoured,1.0cm glass plates were placed in the MMROTEAN gel casting apparatus
(BioRad). 12% resolving geds made up according table 8 and pipetted into the glass plates.
Isopropanol was pipetted over the resolving gel to remove any bubbles, and the gel was left for
approximately 15 minutes to set. Once set, the isopropanol layer was poured off, and stacking gel
was made up accding to table9. Stacking gel was pipetted into the glass plates, and a 1.0cm comb

inserted to form ten wells in the gel. The stacking gel was leftgpraimately 15 minutes to set.
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Table8: Reagents used to make up 12#solving gel

Reagent Amount Supplier

30% Bis/Acrylamide 4ml National Diagnostics

1.5M TrisHCI pH8.8 2.5ml Tris, Sigmaldrich; HCI, Fishe
dHO 3.3ml Nanopure

10% SDS 100pl ThermaFisher Scientific

10% Ammonium Persulphate| 100l SigmaAldrich

(APS)

Tetramethylethyl enediamine | 4pl Melford

(TEMED)

Table9: Reagents used to make up stacking gel

Reagent Amount Supplier

30% Bis/Acrylamide 500l National Diagnostics

1.5M TrisHCI pH8.8 380ul Tris, Sigma&ldrich;HCI, Fisher
dHO 2.1ml Nanopure

10% Ammonium Persulphate| 30l SigmaAldrich

(APS)

Tetramethylethyl enediamine| 3pl Melford

(TEMED)

2.3.4Sodium Dodecyl SulphatéPolyacrylamide Gel Electrophoresis (BBSE)

Plates containing either hargbured orprecast gels were placed smMinFPROTEAN Tetra Electrode

assembly (BioRad), which was placed in a/MROTEAN Tetra Cell tank (BioRad) filled with SDS

PAGE running buffer (see taldle). The comb was removed and 10ug of cell samples was added to
thewef a5 f2y3 sAGK pxf 2F Y2t 80dzA I NJ 6SAIKEG tF RRSNH

BioRad). The tank was attached to a PowerPac Basic Power Supply (BioRad), and run at a constant

47



voltage of 50V for 30 minutes to allow samples to run throughstiagking gel, then voltage was
increased to 120V for approximately 90 minutes to allow separation through the resolving gel. Once

samples had separated through the resnf gel, the platesvere opened and the stacking gel was

removed.

Table10: Reagents used to make up SBPAGE running buffer

Reagent Amount Supplier

Tris 30g SigmaAldrich
Glycine 1449 Melford

SDS 10g Fisher Chemical
dH0O Up to 10L Nanopure

2.3.5Transfer

The transfer assembly was arranged in a transéssette (BioRad), whilst soaked in trangfeffer

(as described in tabl&l), as follows: sponge, filter paper, resolving gel, polyideye fluoride
membrane (PVDF; Millipoy@re-soaked in methanol, filter paper, sponge. Any air was removed
from the transfer assembly, and the cassette was closed and placed in a MiniBloar@ell

(BioRad). This was then placed in the MPROTEAN Tetra Cell tank, which was filled with transfer
buffer, with an ice pack to prevent overheating. Tank was attached t&tveerPac, and run at

constant 250mAmps for one hour.
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Table11: Reagents used to make up transfer buffer

5x Transfer Buffer

Reagent Amount Supplier
Tris 1509 SigmaAldrich
Glycine 7209 Melford

dH0 Up to 10L Nanopure

1x Transfer Buffer

Reagent Amount Supplier
5 x Transfer Buffer 200ml -
Methanol 100ml Merck
dH0O 700ml Nanopure

2.3.6Blocking, Antibody Incubations and Imaging

PVDF membrane was removed from the transfer assembly and blocked in 5FatNDnMilk in
Tris Buffered Saline with Twe@® (TBST) for at least one hoBhosphorylated proteins were
blocked in 5% BSMembranes were then incubated in primary antibody in T&$5% BSA for
phosphorylated proteinsat 4°C overnightA list of primary atibodies ugd is described below in
table 12. Membranes were then washed three times with TBST, then incubated for one hour in
secondary antibody in TBST. A list of secondary aritbagsed is described in tall& below.

Membranes were washed a furthémree times in TBST.

For imaging, the membrane was incubated with 2ml &tion (EZECL HRP kit; Biological
Industries), for approximately one minute, then imaged using tH&o& intellichemi system
(GENEsys; SynGene).

The antibody incubations and aging process were repeated for loading control proteins

(highlighted in tablel2), which were included on each membrane to account for loading error.
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Table12: Primary antibody used in western blotting.

Primary Antibody Dilution Supplier

Drpl 1:1000 Abcam &b56789

OPAl 1:1000 BD Bioscience$12606

Fisl 1:1000 Proteintech(109561-AP

Mff 1:1000 Proteintech(170901-AP

MiD49 1:500 Proteintech(164131-AP

MiD51 1:1000 Proteintech(164131-AP

pDrpl (ser616) 1:1000 CellSignalling Technology
(3455)

pDrpl (ser637) 1:1000 Cell Signalling Technology
(4867)

Pex19 1:1000 Proteintech (14713-AP)

INF2 1:1000 Proteintech (20464.-AP)

Betalll-Tubulin 1:1000 Merck AB9354

NeuN 1:1000 Abcam (aB354)

Loading Control®rimary Dilution Supplier

Antibody

b-Actin 1:1000 { G W2KY Q&stj97089

GAPDH 1:2000 Proteintech(600041-Ig)

h-Tubulin 1:1000 Invitrogen 62204

Table13: Secondary antibody used in western blotting

Secondary Antibody Dilution Supplier
Anti-rabbit HRP 1:5000 Dako(P0448012)
Anti-mouse HRP 1:10,000 Abcam(ab97040
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2.3.7 DensitometnAnalysis

Denistometry was analysed using GeneTools software (SynGesia] a rolling disk background

correction Raw data for the protein of interest was normalised to the loading control. Data was then
normalised to the average of all controls on the membrahe determine statistically significant

differences between sAD lines and controls at a group levelRSHY 1 Qa G GSad 61 & LISN
determine statistically significant differences between individual sAD lines and controls;veagne

l'bh+! gAGK 5dzyySGiQa YdzZ GALX S O2YLI NRaz2ya GSad ¢
significant associations betweeifférent protein levels, as well as between protein levels and

mitochondrial morphological measures, a simple linear regression was perfoitiedatistical tests

were performedusing GraphPad Prisi

2.4 Immunocytochemistry

2.4.1 Immunocytochemistry

Cells were permeablised with 0.1% tritthlfa Aesar)n PBS witi0% Tweenr20 (PBST) for ten
minutes, then washed twice with PBST. Cells were blocked in 5% horse(Sgamafor one hour

at room temperature, then incubated in primary antibody in Idimg solution, at 4C overnight.
Antibodies used ardescribed in tabld4 below. On day 2, cells were washed three times with PBST,
then incubated in secondary antibody in PBST for one hour. Secondary assilbusdid are

described in tabld5. Cells werghen washed in PBST three times, incubated withNM®Hoechst

(Sigma) for two minutes, then washed a final three times with PBST.

Cells were imaged on the Opera Phenix (Perkin Elmgg the 40x water objective, using the
appropriate AlexaFluarhannelgAlexaFluor 48@xcitation 488/emission 52%RlexaFluor 68

excitation 561/emission 603, AlexaFluor 647 excitation 640/emissiojy 68 the DAPI channel
(excitation405emission461). Forfibroblasts, 20 fields of view were imaged with 3 Z planes imaged
per field. For neurons, 20 fields of view were imaged with5 planes imaged per plane. Exposure

time and exact Z plane positioning were optimised per plate.
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Table14: Primary antibody used in immunocytochemistry.

PrimaryAntibody Dilution Supplier

TOM20(Mouse) 1:1000 BD Biosciencg$12273
TOM20 (Rabbit) 1:1000 Santa Cruz Biotech (FL145)
Fisl 1:1000 Proteintech(109561-AP)
Mff 1:1000 Proteintech(1709G1-AP
Drpl 1:1000 BD Biosciences (611113)
TUJ 1:1000 Merck AB9352

NeuN 1:1000 Abcam (aB354)

MAP2 1:1000 Abcam (ab32454)

TBR1 1:1000 Abcam(ab31940)

SATB2 1:100 Abcam(ab51502)

Hb9 1:1000 Abcam (ab221884)
vGlutl 1:1000 Abcam (ab242204)
ChAT 1:1000 Millipore (AB144P)

Tablel5: Secondary antibody used in immunocytochemistry

Secondary Antibody Dilution Supplier

AlexaFluor 488 antihicken 1:1000 Invitrogen(A3293)
AlexaFluor 488 antiabbit 1:1000 Invitrogen(A32790Q
AlexaFluor 488 antnouse 1:1000 Invitrogen(A32766
AlexaFluor 488 antiat 1:1000 Invitrogen(A48263
AlexaFluor 568 anthouse 1:1000 Invitrogen(A-11009
AlexaFluor 568 antiabbit 1:1000 Invitrogen A-11039
AlexaFluor 647 antiabbit 1:1000 Invitrogen A32733
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2.4.2 Image Analysis

2.4.2.1Analysis of positive expression of neuronal markers

Analysis of positive expression was carried out using Columbus software (Perkin Elmer). Firstly, Z
stacks were combined to give the maximum projection, and a basic flatfield correction was applied.
Next,the nuclei were segmented, followed by the cytoplasm of the cell. The intensity of the staining
inside the cytoplasm was then assessed and cells with a mean intensity over a certain threshold,
determined by the background staining as measured using secpmhly control wells, were

selected as being positive for that marker. For markers which are located in the nucleus, such as

neuronal nucleiljeuN), intensity of staining was assessed in the nuclear region.

2.4.2.2 Analysis of docalisation to mitochadria

Colocalisation analysis was carried out using Harmony analysis software (Perkin Elmer). As
described above, Z stacks were combined to give the maximum projection and a basic flatfield
correction was applied. The nuclei were then segmented, follolaethe cytoplasm of the cell. In

some cases, the cytoplasm could not be accurately segmented, and so the whole image region was
used insteadThe mitochondria were then segmented based on staining of the mitochondrial
marker,translocase of outer mitochatria membrane 2@TOM2Q. Then spots of the protein of

interest were segmented, and selected based on size and intensity to eliminate any background
staining. Then selected protein of interest spots were identified within the mitochondrial region as
defined by TOM20 segmentatioRercentage of the protein of interest localised to the mitochondria
was calculated as followslumber of protein spots within the mitochondrial regi@motal number of

protein spotsx 100. Example images of this segmentation arabys shown in figuré.
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o’

and segmentation of fibroblasts in Harmony analysis softwbriginal
input image, where mitochondrial marker TOM20 is shown in red, and proteitecést in green, and nuclei
are shown in blue. B) Segmentation of the nuclei. C) Segmentation of the image region. D) Segmentation of the
protein of interest. E) Segmentation of all mitochondria. F) Zoomed in image of the area in the red box in E,
showirg all mitochondria. G) Segmentation of selected mitochondria; mitochondria in red have been excluded
based on small size and low intensity, mitochondria in green have been selected as true mitochondria. H)
Zoomed in image of the area in the red box infByang selected mitochondria. I) Protein of interest present
in the selected mitochondria, coloured dots indicate whercalisation occurs. J) Zoomed in image of the
area in the red in I, where coloured dots show areas ¢dcalisation between mitoandria and protein of

interest.
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2.5 Proximity Ligation Assay

2.5.1 Proximity Ligation Assay

The proximity ligation assay (PLA) was used to detect endogenous protein interactions, using Duolink

t[! GSOKy2f238 060aSNDOJO® t[! 6l a OFNNASR 2dzi Y2ali
with some changes to account for practical differencessing 96 well plates instead of slides. Cells

were fixed as previously described, then permeabilised with 0.1% tfitia Aesarjor ten minutes,

then washed three times with PBST. Cells were then blocked with 5% horse serum for an hour,

before primay antibodies were added diluted in 5% horse serum (see tebfer a list of antibodies

used in this assay). Cells were incubated°at dvernight.

On day two, primary antibody was removed from the wells, and cells were washed twice with Wash
Buffer A atroom temperature. PLUS and MINUS assay probes were diluted 1:5 in antibody diluent,
and 10Qul added per well. Cells were incubated for one hour &C3Tells were again washed twice
with Wash Buffer A. 1Q0 1:40 ligase in 1 x ligation buffer was addadd cells were incubated at

37°C for 30 minutes. Cells were washed twice with Wash Buffer A, befogd 180 polymerase in 1

x amplification buffer was added, and cells were incubated for 100 minutes’@t &&lls were

washed with 1 x Wash Buffer B tejdefore a final wash with 0.01 x Wash Buffer B. To visualise the
nuclei, Hoechst diluted in PBST was added for two minutes, before cells were finally washed three
times with PBST. Cells were imaged using the Opera Phenix usislgth&luor 68 (excitaion
561/emission 603and the DAPI channel (excitatid@5emission461), with a total of 20 fields per

well analysed, and 3 Z planes for fibroblasts, and 5 Z planes for neurons. Exposure time was

optimised per each plate.

Table16: Primary antibody used in the PLA

Primary Antibody Dilution Supplier

Drpl 1:1000 BD Biosciences (611113)
Fisl 1:1000 Proteintech(109561-AP
Mff 1:1000 Proteintech(170901-AP
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2.5.2 Image Analysis

PLA images were analysed using Columbus software (Perkin Bimegi were segmented, as were

the spots indicating proteiprotein interactions, as shown in figube To get an approximate

number of spots per cell, the total number of spots was dividgthle total number of nuclei. The

LISNA ydzOf S NJ NBIA2Y 61 & ARSYUGUATFASR asdlefifetdbyRAYy I (I KS

Columbus softwareand the number of spots within this region was also identified.

A

Figure5: PLAmage analysis in Columbus softward) The original image, where each dot indicates a pretein
protein interaction and nuclei are shown in blue. B) Segmentation of the nuclei. C) Segmentation of spots
indicating individual interactions. D) Zoomeds@gmentation of individual spots. E) Segmentation of spots in

the perinuclear region.
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2.6 Overexpression of Drpl in Fibroblasts

2.6.1 Plasmid Information
pPcDNA3YFP plasmid was obtained from Dr Chun Glyoerol stocks of pcDNA3Drpl Y¥dte
obtainedfrom Professor Kurt de Vo&.map of the control pcDNAEP plasmid is shown in figure 6

Drpl was inserted at the BsrG1 restriction site.
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2.6.2Bacterial Culture

LuriaBertani(LB) gar plates were produced lgissolving 404.B agar (Fisher Scientifia)400m|
dH0 and autoclaving. This was then cooled to approximatedZ 58nd 408 50mg/ml carbenicillin
(Sigma)n 1:1 ethanol and water was added under aseptic conditions. Whs then poured into

10cm dishes and left to set.

LuriaBertani (LBbroth was made up by dissolving 258 broth (Fisher Scientifig) 1L dHO. This
was divided into conical flasks for larger cultures, and smaller bottles for smaller cultures, leaving

space to aerate, and autoclaved. 1:1000 50mg/ml carbenicillin was added where appropriate.

2.6.2.1 Bacterial Transformation

10>l chemicallycompetent cells (Sigmavere added to a preooled Eppendorf.34g DNA was added
and cells and DNA were allowedrtox for ten minutes on ice. The mixture was then heated &C42

for one minute, before being cooled on ice.

Under aseptic conditions, LB broth was added without antibiotic, and mixture was heatedCat 37
whilst shaking for one hour. Culture was then ptpétonto a prewarmed LB agar plate and raked

across the plate. Plate was incubated a#g3dvernight.

2.6.2.2 Streaking to grow individual colonies from glycerol stocks

Under aseptic conditions, a small amount of frozen glycerol stock was scrapeéhgfausterile
platinum loop and left to melt onto the plate. This was then streaked across the plate using a sterile

platinum loop followinghe pattern shown in figure, o isolate individual colonies.
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Figure7: Streaking pattern for growing individual bacterial colonie&. A small amount of frozen glycerol

stock is melted onto the LB agar plate, and then swiped across the plate i@agzigttern using a sterile
platinum loop, leading to heavy growth of badter2. The platinum loop is then dragged through the original
streak, and down in a zigag pattern, leading to less heavy growth. 3+4. The process is repeated twice more,

each time leading to less bacterial growth until 5. Individual colonies grow.

2.6.2.3 Culture of Individual Colonies

Individual colonies were picked using a sterile platinum loop under aseptic conditions and put into a
universal tube in 80ml LB broth with carbenicillin. Universal tubes were incubated overnight at
37eC whilst shaikg. For larger cultures-80ml of this overnight culture was added to a conical flask
containing 100ml LB broth with carbenicillin, and left to incubate overnight & 8hilst shaking.

For long term storage, culture was stored in 15% glycerol, snaprit@nd kept at80aC.

2.6.3DNA Isolation

Bacterial cultures grown from individual colonies were harvested by centrifuging in a 50ml falcon

tube for 20 minutes aB800g Supernatant was discarded. Plasmid DNA was isolated from the pellet

by eitherthe Isollate Il Plasmid Mini KiBioline) forsmaller cultures, or the NucleoBond PC100 Midi

Kit Macheryb  3Sf 0 F2NJ £ I NASNJ Odzf GdzNBas F OO02NRAy3I G2
pellet was resuspended using resuspension buffer 1 contaiftiAses, then lysed with buffer 2

containing detergent and NaOH to break down fats and melt DNA into single strands. Tubes were

inverted several times, and left for five minutes. Buffer 3, potassium acetate, was then added and

the solution was mixed so a @ precipitate formed. This was then cléeidl by centrifuging at
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11,000quntil supernatant was completely clear. Rbe mini kit clear supernatant was added to a
spin column in a collection tube and centrifuged at 11@@fr one minute. For the miditk clear
supernatant was added to a large collection column and left until it had completely run thrébgh.
membranein the column washen washed twice with the provided wash buffers. DNA was then
eluted by adding elution buffer and collecting the fibmough in an Eppendorf. Purity and amount

of DNA was then assessed using the Nanodp®ztrophotometer (ThermoFisher

2.6.5Transfection of Fibroblasts

Fibroblasts were plated into 96 well plates and grown to approximately 70% confluesrogach
well, 83ng of DNA was mixed with 0&2ppolyethylenimine (PEI) and added & ®ptiMEM media
(PEI and OptiMEMere obtained from D Guillaume Hautbergueand vortexed 15 times. The
mixture was incubated for 10 minutes to allow Bhposome complexes to forn8el of this mixture
was added to each well and cells were incubated for approximately 8 hours. Media was then

removed and refaced with complete EMEM media.

2.6.6Assessment dfransfectionEficiency

After 24 hours, cells were treated wiftdeM Hoechsiand incubated for one hour. Cells were then
imaged on the Opera Phenix, using the 40x water objective andltheaFluor 488ekcitation
488/emission 52p and the DAPI channel (excitatid@5emission450-455). Transfection efficiency
was calculated usqmHarmony analysis dofare. Nuclei were segmented followed the image
region. The intensity of fluorescence in the image region was #issassed and cells with a
maximum intensity over 25@ere identified as being YFP positive and thus, successfarigfacted.

This threshold was determined based on the level of background staining.

2.6.7Assessment of Drpl and Mitochondrial Morphology

Immunocytochemistry was carried out as described above, using mitochondrial marker TOM20
(Santa Cruz Biotech; FL14%)d Drp1(BD Bioscience§11113. Mitochondria and Drpl spots were

segmented and analysed in Harmony software as previously described.
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2.7 Neurite Outgrowth Assay

2.7.1 Neurite Outgrowth Kit

The neurite outgrowth assay was carried out using avdilable from Thermofisher (A15001). At
the endpoint of generic neuron differentiation, 1@0~orking buffer was added to the wells,
consisting of 1:500 membrane marker, 1:500 cell viability maasker1lQuM Hoechst in phenol red
free minimum essential mita (MEM; Gibco). Cells were incubated for 30 minutes &€ 3then

media was removed and 1QD1:100 background buffer was added in MEM. Plates were then
imaged on the Opera Phenix (Perkin Elmer) using the 20x air objectiviheaAtexaFluor 488
(excitaion 488/emission 52h AlexaFluor 68 (excitation 561/emission 603nd the DAPI channel
(excitation405emission461). Approximately 12 fields were imaged per well, with approximatetfy 5

planes imaged per field. Exposure time and exact Z plane pasijieras optimised per plate.

2.7.2lmageAnalysis

Analysis of the neurite outgrowth assay was completed using Harmadysas software (Perkin

Elmer). As previously described, Z stacks were combined to give the maximum projection and a basic
flatfield correction was applied. The nuclei were then segmented, followed by the cytoplasm of the

cell. Cell morphology was assessed based on the membrane marker. Viability of cells was assessed

by measuring the intensity of the viability marker inside the cytapladarmony software was also

GNF AYySR (2 NBO2AYyAAFSOMRPYAEI QRAOWHASRNRY | V¥RNRIKR ¥ Ay
neuron score, based on the ratio of cells with typical neuronal morphology tenearonal

morphology.This is shown in figur@.
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Figure8: Segmentation and analysis of the neurite outgrowth assay in Harmony softwaneOriginal input

image showing the membrane stain in red and viability stain in green. B) Segmentation of the nuclei. C)
Se@mentation of the cytoplasm. D) Harmony software is trained to differentiate between cells with typical
neuronal morphology, shown in red and cells lacking typical neuronal morphology, shown in green. E) Viable

cells are selected based on intensity of ¢fability stain, viable cells shown in green.
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2.8 Mitochondrial Membrane Potential AssayNeurons

2.8.1 MMP Assay

At the endpoint of differentiation, cells were incubated for one hour with a working solution of
80nM tetramethylrhodamine, methyl ester (TMRM; Invitrogen), 10nM MitoTracker green
(Invitrogen) and 10uM Hoechst (Sigma) in MEMIRM is cationic, staining the most negative part
of the cell, and so can be used as a measure of mitochondrial membrane pbteioweever, TMRM
can be used in two modes; to determine that staining is in the correct mode, in previous work a
validation assay was carried out using carbonyl cyaniddllorophenyl hydrazone (CCCP; Sigma), a
mitochondrial uncoupler which dissipates theembrane potential. A reduction in fluorescent
intensity was noted, indicating TMRM was being used corrdatijmediately before imaging, wells
were washed with 100ul MEM. Neurons were imaged using the Opera Phenix, using the 40x water
objective.Approximaely 20 fields of view and 5 Z planes were imaged perwsatig theAlexaFluor
488 (excitation 488/emission 595AlexaFluor B8 (excitatiorb61/emission 603)and the DAPI
channel (excitatiod05emission461). Exposure time and exact Z plane positionirag optimised

for each plate.

2.8.2lmageAnalysis

Images weranalysed using Harmony analysis software (Perkin Elmer). Z stacks were combined to
give the maximum projection and a basic flatfield correction was applied. The nuclei and cell
cytoplasm wee segmented. The intensity of TMRM staining was assessed, while mitochondria were
segmented and morphology analysed using the MitoTracker green stain. Mitochondria in the
perinuclear region were assessed by selecting an area around the nuclewswiiker border of

25%.Form factor was assessed using the following equaom?)/(4” I Y0 6 KSNB LY A&
of the mitochondrial perimeter and am is the area of the mitochondribong and short

mitochondria were separated into two separate populations with long mitochondria defined as
mitochondria with a form factoover 1.4, and short mitochondria defed as those with a form
factor belowl.4. This was set based on the controlrfofactor values, to give approximately 55%

long mitochondria. Images of thanalysis are shown in figure 9

63



64



Figure9: Analysis of mitochondrial morphology in iNeurons from the MMP Assay, in Harmony analysis
software. A) Inputimage showing TMRM staining. B) Input image showing MitoTracker Green staining. C)
Segmentation of the nuclei. D) Segmentation of the mitochondria, from the MitoTracker Green stain. E)
Segmentation of long mitochondria, shown in green, and short mitoaferghown in red. F) Segmentation of

the perinuclear region, and mitochondria within the perinuclear region. G) Zoomed in image of the area in the
white box in D. H) Zoomed in image of the area in the white box in E. I) Zoomed in image of the area in the
white box in FJ) A long mitochondrion with a higher form factor of 1.6, highlighted in the green box. K) A short

mitochondrion with a lower form factor of 1.0, highlighted in the red box.

2.9 Live Neuron Assays under Stressed Conditions

Neurons werdlifferentiated as described above. On day 5, neurons wey@ated into low glucose

OpYal YSRAIFIX ¢A0GK FRRSR 3IflO0i2as8S oununYavud ¢KAa

(11765054) with DMEM no glucose medial(966025), with supplements and facte added as

used in complete neuron media. They were grown in this media until the end of the protocol. On day
9, 30nM rotenongSigma) was added in galactowredia, and cells were treated with this until the

end of the protocol. At the endpoint of diffeniation, the neurite outgrowth assay and MMP assay

were carried out and analysed as described above.

2.10 Statistical Analysis

All statistical analysis was carried out in GraphPad Prism 7. For controls vs sAD group analyses, an
unpaired ttestwasuse® C2NJ Iyl feadAa 2F AYRAGARdAzZt fAySa:z

e

{ARF1 Q& YdzZf GALX S O2YLI NRA2YyaA 6l & dzaSRd C2NJ | 4aS3

regression analysis was used.
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Chapter Three: Investigatiytochondrial
Dynamics in sAD Patienbfeblasts

3.1 Introduction

3.1.1 Mitochondrial Phenotype in Patient Derived Fibroblasts

This project will investigate mitochondrial abnormalities utilising pat@erived cell models of sAD.

The first model to b assessed is fibroblasts sourced locally as part of the MADEtudy, from

both sAD patients and healthy controls, age and sex matched as closely as possible. Fibroblasts are
dermal cells, present in connective tissue. They are cultured from a ski jpioysy, a relatively

simple procedure with very few complicatio®uburgeret al, 2012) They are robust in culture and
storage, and have been used to investigate neurodegenerative disorders, including AD, for many

years.

Whilst fibroblasts are not directly implicated in AD pathology, their relevance as a disease model is

based on the proposed systemic nature of AD. This is adtamgling theoryBlass and Zemcov,

1984; Baker, Ko and Blass, 19&8)d stateghat many of the cellular changes present in neural cells

are also present in peripheral cells, and it is the vulnerability of neurons and other neural cell types

which cause the brain to be so severely affected (reviewetrbghina, 2019)Fibroblasts also

maintain the genetic background of the patient, and aged characteristics of the cell. pAfiénlar

is difficult to model due to the complex aetiology, and patient cells are a key model which is able to

do this. Fibroblasts recapitulate many pathological features of AD including @® dzY dzf G A2y 2 F
(Joachim, Mori and Selkoe, 1989; Soinieeal., 1992; Citroret al,, 1994; Johnstoet al., 1994;

Gray and Quinn, 2015; Bhattachastzal., 2020)and expression of ta(Matsuyama and Bondareff,

1994)6 KA OK A& LIK2aLIK2NEf | (SR (Aoyigetlalf 008 PloigtSaNEDEL) LI (G A Sy

Importantly for this project, fibroblasts from AD patients also have altered mitochondrial function,
includingdecreased complex IV activif@urtiet al, 1997) decreasd ATP level&Gray and Quinn,

2015; Péreet al,, 2017) and decreased mitochondrial membrane potenfimit U. Joshet al,,

2018; Belkt al,, 2018, 2020)Reduced basal and maximal oxygen consumption and spare respiratory
capacity(Gray and Quinn, 2015; Amit U. Joshal., 2018; Belet al,, 2018, 2020have also been

noted, in both s® and fAD fibroblasts. Recently, our lab has discovered a correlation between

mitochondrial function and neuropsychological tests, specifically mitochondrial spare capacity and
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delayed episodic recdBellet al., 2020) highlighting the benefit of studying these pathological

mechanisms in peripheral cells.

Alterations in mitochondrial morphology have also been seen, though findings are not consistent.
Mitochondria have been seen to accumulate around the perinuclear rédfimglong Wangt al,,

2008; MartinMaestro, Gargini, Garciet al,, 2017; Belét al., 2018) suggesting a collapse in the
mitochondrial network. Since work on this project begBnabiket al. (2021)have identified a
decrease in fragmentation of the mitochondrial network, noting a reduction in both the number and
area of mitochondria which were separated from the networkey'also saw an increase in branch
length, whileWanget al. (2008)found an increase in mitochondrial length, and we found an
increase in the percentage of the celken up by long mitochondri@Bellet al., 2018) In contrast,
Pérezet al.(2017)and Joshiet al. (2018)both saw a redation in mitochondrial lengthindicating a
more fragmented network. Taken as a whole, the literature is clear that there are alterations in
mitochondrial morphology in AD patient fibroblasts, but there is ho consensus as to whether the

network is more otess fragmented.

Mitochondrial morphology is controlled by several dynamic processes, including fission and fusion.
These processes, and the proteins involved in them, have also been investigedbiket al.(2021)
found reduced rates of both fission and fusion, as well as reduced levels of fusion protein Mfn2.
Others have seen reductions in several OPAL isof(Réezet al, 2017) though some have seen

no changgXinglong Wanet al., 2008) Several studies have noted a decrease in mitochondrial
fission protein DrpIXinglong Wanet al,, 2008; MartinMaestro, Gargini, Garciat al., 2017; Belet

al., 2018; Drabik, Piecy&t al., 2021) though this is also inconsistefimit U. Joshet al., 2018)

Drp1l is usually located in the cytosol and is recruited to mitochondria during fission events; Drpl
localised to the mitochondria has been seen to be both redydattin-Maestro, Gargini, Garciat

al., 2017; Belet al,, 2018) and increase@Amit U. Joshét al,, 2018) Interestingly, the proportion of

total Drpl localised to the mitochondria has been seen to be increased, while the piorpof total
mitochondria with Drp1 was decreas@drabik, Piecylet al, 2021) This does not indicate whether
there are higher or lower levels of Drpl localised to the mitochondria, but does suggest that despite
Y2NB 2F GKS OSftftQa G20Ff 5Nl 6SAy3 dzaSR 4 GKS
as many mitochnodria as in healthy cells, which may lead to a reduction in fission. Alterations in
Drp1l localisation may be due to alterations in total levels of Drpl1, or may suggest an impairment in
the recruitment of Drp1l to the mitochondria. Drpl is recruited by fproteins on the outer
mitochondrial membrane: Fisl, Mff, MiD49, and MiD51. These proteins are less well studied in AD
fibroblasts, thoughNanget al. (2008)noted an increase in Fisl, whilBtrabiket al. (2021)saw no

change in Fisl but did see a decrease in Mff.
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Considering the differing findings with regard to mitochondrial morphology in AD fibroblasts, it is not
surprising that investigations into the processes controltiig morphology also yield differing

results. This chapter will investigate these mechanisms on a deeper level, in an attempt to better
understand these processes and how they contribute to mitochondrial dysfunction in AD patient

fibroblasts.

3.1.2 Previos Work

Previous work in our lab, carried out by the author as part of a previous MSc project and others, has
looked into mitochondrial function and morphology in both locally collected control and sAD
fibroblast lines, and commercially available lines from cdst{reAD, and patients with a PSEN1
mutation. Mitochondrial membrane potential, as well as spare capacity, were reduced in both
sporadic and PSEN1 cohorts; these deficits were improved by treatmentissitdeoxycholic acid
(UDCA, a known modulator of mitchondrial functionBellet al, 2018, 202Q)Mitochondrial

morphology was also altered, with an increase in the percentage of the cell takeylopg

mitochondria and more mitochondria accumulated around the perinuclear regiotal Drpl levels,

as well as Drpl localised to the mitochondria, were reduced in a smaller subset of the locally

collected cohort, as well as in the commercially atdéaohort.

3.1.3 Aims and Objectives

The aim of this chapter is to investigate further the mechanisms leading to and resulting from
reduced levels of Drpl in an expanded, locally collected cohort of SAD patient fibroblasts and healthy

controls. Theobjectives are:

1. To measure total protein expression of Drpl in an expanded cohort

2. To measure total protein expression of the four Drpl receptors, Fisl, Mff, MiD49, and
MiD51

3. To measure interactions between Drpl and the receptors

4. To investigate post trandianal modifications of Drpl, primarily phosphorylation at ser637
and ser616

5. To investigate mechanisms upstream of Drpl recruitment

6. To determine whether overexpression of Drpl can rescue deficits seen
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3.2 Results

3.2.1Drpl Protein Expressiam sADHbroblasts

Previous work found a reduction in total levels of Drpl in four SAD patient fibroblast lines from the
MODELAD study (sAD4, sAD5, sAD6, sAD7), as well as three sAD patients and three PSEN1 patients

from the Corriell cell repository, compared flaur MODEYAD and three Coriell control lines.

Total cellular protein levels of Drpl were assessed via western blotting in a further six controls and
six SAD patients (sAD1, sAD2, sAD3, sADS8, sAD9, sAD10) from theADCIEly, expanding the
cohort from work carried out previoushDrpl undergoes alternative splicing to give different
isoforms, with cell type specific expressi@osdatet al., 2020) The splice variants shown here

have been seen in fibroblasts in previously published WXikglong Wanet al,, 2008; Drabik,

Piecyket al., 2021)

It was found that in the ten sAD patients and ten controls included in the M@DEtudy, Drpl

was reduced by 35% (cwals 1.02+0.01; sAD 0.6F0.33) in SAD patient fibroblasts compared to
controls (figure Oc; p < 0.0001). At an individual level, a significant decrease was seen in seven sAD
lines compared to controls; SAD 1 was decreased by 45.7% (p = 0.000918iglureAD 2 was

decreased by 46.7% (p = 0.0002; figudb)1sAD 4 was decreased by 54% (P < 0.0001; figbje 1

SAD 5 was decreased by 78% (p < 0.0001; fidabk $AD 6 was decreased by 48.1% (p = 0.0005;
figure 10b), sAD 7 was decreased by 25.7% Q376; figure @b), and sAD 8 was decreased by

50.2% (p = 0.0003; figur®l). sAD 10 was the only line which showed a significant increase in Drpl
levels, of 41.6% (p = 0.0026; figu@).
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Figurel0: Total Drpl protein levels are reduced in ten sAD patient fibroblast lines compared to ten controls

(p < 0.0001)A) A representative blot of Drpl and GAPDH loading control in 6 control and 3 sAD patient
FAONROf Al fAySaz ¢ AdiKie donbleBandiNdpedet ¢s Dip2 éxiRtSaR twhISofbims |y
in fibroblasts, and both bands have been quantified together here. B) Quantification of Drpl in ten controls and
ten sAD patients, where controls are shown as a group and sAD lines shownallgivieach line was

measured from samples of 3 separate passages. A significant decrease in Drpl protein levels is seen in seven of
ten sAD patient fibroblast lines, and a significant increase in one line (* p < 0.05, ** p < 0.01, ** p < 0.001,
wkng<cndnnanmMT hyS gF@& 1 bhx! gAGK 5dzyySaiaQa YdzZ GALIX S O2Y
and sAD7 were assessed by the author as part of previous work carried out by the lab. Bars represent mean,
and error bars represent SD. C) Drpl protein lavelsignificantly decreased by 35% when the sAD group are
compared to the control group (**** p < 0.0001; t test). Each dot represents the mean of three replicates per

line, bars represent overall mean and error bars represtmdard deviation$D.
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3.2.2 Posphorylated Drpin sAD Bbroblasts

Post translational modifications of Drpl are key in its fission activity; Drpl must be
dephosphorylated at serine 637 and phosphorylated at serine 616. To determine whether this is
affected in sAD, levels phosphorylated Drpl were assessed via western blotting. Unfortunately,
very low levels of phosphorylated Drpl were seen in both control and sAD fibroblasts, and this could

not be quantified figure 1J).

Control Control sAD sAD

— ~82kDa
(s637)

GAPDH ~37kDa

B Control Control

pDrpl N82kDa

(s616)

o = o

Figurell: Expression gpDrpl (s637) and pDrpl (s616) were very low in both control and sAD fibroblasts.

This was unable to be quantified.
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3.2.20PA1 Protein Expression in SAD Fibroblasts

Increased levels of short form OPAL have been proposed to play a role in fission, widegér

form is involved in fusiofAnandet al., 2014) Total cellular protein levels of OPAL were investigated
via western blotting in six control and eight sAD patient fibroblast lines, as well as the ratio of short
form OPAL to long form OPAL. A change ia thtio would indicate that there is a change in the
processing of OPAL, potentially due to a shift in the fission fusion balance. One line, sAD 2, showed a
significant increase in total OPA1 expression levels of 402®.0001; figure 13however when
groupwise comparisons were undertaken, no significant difference was seen (controls ©.21;

SAD 1.45-1.0; p = 0.2214; figure 12cThere was some variability seen in sAD lines, with many
showing an increase, and sADG6 in particular showidgceesase of 72% (p = 0.3589; figure }2b

There was no significant difference seen in the ratio of the short OPA1 isoform to the long OPA1
isoform (controls 0.3& 0.08; sAD 0.3%0.09; p = 0.799(Figure 12¢k), suggesting that there is no

difference inOPAL processing between control and sAD fibroblasts.
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Figurel2: There is no significant difference in total OPA1 protein levels between control and sAD patient
fibroblasts.A) A representative blot of OPA&d GAPDH loading control in two control and three sAD patient
FAONROfIAG tAySaY 6AGK mn>3 LINRPGSAY f2FRSR LISNIflySo
patients at a minimum of two passages per line, with a significant increaseisene line (**** p < 0.0001;

hyS 61& !'bh+! gAGK 5dzyySidQa Ydz GALX S O2YLI NRNA&A2Y a0 d
There is no significant difference in OPAL total protein levels when individual lines are combined (p = 0.2214; t
test). Each dot shows the mean of the replicates for each line, bars represent the overall mean, and error bars
represent SD. D) Quantification of the ratio of short OPAL isoform to long OPAL1 isoform in four controls and

eight sAD patients, at a minimum of 2gsages per line. Bars show the mean, and error bars represent SD. E)
There is no significant difference in the ratio of short OPA1 to long OPA1 when individual lines are combined (p
=0.7990; t test). Each dot shows the mean of the replicates for eaclvdirs represent the overall mean, and

error bars represent SD
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3.2.3Drpl Receptor Protein Expression in SAD Fibroblasts

In order to determine whether other proteins involved in fission are also reduced in sAD patient
fibroblasts, total cellular protein levels of the four Drpl receptors present on the outer
mitochondrial membrane, Fisl, Mff, MiD49, and MiD51, were assesaadestern blotting, in ten
sAD patients and ten controls from the MOBAD study. Fisl was found to be reduced in eight
individual lines; sAD 1 was decreased by 67.1% (p < 0.001; IBj)resAD 2 was decreased by
44.2% (p = 0.003igure 131, sAD 4 wadecreased by 72.7% (p < 0.0001; figiigk), SAD 5 was
decreased by 54.2% (p = 0.001; figligk), SAD 6 was decreased by 41.0% (p = 0.0169; fidine
SAD 8 was decreased by 38% (p = 0.0294; fitsing SAD 9 was decreased by 65.5% (p < 0,0001
figure 13b), and sAD 10 was decreased by 52.8% (p = 0.0014; fighyeAt a group level, there was
an overall reduction of 48% (controls 1.69.23; sAD 0.54 * 0.1@)sAD patient fibroblasts
compared to controls (figur&3g p < 0.0001).

Mff levels were sen to be reduced in six individual sAD fibroblasts lines; sAD 1 was decreased by
58.9% (p = 0.0013; figufieth), sAD 2 was decreased by 64.7% (p = 0.0004; figinesAD 3 was
decreased by 50.3% (p = 0.0073; figldd), SAD 5 was decreased by 56.1% Qp0807; figurel4h),
sAD 8 was decreased by 51.2% (p = 0.0061; figthle and sAD 9 was decreased by 40.3% (p <
0.0001; figurel4b). At a group level, a decrease of 42% (Controls4M%29; sAD 0.630.31) was
seen in sAD fibroblast lines comparecctmtrols (figurel4c p < 0.0001).

MiD49 was reduced in three individual sAD lines; sAD 1 was decreased by 57.0% (p = 0.0252; figure
15b), sAD 2 was decreased by 57.9% (p = 0.0225; figie and sAD 6 was decreased by 66.9% (p =
0.0063; figurel5h). At a group level, there was an overall reduction of 36% (Controls+1(38;

SAD 0.66 + 0.26h sAD fibroblasts compared to controls (figdfes p = 0.0031).

There was no significant difference in MiD51 protein levels between controls and patieats, at
individual or group level (Controls 1.6®.35; sAD 1.060.20; p = 0.5689; figurk6).

Overall, when considering all the protein assessed thus far, SAD1 and sAD2 showed deficits in the
most proteins, with four of five proteins investigated reducednpared to controls. sAD3, sAD7,
and sAD10 showed deficits in the least number of proteins, with only one of five proteins reduced

compared to controls (table7).
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Figurel3: Total Fis1 protein levels are reduced in ten spddient fibroblast lines compared to ten controls (p

< 0.000). A) A representative blot of Fis1 and tubulin loading control in three controlthesgisAD patient
FAONROfFAlG fAYySaY 6AGK mn>3 LINRGSAY ofséndRSEsRD gatengd f | y S o
at 3 passages per line, with a significant decrease in Fisl protein levels segnt @f ten SAD patient

fibroblast lines (* p < 0.05 ** p < 0.01, ** p <0.001, ** p<0.000L hy S gl & ! bhz! gAGK 5dzyy
comparisonk Bars represent the mean and error bars represenC3PBis1 protein levels are significantly

decreased by 48% when individual lines are combined (**** p < 0;@Q641). Each dot represents the mean

of replicates for each line, bars represent theraltanean, and error bars represent SD.
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Figurel4: Total Mff protein levels are reduced in ten sAD patient fibroblast lines compared to ten controls (p

< 0.0001)A) A representative blot &fiff and tubulin loading control in three controls atiee SAD patient
FAONROfFAG fAYySaY 6AGK mn>3 LIMRiditénicehtrols arnd RSIAD pdfeNts f | vy S ®
at 3 passages per line, with a significant decreaddffrprotein levet seen irsixof ten sAD patient fibroblast

lines (* p<0.05* p<0.0F*<0.001,***p<0.0000 2yS gF& !'bh+! gAGK 5dzyySiiQ:
comparisonk Bars represent the mean and error bars represenCBIf protein levels are significantly

decreagd by 2% when individual lines are combined (**** p < 0.000test). Each dot represents the mean

of replicates for each line, bars represent the overall mean, and error bars represent SD.
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Figurel5: Total MiD49protein levels are reduced in ten sAD patient fibroblast lines compared to ten

controls (p = 0.0031A) A representative blot éfliD49and GAPDHoading control in three controls aridur

a!'s5 LI GASyld FTAONROE I &ad f Ay S@uantfizadtion ¥MiR40in @n codi@sia®dA y f 2 1 RS
ten sAD patients at 3 passages per line, with a significant decredi®#Bprotein levels seen iree of ten

SAD patient fibroblast lines (*p<0.05*p<0l012y S 61 & ! bh+! gA{KrisbndzBafsSi G Qa Y
represent the mean and error bars representC§BiD49protein levels are significantly decreased36yo

when individual lines are combined (*=.0031; t test). Each dot represents the mean of replicates for each

line, bars represent theverall mean, and error bars represent SD.
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Figurel6: Total MiD51 protein levels are not significantly different ten sAD patient fibroblast lines compared

to ten controls (p = 0.5689A) A representative blot of MiD51 @lGGAPDH loading control in two controls and

FADBS &!'5 LI GASYy(d FAONROEIFIAG fAYySaY 6AGK mn>3 LINRPGSAY
and ten sAD patient fibroblast lines three passages per linwith no significant difference eny patient(one

gF& 1 bhzx! GgAGK 5dzyy S (Bafieprasdnt theArielin &nd Ertoivbhis rbjdkedc§5A.

MiD51 protein levels are not significantly different when individual lines are combined (p =;0.8889Each

dot represents the wan of replicates for each line, bars represent the overall mean, and error bars represent

SD.
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Table17: Summary table of total protein levels of Drpl and the four Drpl receptors on the outer
mitochondria membrane, Fisl, MfivliD49, and MiD51, in sAD patient fibroblasta. green arrow represents
a significant increase, a red arrow representsignificantdecrease and a yellow bar represents no
significant difference (**** p < 0.0001, *** p < 0.001, ** p <0.01, * p < 0.05D1 and sAD2 show the most

deficits, in four out of five proteins, while SAD3, sAD7, and sSAD10 show the least, in only one of four proteins.

I
* * %k *

Drpl * %k * %k ok * ok ok %k * ok ok ok * ok k

o § 0§ $y 3§ & 3 3 1
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3.2.4Linear RegressiddetweenDrpl and Receptors in SAD Fibroblasts

To help to determine the importance of each receptor in the recruitment of Drpl, and whether this
changes in sAD, linear regression between Drpl protein levels and protein levels of each receptor
was investigated. There is a significant linear regressitnwden Drpl and Fis(t? = 0.2437; p =

0.0269; figurel7a), and Drpl and Mff fr= 0.24; p = 0.0283; figurerb). In Mff, a significant linear
regression was seen in the controls as an individual gréupr5924; p = 0.009; figud&’b), but not

in sAD ibroblasts. There is no significant linear regression between MiD49 and Drpl, or MiD51 and

Drpl (figurel7cd).
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Figurel7: Linear regression between protein levels of Drpl and protein levels of Fis1, Mff, MiD49 and MiD51

in fibroblasts.A) There is a significant linear regression between Drpl and Fis1 |éwels2437; p = 0.0269),

but this is not present in either control or sAD fibroblasts as individual groups. B) There is a significant linear
regression between Drpl and Mff overall (black liAe; ®.24; p = 0.0283). This is seen in control fibroblasts

(blue line; = 0.5924; p = 0.009), but not in sAD patient fibroblasts. C) There is no significant linear regression
between Drpl and MiD49 protein levels overall, or in either control or sAD fibroblasts. D) There is no significant

linear regression betweddrpl and MiD51 overall, or in either control or sAD fibroblasts.
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3.2.5Linear Regression Between Fission Proteins and Mitochondrial Function in sAD
Fibroblasts

In order to understand the relationship between the expression of fission proteins and
mitochondrial function, linear regression between the fission protein expression and mitochondrial
membrane potential was investigated. Mitochondrial membrane potential in this cohort of sAD
fibroblast was assessed in previous work carried out in parheyatthor as part of a previous MSc
project, and in part by Dr Simon Bell. A significant linear regression was seen between MMP and
Drpl (¢ = 0.3633; p = 0.0049; figulda), and MMP and Fis12@& 0.2797; p = 0.0187; figulh).

No significantegression was seen between MMP and Mff, MMP and MiD51, and MMP and MiD49,
though MiD49 was approaching significancde=(0.1825; p = 0.0603; figulce).

82



A Drp1 vs MMP
o 151 -
o
;]
L]
o
2 1.0
w
=
e
2 0.5
[+
=
o
0.0 T T
0.0 0.5 1.0
MMP
B Fis1 vs MMP
1.5+
=
S
w
wr
-+
& 1.04
g
L
E
o
© 0.5
o
o
o
0.0 T T 1
0.0 0.5 1.0 1.5
MMP
D MiD49 vs MMP
= 1.5+
2
4]
£
2 4,04
L
| =4
s
=]
E 0.5
=+ ]
-t
[=|
= 0.0 T . |
0.0 0.5 1.0 1.5

Conltrols

sAD
1.5
Mff vs MMP
1.5+
=
= [ ] o, 0
" * o
L ]
= 1.04 . ®
E /
£ . "
a
8 0.5- an® =
o ]
E | |
0.0 T T 1
0.0 0.5 1.0 1.5
MMP
MiD51 vs MMP
= 1.5-
k=]
o . 2
E n I&
1.0
u’j - [ I |
[ u .
g | ]
L ]
= 0.5+
i
fa]
= 0.0 T T 1
0.0 0.5 1.0 1.5
MMP

Figurel8: Linear regression between MMP argkpression of fission proteins Drpl, Fisl, Mff, MiD49, and

MiD51 in fibroblasts A) There is a significant linear regression between MMP and Drpl (r2 = 0.3633; p =
0.0049). B) There is a significant linear regression between MMP and Fisl (r2 = 0.2092,87 ) C) There is

no significant linear regression between MMP and Mff. D) There is no significant linear regression between

MMP and MiD49, though this is approaching significance (r2 = 0.1825; p = 0.0603). E) There is no significant

linear regressiond&tween MMP and MiD51.
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3.2.6Linear Regression Between Fission Proteins and Mitochondrial Morphology in sAD
Fibroblasts

In order to understand the relationship between mitochondrial fission proteins and mitochondrial
morphology, the linear regression between the expression of these proteins and form factor, a
measure of mitochondrial interconnectivity, calculated usingftiilowing equation{pm?/(4~ | Y 0
where pm is the length of the mitochondrial perimeter and am is the area of the mitochonadvias
assessed. An increase in form factor indicagéesore fused mitochondrial networlvitochondrial
form factor was assessed this cohort of fibroblasts by Dr Simon Bell (Bell et al., 2018; Dr Simon
.S8ftfQa tK5 ¢KSaAaod ! aAIYAFAOLYGH fAYySIEN NBINBaA3
mitochondrial form factor ¢= 0.3135; p = 0.0127; figui®a), and Fis1 expressi@and

mitochondrial form factor ¢= 0.2605; p = 0.0256; figuld®b). Linear regression between Mff
expression and mitochondrial form factor was very close to being signifiéan0(B079; p = 0.0509;
figure 199. There was no significant linear regressseen between form factor and MiD49, or form
factor and MiD51 (figuré9d-e).
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Figurel9: Linear regression between form factor, a measure of mitochondrial interconnectivity, and fission
proteins Drpl, Fisl, MfiMiD49, and MiD51 in fibroblastsA) There is a significant linear regression between

form factor and Drpl (r2 = 0.3135; p = 0.0127). B) There is a significant linear regression between Fis1 and form
factor (r2 = 0.2605; p = 0.0256). C) Linear regressitwelea Mff and form factor is very close to significance

(r2 = 0.3079; p = 0.0509). D) There is no significant linear regression between MiD49 and form factor. E) There

is no significant linear regression between MiD51 and form factor.

3.2.7Fis1 and Mff.ocalisation in SAD Fibroblasts

To investigate whether reduced total levels of Drpl receptors leadgséduced amount of

receptors localised to the mitochondria, fibroblasts werestained for receptors alongside TOM20,
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a commonly used mitochondrial meer. Representative images are shown in figure 20 and figure
22.Due to limitations in available antibodies, only Fisl and Mff were investigated. Due to time
constraints owing to reduced access to laboratories during the €d®gandemic including a full
laboratory closure, only-2 repeats per line could be obtained and as such, statistical analysis was
not carried out. Some sAD lines showed a decrease in the amount of Fisl localised to the
mitochondria, SAB and sAD® especially, with a smaller decsEaseen in sAB and sALO (figure

21a) These lines all showed a deficit in total Fis1 protein expression when assessed by western blot
(figure13), and hence were included for this analysis. Interestingly, deficits in Fisl protein expression
were seenn sADL and sADb, both of which show an increase in Fisl localised to the mitochondria
(figure218). When data for individual lines was combined, there was no difference seen between
control and sAD lines in the amount of Fisl localised to the mitodi@(igure21b). As well as a
decrease in the amount of Fisl localised to the mitochondria,&abld sAD® showed an increase

in the percentage of total Fisl localised to the mitochondria (fi@ré. This suggests that despite

using a greater propoutn of the total Fisl, the cells are still unable to bring Fislbcalised with

the mitochondria back to control levels. sAland sAD also showed an increase in the percentage

of total Fis1 cdocalised to the mitochondria, but these lines were aldestfficiently increase the
amount of Fis1 at the mitochondria to reach, or surpass, control levels (fejuyesAD6 and sALLO

both showed a decrease in the percentage of total Fisl localised to the mitochondria Pigre

which may contribute tolie decrease seen in these lines in the amount of Fis1 localised to the
mitochondria. When individual lines were combined, there was no overall difference seen between

SAD and control fibroblasts in the percentage of total Fis1 localised to the mitochdfiguiee 21d).

Some sAD lines showed a decrease in the amount of Mff localised to the mitochondria, specifically
SAD3, sADG, and sAD (figure 23a) sAD3 and sAD also showed a deficit in the total protein
expression of Mff, though sA®showed nastatisticaldifference (figurel4). sADL and sAb also
showed a decrease in Mff total protein expression when assessed by western blot {#yubet

here show an increase in the levels of Mffleoalised to the mitochondria (figur23a). When
individual lines were combined, there was no difference in the amount of Mff localised to the
mitochondria between control and sAD lines (figdBh). All sAD lines tested show no difference in
the percentage of total Mff localised to the mitochondria, with theeption of SAD® which showed
an increase (figur23¢. When individual lines were combined, there was no difference in the
percentage of total Mff which was localised to the mitochondria between control and sAD patient
fibroblasts (figure23d).
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Figure20: Representative Images of FiFIOM20 cdocalisation in control and sAD patient fibroblast#)
Representative images of Fis1 and TOM2calisation staining. TOM20 is shown in red, Fisl in green, and
nuclei in blueScale = 56m. B) Zoomed in image of REOM?20 cdocalisation in control fibroblasts, showing
the area in the white box. C) Further zoomed in image of the white box shown in B, to demonstrate co
localisation of Fis1l and TOM20. D) Zoomed in image offEISI20 celocalisation in sAD fibroblasts, showing

the area in the white box.
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Figure21: There is no significant difference in the amount of Fisl@ralised to the mitochondria between

control and sAD fibroblastsA) Quantification of Fis1 docalisation with mitochondrial marker TOM20, R2.1
Statistical analysis was not performed due to a low number of repeats. B) There is no difference in the amount
of Fis1 localised to the mitochondria between sAD and cotittroldiasts when individual lines are combined C)
Quantification of the percentage of total Fis1 which is localised to the mitochondri&. rstatistical analysis

was not performed due to a low number of repeats. D) There is no difference in the peeceintaigl Fisl

localised to the mitochondria when individual lines are combined.
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Figure22: Representative Images of MiTOM20 cdocalisation in control and sAD patient fibroblasté\)
Representative images of Mff aff®®M20 cdocalisation staining. TOM20 is shown in red, Mff in green, and
nuclei in blue. Scale =&f. B) Zoomed in image of MFIOM20 cdocalisation in control fibroblasts, showing
the area in the white box. C) Further zoomed in image of the white lmoxnsim B, to demonstrate eo
localisation of Mff and TOM20. D) Zoomed in image of MIM20 cdocalisation in SAD fibroblasts, showing

the area in the white box.
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Figure23: There is no significant difference in tremount of Mff calocalised to the mitochondria between

control and sAD fibroblastsA) Quantification of Mff cdocalisation with mitochondrial marker TOM20, R2.1

Statistical analysis was not performed due to a low number of repeats. B) There igremddfin the amount

of Mff localised to the mitochondria when individual lines are combined. C) Quantification of the percentage of

total Mff which is localised to the mitochondria, R21Statistical analysis was not performed due to a low

number of repats. D) There is no difference in the percentage of total Mff localised to the mitochondria.
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3.2.8Fis1 and Mff Interactions with Drpl in sAD Fibroblasts

To investigate whether reduced protein levels of Drpl, Fisl, and Mff leads to a decrease in
interactions between these proteins, the proximity ligation assay was used to measure interactions
between Drpl and Fisl, and Drpl and Mff. Unfortunately, MiD49 and MiD51 interactions with Drpl
could not be investigated due to antibody issues. During the flo®primary antibodies for the

proteins of interest are added to the cells. The PLA probes are then added; these are oligonucleotide
labelled secondary antibodies which bind to the primary antibodies. These oligonucleotides can then
be joined into closed;ircular DNA by connector oligonucleotides and ligase if they are in close
enough proximity, within 40nm. DNA polymerase then amplifies this signal and fluorescent probes
are used to visualise the signal. Each interaction is represented as an indiviolyassghown in

figure 24

sAD cell lines for these experiments were chosen as they were those with the largest deficits in total
protein expression. When interactions across the whole cell were assessed, no significant difference
was seen between control and sAD patient fibroblast®rpl interactions with either Fisl (controls
43.3+5.2; sAD 40.% 4.0; figure25a, ¢ or Mff (controls 43.29.2; sAD 36.%15.9; figure26a, ¢.

There was also no significant difference between control and sAD fibroblasts of the interactions
specfically in the perinuclear region for Fisl (controls 1#149; sAD 21.4 3.4; figure 25b, l or Mff
(controls 18.0t5.4; sAD 17.& 4.4; figure 26 b, §l There is more variability seen between cell lines

in Drpl interactions with Mff, particularly itné sAD fibroblasts. When comparing the number of

Drpl interactions with Fisl to Drpl interactions with Mff, there is no difference seen in either

control or patient fibroblasts (figur2?).
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Control Drp1/Fis1 sAD Drp1/Fisl

Figure24: Representative image of PA and Fis1, and Drpl and Mff interactions in control and sAD
fibroblasts. Scale bar = 50puM\) Representative image of Drpl and Fisl interactions in control fibroblasts
each orange dot represents a single interaction. B) Representative image of Drpishintteractions in SAD
fibroblasts. C) Representative image of Drpl and Mff interactions in control fibroblasts. D) Representative

image of Drp1 and Mff interactions in sSAD fibroblasts.
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Figure25: There is no difference in theumber of Drpl interactions with Fis1 between control and sAD

patient fibroblasts. A) Quantification of Drpl interactions with Fisl in three controls and three sAD patient
fibroblast lines in the whole cell, measured at three different passages. Bars represent the mean and error bars
represent SD. B) Quantification of Drpl interactiwoith Fisl in three controls and three sAD patients in the
perinuclear region, measured at three different passages. Bars represent the mean and error bars represent SD.
C) No significant difference in Drpl interactions with Fis1 in the whole cell betamteol @nd sAD fibroblasts

when individual lines are combined (p = 0.9843). Each dot represent the mean of the replicates per line, bars
represent the mean, and error bars represent SD. D) No significant difference in Drp1l interactions with Fisl in
the peinuclear region between controls and sAD patient fibroblasts when individual lines are combined (p =

0.5083; one way ANOVA). Each dot represent the mean of the replicates per line, bars represent the mean, and

error bars represent SD.
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Figure26: There is no difference in the number of Drpl interactions with Mff between control and SAD

patient fibroblasts.A) Quantification of Drp1l interactions with Mff in three controls and three sAD patient
fibroblast lines in the whole cell, mgsured at three different passages. Bars represent the mean and error bars
represent SD. B) Quantification of Drpl interactions with Mff in three controls and three sAD patients in the
perinuclear region, measured at three different passages. Bars repthgemean and error bars represent SD.

C) No significant difference in Drpl interactions with Mff in the whole cell between control and sAD fibroblasts
when individual lines are combined (p = 0.3668). Each dot represent the mean of the replicates lpansline
represent the mean, and error bars represent SD. D) No significant difference in Drpl interactions with Mff in
the perinuclear region between controls and sAD patient fibroblasts when individual lines are combined (p =

0.3105; one way ANOVA). Eadt tbpresent the mean of the replicates per line, bars represent the mean, and

error bars represent SD.
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Figure27: No significant difference in either control or SAD patient fibroblasts between the number of Drpl
interactions with Fis1 and Drpl interactions with Mf&) No significant difference between Drp1l interactions
with Fis1 and Drp1l interactions with Mff in either control or sAD patient fibroblasts in the whole cell. There is
increased variability in Mff ieractions, especially in SAD lines. Each dot represent the mean of the replicates
per line, bars represent the mean, and error bars represent SD. B) No significant difference between Drpl
interactions with Fis1l and Drpl interactions with Mff in either colntr SAD patient fibroblasts in the

perinuclear region. Each dot represent the mean of the replicates per line, bars represent the mean, and error
bars represent SD.
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3.2.9Expression of Peroxisome Marker, Pex19, in SAD Fibroblasts

Drp1l, Fisl, and Mff are also involved in peroxisomal fission; the decreased levels of these proteins
may impact peroxisomal morphology. Many sAD lines are able to maintain the level of Fisl and Mff
localised to the mitochondria at control, or close to catlevels. It may be that the decreased

total levels of these proteins are having a greater impact on the peroxisome. To investigate this
possibility, total cellular protein levels of peroxisome markaroxisomal biogenesis factor 19

(Pex19, were assssed via western blotting in four controls and four sAD patients, as a general
marker of peroxisomal mass. No significant difference was observed (ControlstDA®EDO; sAD
0.891+0.130) between controls and sAD patient fibroblasts (p = 0.5084; figi)re
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Figure28: No significant difference is seen in total pex19 protein levels between controls and sAD patient
fibroblasts. A) Representative blot of pex19 and tubulin loading control in three controls andsthibee

patients, with 1Qug protein loaded per lane. B) Quantification of pex19 protein levels in four controls and four
sAD patient fibroblast line, at three passages per line, with no significant difference seen (p = 0.5084; one way
ANOVA). Each dot represehe mean of the replicates per line, bars represent the mean, and error bars

represent SD.
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3.2.10FistBAP31 Mitochondri&R Contact Sites in SAD Fibroblasts

To explore the possibility that changes in Drpl are being affected by changes upstrisaniission
process, the mitochondri&R contact sites were studied usinglacalisation immunocytochemistry.
Representative images are shown in figure 28XBAP31 contact sites were chosen based on the
role of Fisl in mitochondrial fission, as wadlprevious findings showing reduced Fisl in eight of ten
sAD patient lines. Unfortunately, due to limitations in both time (due to CaQ9lizlated lab

closures and restricted access) and antibody availability, no further contact sites were investigated.
It was found that there was no significant difference between the number ofBA¢131 co
localisation sites, normalised to cell area (controls 062911; sAD 0.0420.007 figure 30ab).

There was also no significant difference in the percentagetaf BAP3 which was cdocalised with
Fisl (controls 15.36.9; sAD 19.% 1.5; figure 30ed), or the percentage of totdtisl which was co
localised withBAP3 (controls 33.4:14.2; sAD 23.4 1.5; figure 30ef) between controls and sAD
patient lines. However, control 10 did have significantly increased percentage of BAlR8alted
with Fisl1, and a significantly reduce percentage of Fidbaalised with BAP31 compared to other
controls (figure30c, .
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Figure29: Representative Images of BARPFIs1 cdocalisation in SAD and control fibroblasts\)

Representative images of BAPBis1 cdocalisation immunocytochemistry in control and sAD fibrobldgsl

stain shows Fis1, gea shows BAP31, and blue shows the nust=ile bar = 5n. B) Zoomed in image of
BAP31Fisl cdocalisation in control fibroblasts, showing the area in the white box. C) Further zoomed in image
of the white box shown in B, to demonstratelooalisationof Fisl and BAP31. D) Zoomed in image of BAP31

Fis1 cdocalisation in sAD fibroblasts, showing the area in the white box.
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Figure30: No significant difference between BAP&Fis1 mitochondriaER contact sites betweerontrols and

SAD patient fibroblastsA) Quantification of BAP3is1 cdocalisation normalised to cell area, n=4. Each bar
represent mean and the error bars represent SD. B) There is no significant difference HiBAE81

localisation between contr@nd sAD patient lines when individual lines are combined (p = 0.1492, unpaired t
test). Each dot represents the mean of replicates for each line, bars represent the overall mean, and error bars
represent SD. C) Quantification of the percentage of totél#EAwhich is céocalised with Fis1, n=4. Control 10

is significantly higher than control 5 and sAD lines 1 and 9 (p < 0.05, one way ANOVA). Each bar represent
mean and the error bars represent SD. D) No significant difference in the percentage of Bidealised with

Fis1 when individual lines are combined (p = 0.2942, t test). ). Each dot represents the mean of replicates for
each line, bars represent the overall mean, and error bars represent SD. E) Quantification of the percentage of
total Fis1 cdocalised with BAP31, n=4. Control 10 is significantly lower than all other control and sAD lines (p <
0.05, one way ANOVA). Each bar represent mean and the error bars represent SD. F) No significant difference in
the percentage of Fis1 docalised with BR31 when individual lines are combined (p = 0.36&%t). Each dot

represents the mean of replicates for each line, bars represent the overall mean, and error bars represent SD.
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3.2.11 Drp1l Overexpression in Control and sAD Fibroblasts

Reductions iriotal Drpl levels were seen across multiple sAD fibroblast lines, and previously, less

Drpl was seen to clmcalise to the mitochondria. To determine whether this is a key factor driving

the mitochondrial phenotype seen in sAD fibroblasts, Drpl was gatigioverexpressed in control

and sAD fibroblasts, to determine if increasing Drpl levels could rescue the alterations seen in
mitochondrial morphology. Due to time constraints, this was conducted in triplicate in one control

line, control 3, and one sAlihe, SALD, only. Cells were transfected with either a control plasmid
(PcDNA3YFP) or a Drpl plasmid (pcDNA3Drp1YFP), both conjugated to YFP so transfection efficiency
could be assessed by fluorescence. A transfection efficiency of between 18% and 2&ékhiersed

(control 3 pcDNA3YFP 18.89.3, control 3 pcDNA3DrplYFP 245%.0, SAD 5 pcDNA3YFP 20.0%
+10.5, sAD 5 pcDNA3DrplYFP 22:828; figure3la, 32a339).

The levels of Drpl were calculated in both transfected andtramsfected cells in theame well,

and the percentage increase in the transfected cells over thetramrsfected cells was assessed

Drp1l levels were increased in all transfection conditions, both control and Drpl plasmids, though
this was somewhat variable between the three egps carried out (control 3 pcDNA3YFP 127390,
control 3 pcDNA3DrplYFP 158%y7, sAD 5 pcDNA3YFP 9027, sAD 5 pcDNADrplYFP 258%

107; figure33b). This ipotentiallydue to a stress response in the cells as a result of the

transfection. In sAD fileblasts, a much bigger increase was seen in the pcDNA3DrplYFP condition
than the control plasmid condition, as would be expected. However, this was not the case in control
fibroblasts. This may be due to compensatory mechanisms in the cell; mitochoissiah fis

carefully regulated, and it may be that the cell has mechanisms to prevent Drpl levels increasing too
much as this would be detrimental. In sAD fibroblasts, the starting Drpl levels are lower, and so a

greater increase is possible.

Mitochondrialmorphology was assessed by measuring the form factor, to measure interconnectivity
of the mitochondrial network. sAD fibroblasts show a more fused network, and so a decrease in
form factor would be expected here as a rescue effect of Drpl overexpresirever, it was

found that the increased Drpl in all conditions caused a large increase in fragmentation in the
mitochondrial network compared to YFP negative cells, as shown in 8duaad figure 32and

guantified in figure 34This stress response nkasl any meaningful datia regard toa rescue of the

mitochondrial morphology phenotype in the sAD fibroblasts.
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Figure31: Mitochondrial morphology after transfection with control and Drpl plasmids, in control 3

Control 3
pcDNA3YFP

Control 3
pcDNA3Drpl
YFP

fibroblasts. A) Representative images of mitochondrial morphology in control fibroblasts after transfection

with either pcDNA3YFP or pcDNA3DrplYFP. YFP representing successful transfection is shown in green, Drpl is
shown in orange, and mitochondrial marker TOM20 is shiowad. Scale bar = 8B1. B) Zoomed in image of

the area in the white box, showing mitochondrial morphology in control fibroblasts after transfection with
pcDNA3YFP. Mitochondrial network is highly fragmented. C) Zoomed in image of the area in thexyhite b

showing mitochondrial morphology in control fibroblasts after transfection with pcDNA3DrplYFP.

Mitochondrial network is highly fragmented.

102



A
YFP/Hoechst Drp1/Hoechst TOM20/Hoechst

Figure32: Mitochondrial morphology after transfection with control and Drp1 plasmids, in SAD 5 fibroblasts.

sAD 5
pcDNA3YFP

sAD 5
pcDNA3Drpl
YFP

A) Representative images of mitochondrial morphology in sAD fibroblasts after transfection with either
pPcDNA3YFP or pcDNA3DrplYFP. YFP representing siliteessection is shown in green, Drpl is shown in
orange, and mitochondrial marker TOM20 is shown in red. Scale bai: B) Zoomed in image of the area in

the white box, showing mitochondrial morphology in sAD fibroblasts after transfectiompeitNA3YFP.
Mitochondrial network is highly fragmented. C) Zoomed in image of the area in the white box, showing
mitochondrial morphology in sAD fibroblasts after transfection with pcDNA3DrplYFP. Mitochondrial network is
highly fragmented.

103



-]
we )

Transfection Efficiency % Drp1 Increase

50 4 400 -
»
3 401 ﬁ 300

@

L=
Q = 200
= -—
% 20 4 g.
e 101 32 1991
(-]

. 2 . 2

Q Q Q Q Q Q
£ &S0 &S £ & &
¥ Q \s N ¥ QR ¥ R
& 9 & N 9 S e
o w -:.- v S > O w
\'5‘% oé o¥ 5}% \,bQ Qe- % é)e.
& \'EQB o Ch «° w o o
e & ‘;_0 ° \@ &
& &

Figure33: Transfection efficiency and % Drpl increase in control 3 and sAD 5 fibroblasts, after transfection
with either pcDNA3YFP or pcDNA3DrplYAPTransfection efficiency in control 3 and sAD 5 fibroblasts of
pcDNA3YFP and pcDNABDYFP. B) Percentage increase in Drpl levels in control 3 and sAD 5 fibroblasts after
transfection of either pcDNA3YFP or pcDNA3DrpXxGRrol 3 pcDNA3YFP shows a 12736 increase, while
control 3 pcDNA3DrplYFP shows a 150% + 37 increase. SAD 5 feDBHA@Ys a 90% + 27 increase, and the
greatest increase seen in SAD5 pcDNA3DrplYFP, which shows a 258% + 107 increase.
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Figure34: There is a large decrease in form factor, indicating an increase in fragmentatioogirrol and

sAD fibroblasts after transfection with either pcDNA3YFP or pcDNA3Drp1XFm control 3 fibroblasts,

there is a large decrease in form factor in YFP+ cells compared-toe¥§Rafter transfection with either
pcDNA3YFP or pcDNA3Drp1\Hjn sAD 5 fibroblasts, there is a large decrease in form factor in YFP+ cells
compared to YFRells, after transfection with either pcDNA3YFP or pcDNA3DrplYFP.
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3.3 Discussion

This chapter focussed on mitochondrial dysfunction, in particular alterations in mitochondrial quality
control, in control and sAD patient fibroblasts. A locally sourced cohort of ten SAD patients and ten
healthy, age and sex matched controls were useth some experiments carried out on lower

sample numbers due to time constraints and COYdDelated lab restrictions. Overall, findings
showed a decrease in several key mitochondrial fission proteins, but no significant changes in the
localisation or inteactions of these proteins. There was also no change seen in BA®B1

mitochondriaER contact sites, or mitochondrial fusion protein, OPAL.

3.3.1 Drpl

Drpl is the key protein involved in mitochondrial fission. During fission events, Drpl is recruited to
the mitochondria, where it forms an oligomeric ring structure, which constricts allowing the
mitochondria to divide. Previous work in the lab found thattl protein levels of Drpl were

significantly reduced in a small cohort of both sAD and fAD patient fibrolfBslit al., 2018)

work which | contributed to as part of my MSc. The first aim of this chapter was to assess total Drpl
protein leves in an expanded, locally sourced cohort. It was found that of the ten sAD lines
(including those previously assessed and those assessed as part of this project), seven showed a
significant decrease in Drpl total protein levels, with one showing a sagtificcrease, and two
showing no significant difference. Overall, this gave a significant decrease of approximately 35%

when the lines were combined.

This finding agrees with several previously published studies which also noted a decrease in Drpl
protein levels in both sAD and fAD patient fibroblagtenglong Wanet al., 2008; MartinMaestr,
Gargini, Garciat al, 2017; Drabik, Piecy&t al,, 2021) though others have found an increase, also
in sAD and fAD fibroblastdmit U. Joshet al., 2018) It is worth noting that studies using other
models of AD also disagree with this finding, with many findingeased Drp{Manczak, Calkins

and Reddy2011; Trushinat al, 2012; Let al, 2015; Xwet al, 2017; Kandimallat al., 2018a;
Manczalet al, 2018; Reddy, Yief al, 2018; Ahmeett al., 2019) In fact, Reddy and colleagues
haveproposed reducing Drpl as a therapeutic mechanism, leitler levels seen to protect against
Ab and tau induced mitochondrial dysfunction, and synaptic damage, as well improve cognitive
performance in a tau mouse mod@andimalleet al,, 2016, 2021; Manczak al, 2016) It may be

that these inconsistencies are model, or cell type, specific; many studies which report increased
Drpl do so in models which consist of neural cells, such as animal models or post mortem tissue.

These models have their own issues, but it may be that in this ddfsrences in the periphery do
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not reflect the exact changes in the brain. Neural cells have very different energy requirements to
fibroblasts, and so it is possible that the mitochondrial morphology requirements are also very
different. Abnormalities ibrpl are clearly seen in multiple models of varying cell types, and it may
be that the difference in the direction of these abnormalities reflects the differing relationship
between mitochondrial morphology and function in each specific cell type. Thisenitvestigated

further in the second chapter of this thesis.

Inconsistencies between models could also be explained by differences between sAD and fAD; many
animal models are based on genetic forms of AD and it could be that different pathological
mechanisms occur in this type of AD. In many previous studies, animal models show increased Drpl
(Trushinaet al,, 2012; Xwet al,, 2017; Kandimallat al, 2018a; Manczaét al., 2018; Reddy, Yiet

al., 2018)suggesting that this may be a fAD specific mechanism. However, botfXs#jilbng Wang

et al, 2008; Drabik, Piecy&t al., 2021)and fAD(Martin-Maestro, Gargini, Garciat al,, 2017; Bell

et al, 2018)fibroblasts have been shown to have decreased Drpl, indicating that changes are more
likely to be due to cell type rather than differences in the type of Aould have been interesting

to investigate fAD fibroblasts as part of this project, however, time constraints meant that this was

not possible.

Drpl protein levels between individuals vary, both in the patient and control fibroblasts. This
heterogeneityis expected when working with humaterived cells; no two individuals are the

same, with genetics and environmental factors playing a role in these differences. Variability
between different individuals was also seenNdginczak, Calkins and Reddy (20idh)o studied post
mortem frortal cortex tissue. Whilst they saw an increase in Drpl levels on a group level, two of 20
patient samples studied showed a decrease. SAD has no single known cause, and many known risk
factors. It is therefore possible that different mechanisms occur teint extents in different

people, as seen in this cohort. Some sAD patients may have a more mitochondrial driven disease,

whilst in others, mitochondrial abnormalities may occur as a result of other pathogenic mechanisms.

Despite this variability, Drphay prove to be an interesting target in the search for mitochondria
targeted AD treatments/Vanget al. (2008)found that overexpression of Drpl rescued the calzgh
mitochondrial network, whilst previous work in our lab has found tH&XCAa modulator of
mitochondrial function, works in a Drpl dependent manner in AD patient fibrob(Bsttet al.,

2018) UDCA was seen to increase MMP to control levelsthisirescue effect was abolished when

Drpl was knocked down usistRNABellet al., 2018)

Changes in Drpl expression do not necessarily correlate with changes indissenexpression of

Drpl does not always lead to increased mitochondiggidn(Otera, Ishihara and Mihara, 2013)
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This suggests that a change in Drpl levels may not be necessary to alter fission, and as such, the
results seen here do not necessarily prove thdd §iaroblasts have a reduced level of mitochondrial
fission. This could be tested in future studies by using time lapse imaging and mitochondrial markers

in live cells, to assess mitochondrial fission events.

Another key factor is the pogtanslational modification of Drpl. Translocation of Drpl is reliant on
the phosphorylation state, Drpl must be dephosphorylated at ser637 and phosphorylated at ser616
(van der Bliek, Shen and Kawajiri, 20)osphorylation of Drpl at ser579 has also been associated
with translocation to the mitochondria, particularly under oxidative stress conditi@met al.,

2011) and blockage of this has been seen to protect primary cortical mouse neurons adainst A
induced dysfunctiorfXUet al., 2021) Attempts were made to assess Drpl phosphorylation status in
this cohort of sAD patient fibroblasts, but this proved to be technically challenging, as expression
appeared to be so low that it could not be quantified using the availabléaditts. Other post
translational modifications of Drpl are also thought to be importantall ubiquitinrelated

modifier protein SUMQylation is thought to play a key role in the stabilisation of Drpl on the
mitochondrial membrangOtera, Ishihara and Mihara, 2012nd increased-gitrosylation has been
seen in response tobAleading to loss of synapses and neuronal danf@det al., 2009)though

others have questioned the effect ofnitrosylation on Drpl activit{Bossyet al,, 2010) These
modifications could be investigated further in these sAD fibroblasts to better understand the impact

of reduced Drpl expression on the mitochondrial fission process.

3.3.2 OR1

The main role of OPAL1 is to mediate mitochondrial fusion of the inner mitochondrial membrane,
though the short form of OPAL has been proposed to have a role in mitochondrial {iasiandet

al., 2014) This project investigated total OPAL protein expressiaix control and eight SAD

fibroblast lines, and found no significant differences at a group level despite seeing a significant
increase in sAR. The ratio between the long and short forms of OPA1 was also calculated; the two
isoforms are proposed toave differing roles, and as such the ratio between them can give an
indication of the balance between mitochondrial fusion and fission, and whether alterations in OPA1
processing could contribute to the changes seen in mitochondrial morphology. No difésrén

long to short ratio were seen at either a group or individual level in four controls and eight sAD lines,
demonstrating that any changes in total expression are due to changes in both isoforms, not just

one.

The lack of overall significant differee between patient and control lines iFAPA1 expression in

this cohort of fibroblasts suggests that there are no clear alterations in fusion machinery; this is also
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backed up by previous work in the lab which found no significant difference in OPADD2M

levels at either a protein or RNA level in a small cohort of patient lines (Bell et al. 2018), though live
time lapse imaging to assess fusion could be utilised to confirm that the fusion process in unaffected
as total expression level of proteinseknot tell us about the functionality of those proteins.

Previous work in the literature has found OPAL to be both incre@$e@. Let al,, 2016; Xet al,

2017)and deereased X. Wanget al,, 2008; Péreet al, 2017; Kandimallat al., 2018a) As with Drpl
expression, variation in previous findings, as well as variations between cell lines used in this project,

could be explained by the complex aetiology of SAD, or by et cell type specific differences.

There is also no group change in the levels-@FPA1. {OPA1 is thought to be cleaved intdDPAl

by OMAL in response to stress conditions such as a loss of (et al., 2020; Gilkerson, De La
Torre and St. Vallier, 2021he role of ODPAL within the mitochondria remains unclear, though the
fact that healthy cells under normal conditions contain a mixture of be®PIALl and-®PAL

indicates that it does have ariational purpos€Lee, Smith and Yoon, 201This is not necessarily
directly involved in mitochondrial fusion; it has been linked to cell survival and maintenance of

cristae(Lee, Smith and Yoon, 2017; Gilkerson, De La Torre and St. Vallier, 2021)

Nevertheless, it has been suggested th&@d®ALl is required for fusion of the inner mitochondrial
membrane alongside-OPA1(Songet al, 2007; Geet al., 2020) If this is the case, then these results
contribute to previous results suggesting that there is no change in the fusion machinery in AD
fibroblasts. On the other hand, there has also been suggestions {0849 is involved in the fission
process, as expression oAl promoted fragmentation, and it was also found to be partially
localised with the fission machinery and mitochondR contet sites, where mitochondrial fission
occurs(Anandet al., 2014) However, it must also be considered thaDBA1 may be inactive and
this increase in fragmentation is in fact due to a reduced amount@®PR1 leading to unopposed
fission, rather than direct imlvement of SOPA1(Gilkerson, De La Torre and St. Vallier, 2021)
Whether SOPAL is directly involved in mitochondrial fission or not, there is no difference seenin S
OPALl irthese sAD fibroblasts, suggesting that the changes in morphology seen are not due to S

OPAL.

3.3.3 Drpl Receptors

Previous work in the lab found that there was less Drplocalised to the mitochondria in both sAD
and PSENL1 patient fibroblagBellet al, 2018) Whilst it is possible that this is simply due to the
reduced cellular levels of Drpl, it could also suggest that there is an impairment in the recruitment
of Drpl to the mitochondria. Drpl is recruited to the mitochondria by four receptm the outer

mitochondrial membrane: Fisl, Mff, MiD49, and MiD51. Total cellular protein levels of these
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receptors were assessed via western blot, and it was found that three of the four, Fis1, Mff, and

MiD49 were decreased on a group level, though ¢hers variation seen between individual lines.

3.3.31 Fisl

Fisl was seen to be reduced in eight of the ten SAD lines, with an average decrease of 48%. Fisl is
the most well studied receptor in AD overall, with Dradifilal. (2021) seeing no change, awhng

et al. (2008)noting an increase in Fisl in SAD fibroblasts, and several studies also noting an increase
in various other models including transgenic animabele(Manczaket al., 2010; 2018; Jiet al,,

2015; Kanimallaet al., 2018; Reddwt al., 2018) post mortem tissu¢éManczak, Calkingnd Reddy,
2011)and SHSY5Y cells treated with(Ahmedet al,, 2019) This is in contrast to the results seen in

this project. These inconsistencies could bplaxed by the model differences described above in
relation to Drpl, only a few studies have looked at Fisl levels in fibroblasts with most being carried
out in neural cell types; again, this will be investigated further in the second chapter of this. thes

is also worth noting that many of these studies were carried out by the same group.

Though it was the first proposed receptor for DiMozdy, McCaffery and Shaw, 2080) A G Q& NR2f S
fission has been questioned as deletion of Fis1 does not inhibit fission or lead to an increase in
mitochondrial elongatiorfOteraet al., 2010; Losomt al, 2013) It has been suggested that Fisl
actually plays a bigger role in mitophagy, with Fis1 @u#leganas well as Fis1 null HCT116
mammalian cells showing an accumulation of [(&lfenet al,, 2014) and Fis1 being shown to be key

in bindingTBC1 domain family meber 15 TBC1D1pand TBC1 domain family member 17

(TBC1D1)y which play a role in the formation of the autophagosome and recruitment of lysosomes
to damaged mitochondria. Recentligleeleet al. (2021)discovered two distinct mechanismsé o
mitochondrial fission. Peripheral fission occurs at the periphery of the mitochondria, and is
associated with the removal of damaged mitochondria. A decrease in MMP, increase in ROS, and
increase in mitochondrial €avere seen prior to peripheral fissipand 92% of peripheral fission

events were at lysosommitochondria contact siteKleeleet al. (2021)also found that Fisl was
associated with peripheral fission; knockout of Fis1 reduced the number of peripheral fission events
and inceased levels of Fisl were seen on the smaller daughter mitochondria, consistent with the
proposed role of Fisl in mitophagy. In this project, cellular levels of Fisl were seen to be associated
with changes in MMP via linear regression calculations, witbcaease in Fisl being associated with

a decrease in MMP. This fits with the theory that Fis1 is involved in removing dysfunctional
mitochondria from the network; when there is less Fisl present, less dysfunctional mitochondria are
able to be removed. Thiassociation was also seen with Drpl levels, but not any of the other

receptors, suggesting that Fisl is the key protein in this fission mechanism specifically relating to
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mitophagy induction. Reduced levels of Fisl seen suggests that there may an ientairith

fission of dysfunctional mitochondria and their subsequent degradation.

To investigate this theory further, it would be interesting to study mitophagy in these cells to
determine if the decrease in Fisl has an effect on the downstream procefssg®ohondria

recycling. This could be done by investigating the expression and localisation of proteins involved in
mitophagy, for example parkin and PINK1, both of which have been previously seen to be altered in
AD(Yeet al,, 2015; Hwet al,, 2016; MartinMaestroet al, 2016; MartinMaestro, Gargini, A. Sproul,

et al, 2017; Manczaet al,, 2018; Reddy, Yiet al, 2018; Cumminset al,, 2019) Live mitophagy

could also be measured, by assessing thocalisation of mitochondrial and lysosomal stains in live
fibroblasts. Previous work in the lab found that there is an increpsedentage of mitochondria
accumulated around the perinuclear region in sAD fibrobléBgdlet al., 2018) mitochondria are

usually transported to the perinuclear region for degradation, and any deficits in mitophagy present

in these fibroblasts @y help to explain this accumulation.

In this project, Fisl was seen to be associatét form factor, whereby a dgrease in form factor
(suggesting an increase in mitochondrial fragmentation) was associated with higher levels of Fis1. It
has been suggésd that Fistdependent fragmentation of the mitochondrial network is in fact due

to Fisl interactions with the fusion machinery; Fisl mediated fragmentation occurs even in the
absence of Drpl, and it can bind to Mfn1, Mfn2, and OPAL1, inhibiting theirs@ Beavity(Yu, Jinet

al., 2019) Reduced Fisl present in sAD fibroblasts may lead to a reduction in Fis1 inhibition of
fusion, leading to a more fused network. In contrast, it could fze teduced Fisl leads to reduced
recruitment of Drp1, leading to a reduction in fission, which results in a more fused network. Further
work in this chapter focused on Fisl interactions with Drp1, and will be discussed in detail later on

potentially offerng some insight into which of these mechanisms is correct.

3.3.32 Mff

Mff was decreased in six SAD lines, with an average reduction of 42%. As with Fis1, Mff is not well
studied in a sAD fibroblast model thouBinabiket al. (2021)did note a decrease, while an increase
was seen in various other models including post mortem tiggd@nget al., 2019) transgenic mice

(Q. W. Yart al,, 2019) and A treated cell linegAhmedet al, 2019; Wangt al,, 2019)

While the role of Fisl in fission has been questioned, the role of Mff is reasonably well established.
Inhibition or knockdown of Mff leads to an inhibition of fissi@andreBabbe and van der Bliek,

2008; Otereet al,, 2010; Losomt al, 2013) and overexpression of Mff has been seen to increase
recruitment of Drpl to the mitochondria and increase fiss(@teraet al,, 2010; Losoet al., 2013)

It has been suggested that Mff selectiweécruits the more active form of Drpl, dephosphorylated
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at ser637(Liu and Chan, 2015; Atkiasal., 2016) suggesting that Mff is the more important

receptor for mitochondrial fission. In the results presented in this project, Mff protein levels were
significantly associated with Drpl levels, a relationship which was not seen between MiD49 or
MiD51 and Drp1, quporting the theory that Mff is the more important protein in Drpl recruitment
and mitochondrial fission. This association was present in control cells but not sAD cells, suggesting
that in sAD, the activity of Mff may be affected. Post translational muatibns of Mff are important

in its function; Mff has been shown to be phosphorylated at ser155 and serl&RiByactivated
protein kinase AMPH;, a modification which is key in the recruitment of Drp1 to the mitochondria
following AMPK activatio(ifoyameet al., 2016). The phosphorylation status of Mff would be an
interesting area for future work in these fibroblasts; if there is a reduction in phosphorylated Mff in
sAD fibroblasts, this would impair the ability of Mff to recruit Drpl, and would perhaps exp&in t

reduction in Drp1 localised to the mitochondria seen in the sAD fibroblasts.

As previously mentioned, Kleele et al. (2021) recently discovered two distinct mechanisms of
mitochondrial fission. The second of these is mithe fission, where fission tak@lace in the

middle of the mitochondrion, and is associated with Mff. This was shown by the increased amounts
of Mff at the midzone compared to the periphery, and by knocking down Mff, which led to a
reduction in midzone fission events. Midone fissia was found to be linked to mitochondrial
biogenesis and proliferation; daughter mitochondria contained an elevated number of twinkle
positive nucleoids, a protein involved in the production of mtDNA, and when cardiomyocytes were
treated with micreRNA199mimic to induce cell proliferation, midone fission was increased but

not peripheral fission. Furthermore, no mitochondrial dysfunction was seen prior to fission, a finding
which fits with the lack of association between Mff and MMP seen in this prinjebe fibroblast

model. Reductions in Mff seen in this project would suggest an issue witaanglfission in SAD
fibroblasts as well as peripheral fission, though perhaps not to as great an extent:abnadission

is affected in SAD, this would irdite a potential problem with mitochondrial biogenesis and
proliferation, and it would be expected that a decrease in this type of fission would lead to a
decrease in the number of mitochondria, something which has been noted in these fibrd@abts

et al, 2018) though this was not seen to be significantly associated with Mff protein expression.
Mitochondrial biogenesis could be further investigated in these fibroblasts through investigating the
expression of proteins involved in this procesanticularperoxisome proliferator activated

receptor! coactivatorl (PGCH), the master regulator of mitochondrial biogenesis, which has
previously been seen to be reduced in @net al,, 2009; Gongt al,, 2010; Katsoust al.,, 2011;
Wanget al, 2021)
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Reductions were seen in both Fisl and Mff, indicating that both types of fission are affected in SAD
fibroblasts. However, reductions in Fisl are seen in a greater number of SAD fibroblast lines, plus
there is a slightly greater average decreaseliper, suggesting that peripheral fission is more

affected. To confirm this, peripheral and rridne fission events could be studied in the fibroblast
model, using similar high resolution imaging techniqgues to Kleele et al. (2021). However, the results
shown here suggest that in this model, there may be a bigger deficit in fission leading to mitophagy
than in fission leading to mitochondrial biogenesis. This is an important consideration when
considering a treatment targeting this process; it may not be fieiz to increase fission
indiscriminately if one type is more affected than the other. Generally, the findings here suggest that
the cells are unable to degrade dysfunctional mitochondria efficiently, but are also less able to
replace mitochondria via rdchondrial biogenesis, though further work is needed to confirm this.
This combination would lead to an increase in the percentage of mitochondria which are damaged,

and would have a major impact on the ability of the mitochondria to function efficiently.

3.3.33 MiD49 and MiD51

MiD49 was seen to be reduced in three of ten sAD patients, leading to an overall decrease of 36%,
while MiD51 was not seen to be decreased in any individual sAD line, or when lines were combined.
To our knowledge, MiD49 and MiDplotein expression has not been studied before in any model

of AD, though a rare mutation in MiD51 was identified as being associated with AD in-a meta

analysis of extended family data sé@ukieret al., 2017)

Previous research has shown that MiD49 and MiD51 interact with (Bralineret al., 2011; Zhaoet

al., 2011) and they have been found to partially rescue recruitment of Drpl in Fis1l/Mff null
mutants, suggesting that they can function independefitlgsonet al,, 2013) However, their role in
fission has proven to be controversial, with some proposing that they are actually more involved in
the fusion process, as an overexpression of eithetdea hyperfused network(Zhaoet al,, 2011; T.
Liuet al,, 2013) However, later research suggested that this fused network was actually due to
inactivation of Drpl at the mitochondrial membrane, as it was also associated with increased Drpl
at the mitochondria and an increase in phosphorylation of Drpl at ser6Bicivinhibits fission)
(Losoret al, 2013; Palmeet al., 2013) These findings led to the proposal that MiD49 and MiD51
recruit inactive Drpl, phosphorylatet ser637, to the mitochondria, which is then

dephosphorylated in response to further triggéfstkinset al,, 2016) It remains unclear as to what
these triggers may be, though it has been seen that the binding of adenosine diphosphBje¢AD
MiD51 was required for the activation of Drp1; in the absence of ADP, MiD51 inhibited Drpl

assembly and GTPase actiltpsonet al., 2014) MiD51 protein expression was not seen to be
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affected in this cohort of SAD fibroblasts. It may be that a higher proportion of the Drpl which is
localised to the mitochondria was recruited by MiD51, eenpensate for deficits seen in the other
receptors. This Drpl may be inactive, and so unable to initiate fission, leading to increased fusion of
the mitochondrial network. As mentioned above, the phosphorylation status of Drpl is a key area
for further study, and would help to elucidate whether the increased fusion seen in the

mitochondrial network is simply due to the lack of Drpl present at the mitochondria, or if the

inability of Drp1 to initiate fission is also involved. It would also be interestiny&stigate whether

the binding of MiD51 to ADP is affected, as this would also give some indication as to the activation

status of Drp1l.

Kleele et al. (2021) found that knockout of MiD49 and MiD51 did not completely inhibit either
peripheral or midzonefission events, but did cause around a 35% reduction in both. This suggests
that while neither is necessary for any fission mechanism to occur, both are involved in both
mechanisms in some way. However, Kleele et al. (2021) did not knock out MiD49 arid MiD5
separately; it is possible that they are involved in different processes and this is being masked by
using a double knockout rather than knocking them out individually. Regardless, in this case the
reduction in MiD49 seen here would not necessarily habéy impact on either peripheral or mid

zone fission. Recentlyuet al.(2021)investigated the possibility that MiD49 and MiD51 have a role

to play in both fission and fusion. It was found that they interacted with components of both the
fission and fusion machinery, and overexpression of eitherakésto rescue mitochondrial
fragmentation seen in Mfnl, Mfn2, and OPAL1 deficient cells. They have also been shown to decrease
interactions between Fisl and Mfnl and Mfn2, preventing the Fis1l mediated inhibition of
mitochondrial fission. They concluded thdiD49 and MiD51 may regulate both fission and fusion
machinery, and play an important role in balancing these opposing mechanisms. A reduction in
MiD49 may lead to an imbalance between these two processes, though it is possible this is retained

by the uraffected levels of MiD51.

Despite sharing 45% sequence iden{Bympsoret al,, 2000) it seems that MiD49 and MiD51 may

be functionally different. MD49 has been shown to form complexes with Drpl, perhaps to constrict
the Drpl assembly to enable fission to oc(kioiralaet al., 2013) while no evidence has been seen

of this mechanism in MiD5(Atkinset al., 2016) MiD51 has been associateith mitophagy, with
decreased levels seen to enhance PHR&tkin mitophagy, while overexpression led to a resistance
to mitophagy(Xian and Liou, 2019n this project, MiD49 levels were seen to be close to a
significant associatiowith MMP but MiD51 levels were not, supporting the idea that the two have
different roles to play. Only MiD49 was seen to be reduced in sAD fibroblasts, again indicating that

they may have different roles.
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MiD51 is the only Drpl receptor not affectedany of the sAD patient fibroblast lines; it is
interesting to consider why this is. This project found that MiD51 was not associated with Drpl
levels, MMP, or form factor. It may be that MiD51 has a role outside of mitochondrial dynamics
which is unaffectd by sAD. It may also be that the deficits seen in other receptors are caused by
deficits seen in mitochondrial function and morphology, or reduced levels of Drpl. The lack of

association between these parameters and MiD51 may mean that MiD51 levelssuaffiected.

3.3.4Variability between Individual Cell Lines

Whilst three of four receptors show a decrease in protein expression on a group level, this is not
consistent in all ten sAD lines tested, with much variation seen between the patient lingess bt
unexpected, as mentioned previously, a level of heterogeneity is expected when working with
humanderived cells in both control and patient lines. Despite variability seen between lines, all ten
sAD lines did have a deficit in at least one fisgimtein. This suggests that while precise deficits

and the extent of alterations can change, issues in the fission machinery appear to be a common
mechanism in sAD fibrablasts. It is unknown whether mitochondrial dysfunction are a causal
mechanism in ADyith several differing theories proposdHiardy and Higgins, 1992; Swerdlow and
Khan, 2004; Swerdlow, Burns and Khan, 20iff)itochondrial dysfunction does occur as a result of
something else, whether that ishAand tau accumulation, or a separate mechanism entirely, it could
0S GKIG RAFFSNBYOG LI GASYyidQa OStfa INB Y2NB 2NJ f €
deficits are seen dependant on the resilience of the cell. On the other hand, mitddhb

dysfunction may play a more key role in the aetiology of SAD. sAD is complex, and it is unlikely that
there is one unifying pathological mechanism across all cases. This suggests the need for precision
medicine and better stratification of patients;it can be identified which patients have a

mitochondrial element to their SAD, these patients could be given treatments specifically targeted to
improving mitochondrial function. Whe#r dysfunctional mitochondria ar@ cause or consequence,
improvingthe function of the mitochondria, perhaps through correcting changes seen in
mitochondrial morphology, may prove to be a worthwhile target for future drug screening. This will

be investigated in the fifth chapter of this thesis.

Drpl protein levels were st seen to be variable between different patient lines. A significant
relationship was noted between Drpl and Fisl, and Drpl and Mff. It therefore is expected that as
Drp1l levels vary, so too will the levels of the receptors. This could be explained| seagsaFirstly,

it could be that changes in Drpl directly affect the levels of the receptors or vice versa. Alternatively,
it may that there is a separate mechanism which is having an effect on both Drp1 and receptor

levels. A way to determine which ofake is more likely would be to assess the levels of the
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receptors in cells where Drpl was overexpressed; an increase in the receptors when Drpl was
overexpressed would suggest that the levels of Drpl have a direct effect on the levels of the
receptors. Theeceptors could also be overexpressed, and Drpl levels examined; an increase in Drpl
after receptor overexpression would indicate that the receptor levels are having a direct effect on
Drpl expression. It would also be interesting to see which receptitimabiggest effect on Drpl

levels, based on the associations seen in this project, it is likely that Fis1 and Mff would have a
greater effect on Drpl levels than MiD49 or MiD51. Work was planned within this project to
investigate the receptor levels ifbfoblasts where Drpl has been overexpressed, but unfortunately

this was not possible due to time constraints, and restricted lab access due to-CQVID

3.3.5Fis1 and Mff Localisation

In order to better understand the effect that reduced levels gbDand its receptorfaveon the

fission process, the localisation of Fisl and Mff was studied. Unfortunately, this was not possible for
MiD49 and MiD51 due to the available antibodies not being suitable for ICC. It was found that there
was no significandifference in the amount or the percentage of total Fis1 or Mff localised to the
mitochondria at a group level. Due to only one or two repeats being obtained for each line,
statistical analysis was not carried oltowever, variations were seen in indivad lines, with some

showing an increase and songhowinga decrease.

Several lines showed control, or close to control, levels of Fisl localised to the mitochondria despite
having decreased cellular levels of Fisl. In some of these cases, (SADD, SAD8), there was also

an increase in the percentage of total Fisl present at the mitochondria. It would seem that these
lines are able to compensate for the lower levels of total Fis1 by using a higher proportion of that
Fis1 at the mitochondria. This wiess successful in other cell lines (SABAD), which were not

able to rescue Fisl levels at the mitochondria despite using an increased percentage of the available
Fisl. Some lines (sADsADLO) had a lower percentage of total Fis1 localised tortiit®chondria,

which perhaps led to the lower amounts of Fisl present at the mitochondria.

Localisation of Mff also showed variation, with some ligleswinga decrease in the amount of Mff
localised to the mitochondria (SARD) sADS, SADO) while othersshowedan increase (SAD, SALD).
Interestingly, there was no differences seen between control and sAD fibroblasts in the percentage

of available Mff localised to the mitochondria, with the exception of 8Atthichwas increased

On the whole, there arao consistentdifferences seen between the amount of Fisl and Mff

localised to the mitochondria. Though it is difficult to draw conclusions from only one or two
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repeats, and further repeats must be carried out to confirm these results, it would seem #rat m
lines are able to retain levels of Fisl at the mitochondria by increasing the percentage of the total
Fisl available which is used at the mitochondria, though not all cells are able to do this. It is possible

that a similar mechanism occurs with Mff igh is not being picked up in this small sample.

3.36 Fis1 and Mff Interactions with Drpl

Previous work published by the lab has found that there are reduced levels of Drpl present at the
mitochondria(Bellet al., 2018), but work on a small number of repeats in this project seems to show
that there is no difference in the amount of Fis1 or Mff localised to the mitochondria despite
reduced cellular levels seen at a group level. It may be that while the amount.airidMff

localised to the mitochondria is unchanged, the ability of these receptors to interact with Drpl is. As
previously mentioned, interaction of Drpl with Mff is dependent on post translational modifications
of Mff (Toyamaet al., 2016) as well as the actitian of Drpl by dephosphorylation at ser6@hang

et al, 2016)

The number of interactions between Drpl and Fisl, and Drpl and Mff, was investigated using the
proximity ligation assay. As with the localisation assays, MiD49 and MiD51 were tméiel

assessed due to antibody issues. Due to time limits, this was only carried out in a small subset of the
fibroblast lines, and these were chosen as they demonstrated the most deficits compared to the
other sAD lines. No significant difference wasrs@a the number of interactions between Drpl and
Fis1, or Drpl and Mff, between patient and control fibroblasts. Interactions were also investigated
specifically in the perinuclear region; mitochondria are often transported to the perinuclear region
for degradation, and an accumulation of mitochondria here is indicative of a collapse of the
mitochondrial network(Xinglong Wanet al.,, 2008) An increase in the percentage of mitochondria

in the perinuclearegion has been seen by the group previously in sAD fibrolBstket al., 2018)

It would be expected that if there are more dysfunctional mitochondria in the perinuclear region,
there would also be an increase in the number of Drpl interactiatis Fis1 and Mff here, perhaps

Fis1 more so based on the peripheral fission theorgleéleet al. (2021)and the association seen
between reduced MMP and Fisl1 seen in this project. However, no significant difference was seen in

the number of interactions in the perinuclear region of Drpl with either Fis1 or Mff.

These findings suggest that despite reduceliutar levels of Drpl, Fis1, and Mff, and reduced levels
of Drpl at the mitochondria, cells are able to maintain the level of Drpl interactions with Mff and
Fisl. It is possible that this reduced level of Drpl at the mitochondria is a result of lowdarcell

levels of MiD49, the localisation of which was unable to be assessed. However, generally evidence

points to MiD49 and MiD51 being the least important receptors for Drpl recruitment to take place
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(Atkinset al.,, 2016; Kleelet al., 2021; Yt al,, 2021) and this project has found that there is no

significant relationship between total cellular Drpl levahd either MiD49 or MiD51.

To assess whether Drpl preferentially interacts with one receptor over the other, the number of
interactions between Fis1 and Drpl, and the number of interactions between Mff and Drpl, were
also compared. It was found that thesis no significant difference in either control or SAD patient
fibroblasts. This suggests that Drpl interacts with both Fisl and Mff equally both in the whole cell,
and specifically in the perinuclear region. It would be interesting to compare thigtoumber of

Drpl interactions with MiD49 and MiD51, since these are proposed to be less important in Drpl

recruitment.

It is possible that the changes in mitochondrial morphology observed may be caused by mechanisms
other than a deficit in Drpl recruitménlt has been suggested that Fisl may not be a Drpl receptor
at all(Osellameet al,, 2016)and is instead implicatein mitochondrial fission because of its role in
lysosomal recruitment to the mitochondr{&leeleet al., 2021) or its interactions with the fusion
machinery which inhibits their activiru, Jinet al, 2019) The data presented in this chapter does

not agree with these suggestions; Fis1 cellular protein levels were seen to correlate with cellular
Drpl levels, and an interaction between Drpl and Fisl is clearly seen here. However, it would be of
interest to alscstudy the potential interactions of Fis1 with the fusion machinery; since no
differences in the interactions with Drpl were observed here, it may be that there is a reduction in
the interactions between Fis1 and the fusion machinery which is reducinighitgtory effect of

Fisl1 on fusion, leading to the more fused network previously observed in these fibrafabet

al., 2018)

Interactions between Fis1 and Drpl have been studied in both AD and other neurodegenerative
diseases. These studieslise P110, an specific inhibitor of Fis1/Drpl interactions, which has no
effect on the other Drpl recepto®iet al, 2013) In a range of AD models, inhibiting Drp1/Fisl
interactions with P110 was seen to prevent alterations to mitochondrial morphology and improve
mitochondrial function(Joshiet al., 2018a) Similar protective effects were seen with P110

treatment in septic cardiomyopathiHaileselassiet al,, 2019) amyotrophic lateral scleros{doshi
etal,2018bE | Y R | dzy (i A (0ctieRal, 2049) R % #nfortant3o note that these

protective effects are seen in AD models where Fisl is seen to be increased. In a model where Fisl is
already decreased, inhibiting Drpl and Fisl interactions would likely not be protective. In the
fibroblasts used hex, it would be interesting to use P110 to inhibit Drpl and Fisl interactions in the
control cells, and observe the downstream effects of this on mitochondrial morphology, mitophagy,
and mitochondrial function. This would give an indication as to how inapbthese interactions are

in maintaining the mitochondrial network, and shed some light on the effects of reductions in these
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interactions. Though no difference was seen in the interactions between Drpl and Fisl in the sAD
fibroblasts, using P110 to disger the role of Fisl in downstream mechanisms of fission would give

an indication as to the relevance of reduced Fisl seen in the sAD fibroblasts.

3.3.7Peroxisomal Fission

Several of the key mitochondrial fission proteins are not just important irofigsi the

mitochondria. Drpl, Fisl, and Mff have all been shown to be involved in fission of peroxiguhs

et al,, 2005; 2016; Fransen, Lismont and Walton, 20R&)oxisomes are involved in several
metabdic pathways including fatty acfiloxidation, and metabolism of ROS, as well as other cellular
pathways including cellular signalling, and the immune resp@istiageret al,, 2018) Thereis

evidence for the involvement of peroxisomal dysfunction in(A&rrouket al., 2018) including the
presence of very long chain fatty acids in the brgitsuet al, 2011) plasma, and red blood cells
(Zarrouket al.,, 2015)of AD patients.

Since many sAD lines are aldenaintain levels of Fisl and Mff present at the mitochondria at
control, or close to control, levels, it may be that these reduced levels are having more of an effect
on the peroxisome. In order to determine whether the reduced levels of Drpl, Fisl, fitdé an
effect on the peroxisome, Pex19 protein expression levels were assessed as a general marker of
peroxisomal mass. Previous work has shown that peroxisomal mar&ssgisomal membrane

protein 70(PMP70Q and Pex5p are increased in a Tg2576 mouaaifCiminiet al., 2009) though

more recently PMP70 and Pex14 were seen to be decreased in the hippocampus of rats treated with

ABA26 1 ALy YENI 1Sttt ST 5 AN sadifichnt dfff&encelwbisdeh iB Pek19 S  H 1 H M|

protein expression between control and sAD patient fibroblasts. This indicates that there is no
changem peroxisomal mass, though this would need to be confirmed by using
immunocytochemistry, or live imaging, to better visualise peroxisomal morphology. It may be that
whilst a similar mass is maintained, there are changes to the structure, size, and number o
peroxisomes in AD. Furthermore, to assess whether there is a change in the amount of Drp1, Fis1,
and Mff localised to the peroxisome, immunocytochemistry could be used to assess the co
localisation of these proteins with pex19, or another peroxisomalkerarThis could also be

assessed by isolating mitochondria and peroxisomes via cellular fractionation, and carrying out

western blotting for fission proteins in the specific mitochondria and peroxisome fractions.
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3.3.8Upstream Mechanisms of MitochorarFission

MitochondriaER contact sites have been shown to play a role in fission; a large proportion of fission
events have been seen to take place at these contact @fesdmanret al, 2011; Korobova,
Ramabhadran and Higgs, 201Bhas been proposed that INF2 on the ER and Spirelc on the
mitochondria initiate actin polymerisatiofikorobova, Ramabhadran and Higgs, 2013; Chakradtarti
al., 2018) and myosin Il enables actin contractionpyding the mechanical force to drive
constriction of the mitochondrigChakrabartet al., 2018) There are several different types of
mitochondriaER contact sites, composed of a wide range of tethering proteins. Some of the most
common are VARBTPIP5, ER located Mfnfitochondrial Mfn1/2, BAP3Eisl, and VDAGRP75
IPR(Xu, Wang and Tong, 202@pecific tethering proteins are known to have different functions,
for example VDAGRP73P3R are thought to be involved in calcium homeosi@&itson and
Metzakopian, 2021)and VAP®TPIP51 may be involved in lipid trangku, Wang and Tong, 2020)

It remains unclear which tethering proteins are the most involved in mitochondrial fission. BAP31
Fis1l was chosen as the first type of mitochondiR contact site to be investigated based on the role
of Fisl in fission, as well as the reduced levEEigl seen in this project. Furthermore, BAFB1
contact sites have been proposed to be involved in apop{@isindreet al., 2004; Simmest al,,

2005) a process in which mitochondrial fragmetit@ and Drpl also play a ro{Eranket al,, 2001,

Pagucciet al,, 2021) Due to time and antibody constraints, no further types were investigated.

It was found that there was no significant difference in the number of BAR31contact sites

between control and sAD fibroblasts, in the subset of lies$eid here, as well as no significant
differences in the percentage of total BAP31l@calised with Fisl, or the percentage of total Fisl
co-localised with BAP31. This suggests that the reduced levels of Fisl seen in these sAD fibroblasts
had no effect orBAP31Fis1 contact sites. Interestingly, one control line, control 10, showed a
significantly higher percentage of BAP3l@calised with Fisland a significantly lower percentage

of Fis1 cdocalised with BAP31. There was no significant differendeemumber of BAP3Eis1 ce

localisations between control 10 and the other controls, but there wasrasignificantdecrease.

Colocalisation staining is not the most accurate way to assess mitocheB&ieontact sites, and
may be insufficient to pick uipteractions between tethering proteins. A PLA could be used as a
more sensitive measure of interactions between these proteins, though the gold standard for
measuring mitochondrif&ER contact sites is electron microscopy, and this may highlight diffesence
not seen here. Furthermore, it is possible that there are differences in other mitocheB&ria
contact sites not tested here. MfARIfn1/2 contact sites are thought to play a role in mitochondrial

fusion(Wilson and Metzakopian, 2021) could be that alterations at these sites lead to an increase
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in fusion, which could contributetthe fused network seen in sAD fibroblasts. Other contact sites,
such as VARBTPIP5 and VDARRP78P3R, may also play a role in mitochondrial dynamics and so

levels of these would also be interesting to assess.

It is also possible that while the numbefrcontact sites is unaffected, other aspects of the-pre
constriction process are. As part of this project, INF2 levels were investigated via western blot but
this proved to be difficult in the fibroblast system, and so no reliable data was obtainedulid we

also be valuable to look at actin polymerisation; this could be done using tagged actin or an actin

probe such as LifeA@#elak, Plessner and Grosse, 2017)

When researching midone and peripheral fissioKleeleet al. (2021)suggested that mitochondria

ER contact sites are only involved in mahe fissions, leading to mitochondrial biogenesis. They
found that while midzone fission sites were in contact with the ER prior to fission, most peripheral
sites were not. Furtherma, actin was seen to polymerise at the rziohe, but not the periphery. In
this case, a lack of alterations seen in mitochondii& contact sites may suggest that there is more
of an effect on peripheral fission than radne fission, suggesting that sAbréblasts have a bigger
deficit in removing damaged mitochondria than generating new mitochondria. This is in agreement
with deficits in mitophagy previously seen in Alzet al., 2015; Hwet al,, 2016; Cumminst al,,

2019) including in sAD patient fibroblag®lartin-Maestroet al, 2016) and again, this would be an

interesting area for further study in the fibroblasts investigated here.

MitochondriaER contact sites have long been thought to play a role in AD. PSEN1 and PSEN2 are
enriched at mitochondrid&R contact site@reaGomezet al., 2009) and APP has been seen to be
processed heréDel Preteet al, 2017) Furthermore, in AD fibroblasts, an increase in contact has
been seen plus an increase in various functions which occur at thes¢/sigegsomezet al., 2012)

It is still unknown how these changes affect mitochondrial fission in AD, but given the varied and
complicated role of mitochondri&Rcontact sites, it is likely only one part of their impact on AD

pathology.

3.3.90verexpression of Drpl in Fibroblasts

To investigate whether overexpression of Drpl could rescue the mitochondrial morphology

phenotype seen in sAD patient fibroblasts, Digas transiently overexpressed via plasmid

transfection. Fibroblasts are difficult to transfect, in many cases yielding a low transfection efficiency
6Y2AaUSNI FYR 21 08SNKFYS HAMTT . Gaudly; idblastTbecane 6 A S O
less metabolically active as they reddgher passages, and so a low passage is ideal, usually lower

than passage 5. Unfortunately, due to the cells available in the lab, the lowest passage used was 7

and the highest was 9. That said, the transfection efficiency achieved2B%ds relativel high
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with many transfection protocols in fibroblasts yielding less than 10% successful transfection
O0YdzOKI NB1TAZ aNRaASO YR hOU2Z3X HAHMD

However, the transfection itself led to stress in the cells, and this response obscured any meaningful
data with regard to Drpl in sAD. Increased cellular stress and cytotoxicity has previously been seen
in response to transfection, for example, transfectihas been seen to induce the innate immune
responsgCheret al, 2003) in which mitochondrial dynamics play a r¢&astanieet al., 2010;

Zemirliet al,, 2014) which may explain the increased fragmentation seen. There are several

potential optimisation steps which could be taken to reduce this response. Firstly, the amount of
transfection reagent and plasmid DNA used were taken from a protocol obtained frawydiar

Castelli and Dr Guillaume Hautbergue, which was optimised for immortalised cell lines. Further
optimisations of these amounts for the fibroblast model may have given a better result. Different
transfection reagents may also reduce the stress responke transfection reagent used, PEl, is a
cationic polymer; it has a high density of positive charges, which interact with negative charges in
the phosphate backbone of the DNA and condense into particles which bind to the cell surface and
are taken up bendocytosiss a A Y3 | a dz |y RThoughdzRds prévibusly beentsuccessful

in transfection oforimary human fibroblasté a Ay 3 | adz I yR ! f dzRI &d, HAMHT
2018) it has also been seen to be cytotofiithansarizadeht al., 2016) There are also several
alternative chemical transfection reagents which could bstdd, including FUGENE (Promega),

which was found to cause the least side effects when tested in HeLa cells compared to six other

commercially available transfection reage(#sitczaket al,, 2014)

Alternative methods of overexpression could also be carried out including transductianausiral

vector. One option is transient overexpression using an adenovirus vector. In fibroblasts, adenoviral
gene delivery has been seen to give a transfection efficiency of 70%, and only showed cytotoxic
effects after ten daygHirschet al,, 2006) Another possible transfection strategy is a physical
transfection method such as electroporation. Nucleic acids entecétiehrough temporary pores in

the plasma membrane, caused by brief electrical cha(esnar, Nagarajan and Uchil, 2018)
specialised version of electroporation, nucleofectiomywl nucleic acids to directly enter the

nucleus using a Nucleofector device (Lonza; developed by Amaxa), and this has been found to have
both increased transfection efficiency and cell viability in human fibroblasts, though it is high cost

compared to manyf the other methods discussed heteY dzZOKI NBA{ A X aNBaASO | yR

A successful overexpression transfection would give an indication as to witheis directly
involved in the morphological phenotype seen in sAD fibroblasts. For example, if SAD cells
overexpressing Drpl showed a rescued morphology, more similar to that of control cells, this would

suggest that the reduction seen in Drpl levelsAD fibroblasts plays an important role in this
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pathology. If overexpression of Drpl did not lead to a rescue in the morphology parameters
assessed, this would suggest that there is another mechanism occurring within the cell which is
leading to the morpology phenotype seen. For example, it may be that reductions in the receptors
involved in Drpl recruitment are more crucial in the SAD phenotype, and this could be assessed by
overexpression of these proteins should Drpl overexpression fail to impastibanorphology

phenotype.

3.3.10The Use of Fibroblasts in AD Research

Fibroblasts have been used as a model of AD for many years, as many of the changes seen in neural
cells are also seen in peripheral cells such as fibrobf@stshina, 2019)There are many advantages

to using fibroblasts to model AD; they maintain the genetic background of the patient, as well as
changes whiclhave accumulated in the cell with age. This is particularly important in AD as age is

the biggest risk factor. Another advantage of fibroblasts is their abdlitpodel sporadic disease;

this is difficult as the aetiology of sporadic AD is complex andyaaderstood. Many models, such

as transgenic animal models, are based on genetic mutations which cause fAD. However, fAD only
accounts for a small percentage of AD and it may be that mechanisms which occur in fAD are

different in sAD.

However, there ag also several disadvantages. Fibroblasts are not neural cells, and are not directly
implicated in AD, reducing disease relevance. They are also cultured as a 2D culture, which does not
represent the physiological complexity of the brain. Several of ttegadions seen in this chapter,

and previous results seen in fibroblasts, differ from results previously seen in other, neural based cell
models including tumour based neural models, post mortem tissue, and animal models. It may be
that different mechanisrm are occurring in the periphery which would reduce the relevance of the
fibroblast model. However, as mentioned above, fibroblasts are metabolically very different to

neural cell types, particularly neurons. Mitochondrial morphology is intrinsicallyditike

mitochondrial function, and differing functional requirements likely lead to differing morphology
requirements which may explain the differences seen in sAD phenotype. It is still valuable to assess
these differences to determine whether the procesgeneral is impaired, whichever direction this

may be in. To investigate this further, a patient derived neural cell model will be used in the second

chapter of this thesis.

There are also practical considerations which much be considered when cuftbrotgasts.
Insufficient nutrition from culture media can have a significant effect on cells, especially the
mitochondria; nutrient starvation has been seen to lead to changes in mitochondrial morphology, as

they become more elongated and interconnectatkdiated by the downregulation of Drpl
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(Rambolcet al,, 2011) This may introduce uncertainty as to whether the results seen are disease
specific or due to the culturingf the cells. Fibroblasts used in this project have been cultured in

EMEM supplemented with FBS, NEAA, Sodium pyruvate, uridine and vitamins. Sodium pyruvate and
uridine are required for survival in cells where mitochondrial deficits are present. Pyrigvate
AYOGSNYSRAIFGS Ay (KS 3Ftfted2feara LI GKgles yR az
Dysfunction in th&eETQan also affect de novo pyrimidine synthesis, so uridine is also g@igdn

and Akman, 2007)

Despite not being a directly involved cell type, fibroblasts can be useful in other ways, for exampl

in the search for a biomarker. There are multiple types of biomarker, including diagnostic

biomarkers, prognostic markers which relate to the stage of AD, or biomarkers which can predict a
faster or slower progression. The potential use of the protsinslied in this chapter as biomarkers

has been investigated in peripheral blood lymphocyWwanget al. (2012)found that differences in

Fisl, Drpl, andsitrosylated Drpl (SNOrpl) were specific and sensitive enough to differentiate

AD patients frontontrols, implying that these proteins may have potential as biomarkers. While this
may not be feasible as a diagnostic biomarker, it has potential as a biomarker of disease progression;
significant changes were also seen in patients with mild cognitipairment. Although this work

was carried out in lymphocytes rather than fibroblasts, it does indicate that peripheral cells in

general may be useful when looking for disease biomarkers.

3.4 Conclusions and Future Work

This chapter aimed to investigated mechanisms surrounding the reduced levels of Drpl protein
seen in sAD patient fibroblasts. Firstly, the protein expression of the four Drpl receptors on the
outer mitochondrial membrane were investigated to see of this could be contributing to the edduc
levels of Drpl seen localised to the mitochondria. Whilst a deficit was seen in Fisl, Mff, and MiD49,
there were no differences seen in the localisation of Fisl and Mff, or the number of interactions
between these proteins and Drpl. These findings ssigtiat reduced Drpl at the mitochondria is

not due to reductions in Fisl or Mff, as the level of interaction is maintained. Interactions between
Drpl and Fis1 and Mff were only investigated in a small subset of the total cohort, and differences
have beerseen between patient lines suggesting that a reduction in interactions may be seen in
other lines should they be investigated. However, since the lines chosen demonstrated the biggest

deficits, this does not seem likely.

If the reduction in Drpl at the ridchondria is not due to alterations in Fis1 or Mff, it may be that it
is due to reductions seen in MiD49. Whilst MiD49 levels were not seen to correlate with Drpl levels,

and several studies have found MiD49 to be less crucial for Drpl recruitmernit,hiasta role to
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play and may prove to be important in sAD. Future studies should investigate the interactions
between MiD49 and Drp1l, as well as MiD51 and Drpl to confirm this. Unlike Fisl and Mff, MiD49
and MiD51 are only found at the mitochondria an@ @&ot involved in the fission of other

organelles. The lack of change seen at the peroxisome (though this requires further investigation),
may suggest that it is actually the relationship between Drpl and MiD49 and MiD51 which is altered
in sAD fibroblasts-urther study should be done to determine how MiD49 and MiD51 are affected in
other models of SAD, as well as in fAD. To date, this is an area which remains understudied in the
field.

Previous work in our lab has clearly shown changes to mitochondoigdhnlogy in SAD patient
fibroblasts, indicating a more fused network. This may not simply be due to less Drpl being available
in the cell. Post translational modifications of Drpl are key in its fission activity, in particular
phosphorylation, and this Bn important area for further study. It may be that the Drp1 recruited to

the mitochondria is inactive and unable to initiate fission, and that this is leading to the changes in

morphology seen.

Changes seen in mitochondrial morphology may be the reduiterations to only one type of

fission, as defined by Kleele et al. (2021), either peripheral orzaomg. Reductions in both Fisl and

Mff would suggest both, but greater deficits were seen in Fisl. To investigate this further, both
mitophagy and mitolsondrial biogenesis could be studied to assess whether one is more impacted
than the other. This is important in terms of treatments for AD; if only one type of fission is affected,

it would not be beneficial to globally inhibit or stimulate all fiss{iieeleet al., 2021)

Changes in morphology may also be due to mechanisms occurring upstream of Drpl, sueh as pre
constriction of the mitochondria. Whilst a single type of mitochondii contact site, BAPFIs1,
showed no differences in a subset of the lines studied in thégter, it could be that other types are
affected. Other aspects of the pmonstriction such as expression of INF2 and Spirelc, and the

polymerisation of actin should also be investigated.

Finally, changes in morphology may also be explained by change®chondrial fusion. While no
significant differences were seen in the expression of OPA1, and previous work in the lab has found
no changes in Mfnl or Mfn2 either, there are further mechanisms which must be considered. For
example, the ability of Mfnand Mfn2 to interact with each other on opposing mitochondria, or the
ability of OPAL1 to interact with cardiolipin on the opposing inner membrane, both of which are key
for fusion to take placéTilokaniet al,, 2018) Fis1 has also been shown to interact with fusion

proteins, inhbiting their activity(Yu, Jinet al,, 2019) The reduced levels of Fisl seen in this chapter

may actually be having more of an impact on the fusion machinery, leading to increased fevels o
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fusion as opposed to reduced levels of fission, and thus leading to a more fused mitochondrial

network.

To conclude, from the evidence presented here, it seems unlikely that changes in recruitment of
Drpl by Fisl and Mff are significantly contributiogchanges in mitochondrial morphology. Future
work should focus on the relationship between Drpl and Mid49 and MiD51, post translational
modifications of Drp1, upstream mechanisms of fission such asgnstriction of the mitochondria

and downstream mechasms such as mitophagy and biogenesis, and mitochondrial fusion to better
understand the precise mechanisms which lead to the changes seen in mitochondrial morphology in
SAD patient fibroblasts. Future work should also focus on validating findings émfpitroblasts in

further models of AD to confirm whether these changes also occur in the central nervous system,

and are not just present in the periphery.
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Chapter Four: Investigating the Mitochondrial Phenotype in a Patient
DerivedNeuronal Model

4.1 Introduction

ndm®dm LYRdAZOSR tfdzNALRGSYyd {GSY /Stft 5SNAOSR

¢KSNB NS Ylye [RGIyGlFr3asSa G2 FTAONRBoOoflada Fa LI
key disadvantage is that they are not a diseadevant cell typeTakahashi and YamanalkZ0(06)

first demonstrated that somatic cells could be reprogrammed into induced pluripotent stem cells

(iPSCs) using four key transcription fact@st3/4, Sox2,-dyc, and KIf4iPSCs have the potential to

be differentiated into any cell type, thus retaining the genetic background of the patient while also

providing a more disease relevant cell model, fasraple, neurons, astrocytes, oligodendrocytes,

and microglia.

In AD, amyloid and tau neuropathology begins in the entorhinal cortex, before spreading through
the hippocampus, limbic system, and neocor{Braak and Braak, 1991, 1995; Ghal, 2016)
Mitochondrial pathology has also been found to begithi@entorhinal cortextArmandUgonet al.
2017) In contrast, cells in the brain stem, cerebellum, and basal ganglia, controlling motor and
autonomic functions, are able to fation effectively(Wanget al., 2020) As such, when modelling
AD, a cortical neuron model is the most relevant cell type to investigate and so via$yichosen

for this project.

In general, differentiation of cortical neurons from iPSCs requires three steps: neural induction,
patterningto a dorsal or ventral fate, and terminal differentiation. These steps are achieved by
mimicking neurodevelopment, and the application of various signalling molecules involved in the
determination of neural fate (Mccaugh&yhapman and Connor, 2018). Mastydies use cortical
neuron differentiation protocols based on a protocol developed by Shi, Kirwan and Livesey (2012).
Neural induction is achieved using dual inhibition of SMAD, a family of proteins involved in the
GNJF yaF2N¥YAyYy3I 3N galing pathway (ivia Norsomoiphinbamd SB4386423FRgllowing
this, cells are cultured in a basic differentiation media, containing N2 and B27, to give glutamatergic
cortical neurons. After 20 days, early cortical neurons positivé foox brain 1TBR})and COUP
TFZinteracting protein ACTIP2begin to form, becoming a larger population around day 30. After
70 days differentiation, upper layer cortical neurons begin to form, positive for Bips&al Atrich
sequence binding protei(BATB), andcut-like haneobox 1 CUX), as well agesicular glutamate

transporter 1 YGlutl). Physical synapses are seen from day 28 of the protocol, and begin to become
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functional at day 30, with many functional synapses seen by dajti® protocol has been adapted
by othersin several ways, for example alterations to the patterning st@mssartet al.,, 2013)
addition of extra factors such as sonic hedgehog inhibitor, cyclopaf@aect al, 2017) and
overexpression of neurogenin 2 (NGN2) to bypass the neural induction atedrpad) stages,
speeding up the differentiation proceéghanget al, 2013) The tine required for this process has
also been reduced by the addition of DAPPrtomote neurogenesis, and shorten the initial
induction step(Tayet al., 2021)

iPSC derived cortical neurons have been used in many studies to investigate various AD phenotypes,
with several different pratcols usedBergstromet al. (2016) following the Shi, Kirwan, and Livesey
(2012) protocol, showed neurite outgrowth between days 49 and 59, TBR1 positive staining from

day 45, and increased TUJ staining from day 60. By day 90, VagghdévGlutl staining throughout

the neurite network, and whole cell patch clamping demonstrated functionality of glutamatergic and
gammaaminobutyric acidGABAergic synapses. APP processing was seen to change throughout
differentiation, with £1-42 ddected from day 75, and in fAD iPSC derived cortical neurons, the
Ab40:42 ratio was seen to be increas@beret a., 2019) Also following the Shi, Kirwan, and

Livesey (2012) protocol, Fang et al. (2019) differentiated iPSCs derived from AD patients, and saw
positive expression ahicrotubule associated protein @AP2, TUJ, and upper cortical neuron

marker BRN2. They also saw evidence of synapse formation via the expression of synaptophysin and
postsynaptic density protein 996D9% iPSC derived AD neurons were also seen to show many of

the cellular features seen D brain tissue, including increased DNA damage. AD iPSC cortical
neurons have also been generated via alternative protocols. For example, Birnbaum et al. (2018)
cultured sAD iPSC derived neurons following the protocol by Zhang et al. (2013), withaveiitgysh

neuronal morphology, MAP2 expression, and presynaptic marker synapsin.

While iPSC derived cells are still a relatively new model, they have been used to investigate a range
of mitochondrial phenotypes in AD. For example, alterations in mitophagy have been noted in iPSC
derived neurons from patients with a PSEN1 mutation, tvianere seen to have increased total

parkin levels and increased parkin present at the mitochondria, as well as increased mitochondrial
surface aregMartin-Maestro, Gargini, A. Sproet al., 2017) Reduced levels of PINK1 have also

been seen in iPSC neurons derived from an sAD patient, and a patient with an tsBmas well

as reduced phosphorylation of other mitophagy related proteiask binding kinase IT@K}and

unc-51 like autophagy activating kina8gLK) (Fanget al,, 2019) This study also found impaired
mitochondrial function, shown by a reduction in ATP, as well as alterations in the post tr@ameslati
modifications of fission proteins, including increasémgphorylatedrpl (£r616) and increased

phosphorylated Mff. A further study using iPSC neurons derived from sAD patients found increased
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ROS, and increased expression of subunits of complehedV and V. The study also investigated
fission and fusion proteins, but saw no difference in Mfnl, Mfn2, or Drpl. While this study presents
some interesting findings, phenotypes were not consistently seen in all five of the lines assessed
(Birnbaumet al,, 2018) The mitochondrial phenotype in other cell tygess also been investigated;
iPSC derived astrocytes from patients with a PSEN1 mutation have been found to have increased
ROS, and decreased glycolysis suggesting that AD astrocytes are more oflatareret al,,

2017)

4.1.2 Induced Neural Progenitor Cells

One of the limitation®f iPSC derived cells is that they do not maintain the characteristics of the cell
which occur as a result of patient age, a factor especially relevant to AD as age is the biggest risk
factor. Reprogramming of iPSCs induces an embryonic state, and tlets meeny of the

phenotypes associated with aging such as telomere size and gene expression fuafikesseét

al.,, 2011)

There are several alternatives to iPSC derived cells, which retain aged characteristics of the original
patient cellsas well as maintaining the advantages of being a patient derived, disease relevant
model.One alternative is the transdifferentiation of somatic cells directly into neural cells including
neurons(Vierbucheret al, 2010) astrocytegCaiazzet al,, 2015; Tiaret al., 2016) microglia

(Ohgidankt al,, 2014)and oligodendrocyte precursof¥anget al,, 2013) This has been done via

the forced expression of proeural transciption factors(Vierbuchen et al., 2010; Ladewig et al.,

2012; Liu et al., 2013 a chemical cocktailf small moleculegHu et al., 2015)Transdifferentiated
neurons have been shown to maintain age specific phenotypes, including genetic profiles, and
decreased levelsf®RanBP17, a nuclear transport recepfdtertenset al, 2015, 2021)However,

the proliferative capacity of these cells in culturensited, reducing the practicalitgf this model for

in vitro modelling of AD.

The conversion of somatic cells to induced neural progenitor cells (iNPCs) is anotheriptieb.

al. (2011)wereamong the first to convert mouse fibroblasts directly to INPCs, with others
confirming these findings and also applying them to human fibrobl#@stdbasudhan et al., 2011;
Son et al., 2011; Ring et al., 2012; Cheng et al., 2hEjer et al. (2014)vere the first to apply this
technique to neurodegenerative disease, swssfally reprogramming fibroblasts froAL Spatients

to INPCs, and these iNPCs to a range of neural cells including astrocytes, oligodendrocytes and

neurons.
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There are several advantages to iINPCs. They are proliferative, so can be expanded in vitrg anablin
sufficient number of cells to be generated, whilst also being less time and labour intensive.
Furthermore, whilst iPSC cell populations are often generated from a single clone, iNPC derived cells
are taken from across a cell population, reducing patdriias. INPC derived astrocytes have also

been shown to retain ageelated phenotypes including reductions in mRNA levels of RanBP17,
telomeric repeat binding factor Z/ERFR andlaminin subunit alpha 3AMAJ, and changes to

nuclear morphology includg nuclear folding and blebbing. Changes in aged phenotypes relating to
the mitochondria have also been seen including increased ROS levels, and reduced levels of
antioxidantsnuclear factorerythroid factor 2related factor ANRF2and SOD{Gatb et al,, 2021)

4.1.3 Aims and Objectives

In the previous chapter and previously published work, alterations have been seen in mitochondrial
guality control mechanisms in sAD fibroblasts compared to confBafiet al., 2018) This chapter

will determine whether these alterations are also present in patient derived neurons generated from
iINPCs. iNPCs reprogrammed from the some of the fibroblast lines used in chapter 3 were readily
available in the lab. Reprogramming was caroeatiby Dr Simon Bell, and Professor Laura

Ferraiuolo, and iNPCs were confirmed to express pax6 and ngshd ({ A Y2y . Sff Qa t K5

The first aim of this chapter is to investigadlte mitochondrial phenotype seen in sAD patient

fibroblasts in a paéint derived neuronal modelThe objectives are:

1. To develop a differentiation protocol to produce patient derived neurons from induced
neuronal progenitor cells
2. To characterise a patient derived neuronal model

3. To determine the mitochondrial phenotype opatient derived neuronal model

The second aim of this chapter isdetermine whether the same mechanisms are present leading to

mitochondrial morphological changes in AD derived neurons as fibroblEstsobjectives are:

1. To measure protein expression Dfpl in patient derived neurons

2. To measure protein expression of the four Drpl receptors, Fisl, Mff, MiD49, and MiD51, in
patient derived neurons

3. Tomeasure interactions between Drpl and the receptors

4. To investigate post translational modificationslpl, primarily phosphorylation at ser637

and ser616
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4.2 Results

In this chapter, control and sAD lines have been analysed as age and sex matched pairs due to an
increase in the variability between control and sAD lines (shown in té))ed well as s whole

group level.

Table18: Age and sex matched pairs used in this chapter.

Control Age Sex SAD Age Sex
Control 3 61 Female sAD 5 59 Female
Control 7 56 Male SAD 4 63 Male
Control 10 75 Female SAD 9 79 Female
Control 5 100 Female SAD 6 63 Female
Control 2 54 Male sAD 8 60 Male

Due to time restraints, and difficulties encountered in growing some lines, control 2 and sAD 6 were
not included in all data sets. Where these lines have not been used, control 5 and sADb@édrave

analysed as a pair.

4.21 Characterisation of thedgaeric Neuron Mdel

Initially, attempts were made to optimise differentiation of cortical neurons from iINPCs (Appendix
1). This proved to be unsuccessful in the time frame available, angrsxicecol to differentiate a

more general neuronal populationas chosen to move forward, as describetebsteret al.

(2016) This population was characterised by assessing expression of neuronal nRrkesasy and
secondary only controls were included to ensure that staining seen was not due {gpeaific
background staining=ach line showed exprasa of TUJ, and representative images can be seen in
figure 35 and figure 36The percentage of cells expressing TUJ was assessed for each line, with all
lines showing above 87% TUJ positive cells (control 9 926196 control 7 99.3% 1.0; control 10
99.1%+ 0.95; control 5 87.1% 15.5; control 2 99.0% 11.9; SAD 5 97.3%4.0; SAD 4 96.7%4.2;

SAD 9 97.0%5.5; SAD 6 92.2%12.5; sAD 8 92.6%11.9). There was no significant difference in
the percentage of TUJ positive cells between control &ld bnes (figur@9a), at either an

individual or group level (controls 95.486.4, SAD 95.2%2.5; p = 0.945figure 39d). Cells were

also assessed for expression of MAP2. All lines showed some exprefsBIAP2, as shown in figure

35 and figure 36Tte majority lines showed over 60% MAP2 positive cells (control 9 934836
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control 7 74.4%t 33.3; control 10 81.5%15.7; control 5 90.1% 14.3; control 2 71.9% 28.9; sAD
598.6%t 1.5; SAD 9 89.3%12.5; SAD 6 77.1%13.7; SAD 8 60.0%30), with sAD 4 being the only
exception, showing onl§9.3%+ 1.1 MAP2 positive cells. There was only a significant difference in
MAP2 positive cells in SAD 4 (p = 0,0figure39b) at an individual level, and no significant

difference at a group levétontrol 82.3% 9.6; SAD 70.8%27.4 p = 0.401figure 39). NeuN
expression localised to the nucleus was also assessed, and representative images are shown in figure
37 and figure 38In general, there was a low percentage of NeuN positive cells, ang variation
between the differentines. This is to be expected, as NeuN is a marker of later stage neurons, and
the shorter protocol used gives less time for these neurons to mafithrere were very little NeuN
positive cells in SAD 5 and sAD 6 (sAD1%2 4.4, p = 0.01; sAD 6 2.202.9, p = 0.02figure39¢),

but the rest of the lines showed between%@nd 75% NeuN positive cells (control 9 531822.6;
control 7 33.7% 27.1; control 10 73.5%16.2; control 5 48.4% 25.4; control 2 22.1%10.9;sAD

4 57.2%t+ 21.0; sAD 9 35.5%29.0; sAD 8 48.4%25.3). There was no significant difference

between NeuN positive cells in controls and sAD lines at a group level (controls#B9186sAD

26.8%+ 23.6;p = 0.193; figur&9f).
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TUJ/Hoechst MAP2/Hoechst

Control 3

Control 7

Control 10
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Control 5

Control 2

Figure35: Representative images showing expression of neuronal markers in five control iNeurons lines. TUJ

is shown in green, MAP2 shown in red,cahloechst in blue. Scale baip=n > a ¢
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sAD 5

sAD 4
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sAD 8

Figure36: Representative images showing expression of neuronarkeas in five SAD iNeurons lines. TUJ is
aK2gy Ay 3INBSYy:s a!tu akKz2gy Ay NBRZ FYyR 1 2S0Kad Ay ofd
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Hoechst NeuN NeuN/Hoechst
Control 3

Control 7

Control 10

Control 5

Control 2

Figure37: Representative images showing expression of NeuN neuronal marker in five control iNeurons

lines. NeuN is localised to thé dzOf Sdza = | yR aK2gy Ay NBR gKAfadg | 2S50Kai
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NeuN/Hoechst

sAD 5

sAD 4

sAD 9

sAD 6

sAD 8

Figure38:Representative images showing expression of NeuN neuronal markers in five SAD iNeurons lines.
NeuN is localised to the nucleus, and shown in red whilst Hoechstisghow y o6 f dzS§® { OFtS o6 NJ T
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Figured9: All lines have above 87% TUJ positive cells, all with the exception of sAD 4 have above 60% MAP2

positive cells, and all with the exception of SAD 5 and sAD 6 have between 20% and 75% NeuN positive

staining, n > 3There are no significant differences between control and sAD lines at a group level. Each bar

represents the mean, each dot represents the mean of all repeats in each line, error bars sho) 20.

lines show above 87% TUJ positive cells. B) Mostlioes above 60% MAP2 positive cells, except for SAD 4
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percentage of TUJ positive cells between control and sAD lines at algvelifp = 0.944 test). E) There is no

significant difference in the peentage of MAP2 positive cells between control and sAD lines at a group level (p

= 0.401 t tesf). F)There is no significant difference in the percentage of NeuN positive cells between control

and sAD lines at group level (p = 0.193 test).
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Expression of TUJ and NeuN was also confirmed by western blot. This was carried out in four
controls, control 3, control 7, control 10, and control 5, and four sAD lines, sAD 5, sAD 4, sAD 9, and
sAD 8. All lines showed expression of TUJ, and again feedie was seen between control and

sAD lines (controls 1.080.18, sAD 0.8%0.25; p = 0.425; figuré€0). TUJ expression in iNeurons was
also compared to expression in INPCs in a subset of the lines. An increase was seen in all four
iNeuron lines compad to the same iNPC line, however, a smaller increase was seen in the sAD lines
compared to controls (control 7 iINPC 1 iNeuron823; control 10 iINPC 1 iNeuron 22.5; sAD 5

iINPC 1 iNeuron 1:560.6; sAD 9 iNPC 1 iNeuron $®B7; figure4l).

NeuNexpression was also seen in all lines, though there was lower expression in SAD(Q42
figure42b), and control 5 (0.220.17; figure42b). Whilst lower expression in SAD 5 is to be

expected, due to the reduced percentage of NeuN positive aatgrol 5 showed 48.4% of NeuN
positive cells. It may be that in control 5, even though there is a higher percentage of NeuN positive
cells, the amount of NeuN per cell is lower. sAD 8 shows an increased expression (2.982figure

of NeuN, though thiss only from one repeat. It is important to note that NeuN positive cells were
only counted if the NeuN was correctly localised to the nucleus, whereas the western blot takes into
account expression in the whole cell. There was no significant differeeceiisdleuN expression
between control and sAD cells at a group level (controls @8, sAD 1.41.1; p = 0.574; figure

42c). NeuN expression in iNeurons was also compared to expression in iINPCs in a subset of lines.
Though this was only carried outdne repeat, there is an increase seen in all iNeuron lines
compared to the same iNPC lines (control 7 iNPC 1 iNeuron 1.6; control 10 iNPC 1 iNeuron 1.4; sAD 5
iNPC 1 iNeuron 1.4; sAD 9 iNPC 1 iNeuron 1.3; #@yre

140



TUJ:GAPDH

Control 5 Control 7 Control 10 sAD 4 sAD 5 sAD 8

_——ﬂ
| p— ~
T — 55kDa

—
-———f-‘d

B C
TUJ Protein Levels per iNeuron Line TUJ Protein Levels in iNeurons
2.0 1.5+
. =
1.5+ —
5 1.0
<
1.0 o .E
3 0.5
0.5 =
0.0 - . N 0.0 T T
& A D O O ® o o
& 6'99 & evg' & 5_;?9 «° @‘29 &@\ s

Figure40: There is no ghificant difference in TUJ protein levels between control and sAD iNeurons, at an
individual or group levelA) Representative blot of TUJ and GAPDH loading control in controls 5, 7, and 10, and
sAD 4, 5, and 8. TUJ is double bandeadseen ifShiet al., 2021) and ran at the expected molecular weight of
approximately 55kDa. 1@ protein was loaded per lane. B) Quantification of TUJ protein levels in four control
and SAD lines. Each line was assesseddemnples from three separate differentiations. No significant

difference is seen in any line. Bars shown represent the mean and error bars represent SD. C) There is no
significant difference when the sAD group is compared to the control group (p = Ot&s4,; Each dot

represents the mean of three replicates per line, the bar represents the group mean, and the error bars show
SD.

141



C7 NPC CI0NPC sADI9NPC C7Neu C10Neu sAD9 Neu

~55kDa

B TUJ Protein Levels in iNeurons
Compared to iINPCs

TUJ:GAPDH

Figure4l: There is an increase in TUJ protein expression in iNeurons compared to iNPCs in eaél) line.
Representative blot of TUJ and GAPDH loading control in control 7, 10, and sAD 9 iINPCs and iNeurons. TUJ is
expected to be double banded and ran at the expected molecular weight of 55kBprbdein was loaded

per lane. B) Quantification of TUJ protekpeession in four control and four SAD iNPC and iNeuron lines. There

is an increase in iNeurons in every line, with a greater increase in controls than sAD lines. Each bar represents
the mean of two samples from two separate differentiations. iNeuron rspsare normalised to iINPC repeats

per line.
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Figure42: There is no significant difference in NeuN protein levels between control and sAD iNeurons, at an
individual or group levelA) Representative blot of NeuN and GAPDH loading control in c8n#pl0, and

SAD 4, 5, and 8. NeuN ran at the expected molecular weight of 48kDa. 10ug protein was loaded per lane. B)
Quantification of NeuN protein levels in four control and four sAD lines, with each line assessed from three
separate differentiations gart from control 3 and sAD 8 which were assessed from one sample only. No
significant difference is seen in any line. Bars represent the mean and error bars represent SD. C) There is no
significant different in NeuN expression at a group level (p = O0t5@4t). Each dot represents the mean of the

replicates per line, the bar represents the group mean, and the error bars show SD.
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Figure43: There is an increase in NeuN protein expression in iNeurons compared to iINPCs imeash
Representative blot of NeuN and GAPDH loading control in control 7 and sAD 5 iNPCs and iNeurons. 10ug
protein was loaded per line. B) Quantification of NeuN protein expression in four control and four sAD iNPC and
iNeuron lines. There is an incseain every iNeuron line. Each bar represents a single repeat, iNeuron data was

normalised to iINPC data for each line.
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To better characterise the general iNeuron population, three control and three sAD iNeuron lines
were also assessed for neuromadirkers for more specific populatioasross three separate
differentiations These includetiomeobox 9 b9, anuclearmarker of motor neurons, choline
acetyltransferase (ChAT), a marker of cholinergic neuiaunsd throughout the cell body and
processesvGlutl a marker of glutamatergic neurofsund in the cell bodies and processesd
TBR1, auclearmarker of early cortical neuronBrimary and secondary only controls were included
to ensure that staining seen was not due to mpecific backgroundtaining.Representative images
of specific neuronal marker expression are shown in fig@267. There was a clear difference in
expression of these markers seen between different rounds of differentiation (fe@)reand
representative images are takérom some differentiations with positive marker expression, and
some which had no positive marker expression. When the potential reasons for this heterogeneity

were explored, no obvious link was seen with INPC passage or batch, cell number, or agll viabil

Hb9 expression varied between 0% and 26.4% in controls (contrQll® 2%, control 7 @ 1.7%,

control 10 0¢ 26.4%; figures0a), and between 0% and 11.7% in sAD lines, though in the majority of
differentiation rounds, less than 1% of sAD cellsresped Hb9 (SAD 5¢1.15%, sAD 4 §0.9%,

sAD 9 @ 11.2%; figuré0a). ChAT expression was below 3% in all control (control 3 0%, control 7 0
¢ 0.4%, control 10 @ 2.4%; figureéb0b) and sAD (sAD 5¢10.15%, sAD 4€0.12%, sAD 9 €0.2%;

figure 50b) lines. vGlutl expression showed some of the highest levels of expression, but was also
still very variable between different differentiations. Expression in the control lines ranged between
0% and 41.5% (control 3¢®B3.7%, contro¥ 0 ¢ 41.5%, controll0 0¢ 26.4%; figures0c), and sAD

lines between 0 and 35.5% (SAD 50®6%, sAD 4 §35.5%, sAD 9€11.7%; figuré0c). TBR1
expression in the nucleus varied between 0% and 50% in controls (contb3%, control 7 @

21.6%, control 10 Q 25%:;figure 50d), but was below 4% in all SAD lines (SAD % 8.8%, sAD 4§
0.5%, sAD 9 §3.2%; figures0d).
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ChAT/Hoechst vGlut1l/Hoechst

Control 3

- .

Control 10

Figure44: Representative images of ChAT, and vGlutl staining in three control iNeuron In&stl is shown
in green, angositive staining is seen in control 3 and control 7, and no positive staining is seen in control 10.
ChAT is shown in red, and no positive staining is seen in any control line. Hoechst staining for the nuclei is

shown in blue. Scale bar =£50.
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Hoechst TBR1 TBR1/Hoechst

Control 3

Control 7

Control 10

Figure45: Representative images of TBR1 staining in three control iNeuron [iBR1 is shown in reaind
positive staining in the nucleus is seen in control 7 and control 10. No positive staining is seen in control 3.

Hoechst staining for the nucleiis shotvty 6 f dzS® { Ot S 61 NJ T pn>ad
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Hoechst Hb9 Hb9/Hoechst

Control 3

Control 7

Control 10

Figure46. Representative images of Hb9 staining in three control iNeuron likéx9 is shown in green, and
positive nuclear staining is seen in control 3 and control 10. No staining which meets the positive tiseshold

seen in control 7. Hoechst staining for the nuclei is shown in blue. Scale lzd.= 50
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ChAT/Hoechst vGlut1l/Hoechst

Figurel7: Representative images of ChAT and vGlutl staining in three sAD iNeuronVi@&stl is shown in

sAD 5

SAD4 .

sAD 9

green,positive staining is seen in SAD 4 aAd 9, but not in SAD BhAT is shown in red, and no staining
which meets the positive threshold is seen in any line. Hoechst staining for the nuclei is shown in blue. Scale bar

=5CM.
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Hoechst TBR1 TBR1/Hoechst
sAD 5

SAD4.

sAD 9

Figuret8: Representative images of TBRL1 staining in three siBuron linesTBR1 is shown in red, and no
line shows staining which meets the threshold for positive expression. Hoechst staining for the nuclei is shown
in blue. Scale bar = M.
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Hoechst Hb9/Hoechst

SADS. . -
SADA. . -
SAD9. . .

Figured9: Representative images of Hb9 staining in three siNRuron linesHb9 is shown in green, and no
staining in any line meets the positive threshold. Hoechst staining for the nuclei is shown in blue, scale bar =

50eM.
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Figures0: There is variability in the expression of motor neuron marker Hb9, cholinergic neuron marker

ChAT, glutamatergic neuron marker vGlutl, and early cortical neuron marker TBR1 in control and sAD

iNeuron lines, n > FEach dot represents expression in a safgdifferentiation, the bar represents the mean,

and error bars represent SB) Hb9 expression varied between 0% and 26.4% in control lines, and 0% and

11.7% in sAD lines. B) ChAT expression was below 3% in all control and sAD lines. C) vGlutl \exjedssio
between 0% and 41.5% in controls and 0% and 35.5% in sAD lines. D) TBR1 expression varied between 0% and

50% in control lines, but was below 4% in all SAD lines.
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4.2 2 Neuronal Morphology and Viability in Control and sAD iNeurons UndéiBagiions

Neuronal morphology and viability was assessed under basal conditions using the neurite outgrowth
assay kit; representative images of control 10 and sAD 5 are shown inSijushere the red stain
shows the membrane stain and the green slsaive viability stain. There was no difference seen
between paired control and sAD neuron lines in several morphology parameters assessed including
cell roundness (figurb2a), cell width to length ratio (figurg2b), and neuron score, a ratio of cells
shawing neuronal morphology compared to those which do not (fidafte). The neuron score in
particular showed a large amount of variability between different technical repeats, though an
increase was seen in SAD 5 compared to control 3 (p = 0.453), aedremske seen in SAD 8

compared to control Zfigure52c). There was also no difference seen overall when control and sAD
lines where combined, in cell roundness (p = 0.4807; fi§addd, cell width to length ratio (p = 4819;
figure52e), and neuron scorg(= 0.6838; figuré&2f).

However, there was a significant difference seen in three of four paired lines in the cell area. SAD 5
was significantly reduced compared to control 3 (control 3 080348, sAD 5 0.4460.104; p =
0.0023; figureb3a), and sAB was also significantly reduced compared to control 5 (control 54..09
0.186, sAD 6 0.6640.116; p = 0.0076; figurg3a), whilst a decrease was seen between control 10
and sAD 9 (control 1040, sAD 9 0.7120.181; p = 0.132; figurg3a) and between control 2 and

sAD 8 (control 2 £0, sAD 8 0.7460.228; p = 0.315; figurg3a). In contrast, SAD 4 was significantly
increased compared to control 7 (control 7 08Q.35, sAD 4 1.390.196; p = 0.011; figure3a).

When control and sAlines were combined, there was no significant difference in cell area overall
(controls 0.98#0.069, sAD 0.7980.354; p = 0.258; figure3b). However, when sAD 4 was
excluded as an obvious outlier, a significant difference was seen (controls#03&0, sAD 0.64
0.133; p = 0.0014; figure3c). This difference in cell area can also be seen in the representative
images shown in figurgl. In general, there is no difference in the morphology of the cells, with
both patient and control cells showingdlsame elongation and processes, but the patient cells, with

the exception of SAD 4, are smaller than the control cells.

As part of the assay, cell viability was also assessed. No significant difference was seen in the
majority of neuron pairs, but therevas a significant decrease in viability in SAD 8 compared to
control 2 (control 2 64.2%26.0%, sAD 8 17.2%.19%; p = 0.01; figufeda). For this reason, it was
difficult to get full datasets for SAD 8, as there was often not enough cells to comgkdgsa There
was also a decrease in SAD 6 compared to control 5 (control 5 53.98%1%, sAD 5 39.3%#%

7.9%; p = 0.405; figueda). When all control and sAD lines were combined, there was no significant
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difference in cell viability overall (control®.89%t 7.44%, sSAD 58.36%25.73%; p 9.396; figure
55b).

Control 10 sAD 5

Figuresl: Representative images of the neurite outgrowth assay in control 10 and sAD 5, red staining shows
the cell membrane stain, green stain shows the cell viability stain, scale bEOGuM. There is a clear
difference in the size of the cells, with sAD 5 being much smaller than control 10. There is no difference in any

other morphology, with both showing collecting of the cell bodies, and elongated processes.

154



-
(=]
1

ot
o

I
o

Cell Roundness (AU}

e bt
=] o
L

e

Cell Roundness
§-y

e
%]
]

e
o

™
0

Cell Roundness Cell Width to Length Ratio Neuron Score
3 0.8~ 20+
2
T 0.6 @ 151
£ o
S o
c w
s 0.4 E 104
2 i
£ 0.21 Z 54
=
=
< 0.0- B
B B A KD 8 6 6 0 B © B0 A kD 9 H o 1 2 B D A K0 9 6 6 9
N LY LY N LY hy N ) hY N
FEIS T L LS FLELEPELESR FRELEPELEN
GO d 00 Q (JQ 00 (.P 00 00 00 00 Cao 00 00
Cell Roundness E Cell Width to Length Ratio F Neuron Score
2 0.8+ 10 1
e
[+]
. 4 o .
b = b
o:u = 0.6 | - .
I 1 g e S S
b . . ] 1 »n 61 _—
o 0.4 . L] c
- =]
i s 5 44
- @
= 0.2 =
@ - R -
T T © 0.0 T T 0 T T
Controls sAD Controls sAD Controls sAD

Figures2: Thereis no difference in cell morphology between control and sAD neuron lines, .nFeI3DF,

each dot represents the mean of all biological repeats for one cell line. Errors bars repreggriki&e is no
difference in cell roundness between paired cordral SAD lines. B) There is no difference in cell width to

length ratio between paired control and sAD lines. C) There is no difference in neuron score, a ratio of cells
showing neuronal morphology compared to those which do not, between paired contref&niihes.

However, a lot of variation is seen between technical repeats for individual lines. D) There is no significant
difference in cell roundness when control and sAD lines are combined (p = 0.4807; t test). E) There is no
difference in cell width ttength ratio when control and sAD lines are combined (p = 4819; t test). F) There is no

difference in neuron score when control and sAD lines are combined (p = 0.6838; t test).
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Figures3: Two sAD neuron lines have a significantly smaller eefla, and one sAD neuron line has a

significantly increased area, n > Bor BC, each dot represents the mean of all biological repeats for one cell

line. Errors bars represent Sh).There is a significant decrease in cell area between control 3 ars] sAD

control 5 and sAD 6. There is a significant increase in SAD 4 compared to control 7 (* p < 0.05, ** p < 0.01, *** p

fF onoénnanmI FFFF LI F nonnnamT hyS gl & !'bhx! gAGK {ARI 1Qa
difference between controlsnd sAD when all lines are combined. C) There is a significant decrease in cell area

when control and sAD neuron lines are combined, with sAD 4 excluded due to being an outlier (** p < 0.01, t

test).
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Figureb4: sAD 8 has a significantly reduceehbility compared to control 2, but there is no significant

difference in any other pair, n >. Errors bars represent SB) There is a significant decrease in cell viability in

sAD 8 compared to control 2, but no significant difference in any othefgak 0.05; One way ANOVA with
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combined. Each dot represents the mean of all biological repeats for one cell line.
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4.2 3 Neuronal Mophologyand Viabilityn Control and sAD iNeurongnder Stressed
Conditions

Neuronal morphology was also assessed under stressed conditions, in two control (7, 10) and two
SAD (5, 9) iNeuron lines. Cells were investigated in normal glucose containiray @leg low

glucose (5mM) media with added galactose (20n®4), and galactose media with 30nM rotenone
treatment (Gal+Rot) Galactose media drives the cells into generating ATP via OXPHQOS, while
rotenone is a complex | inhibitor. No significant diffece was seen in cell roundness or cell width to
length ratio between different media conditions or between control and sAD iNeuyfanuse 55 a-

b). Neuron score was again variable, and the previously seen increase in neuron score in sAD 5 was
not seen hee. However, there was a decrease in neuron score under stressed conditions in both
control 10 (Glu 2.20.4, Gal 1.%20.4, Gal+Rot 1.80.6; figure55c) and sAD 9 (Glu 2#0.6, Gal 1.9

+0.4, Gal+Rot 2.80.55 figure55c), though no differences were seen between the control and

patient lines in any condition.

A reduction in cell viability was also seen in the stressed conditions in control 10 (Giul84%,

Gal 69% 2.25, Gal+Rot 73%0.6% figure55d) and sAD 9 (GIB5%z+ 6.7%, Gal 54%9.2%,

Gal+Rot 54% 9.1% figure55d), as well as a previously unseen decrease in SAD 9 compared to SAD
10 in all conditions. A reduction in cell viability in SAD 5 in all media conditions was also noted (Glu
45%z 6%, Gal 43% 9%,Gal+Rot 46% 5% figure55d), as well as in control 7 (Glu 53%2%, Gal

48%z 14%, Gal+Rot 53%10% figure55d) compared to previous basal results. These

inconsistencies may be explained by an iNPC related issue; all iNeurons used in this set of
expetiments were differentiated from the same starting batch of iINPCs (at different passages). There

may have been an issue in this INPC batch which affected the differentiation and viability of the cells.
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Figures5: There is no significardifference in neuronal morphology or viability with either low glucose,
galactose containing media, or 30nM rotenone treatment. Bars represent the mean of repeats from
different differentiations, and error bars show SD, n =A3. There is no significadtfference in cell roundness
between media conditions or control and sAD iNeurons. B) There is no significant difference in cell width to
length ratio between different media conditions or control and sAD iNeurons. C) There is no significant
difference imeuron score between different media conditions or control and sAD iNeurons. D) There is no

significant difference in cell viability between different media conditions or control and sAD iNeurons.
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4.2 4 Mitochondrial Function and Morphology in iNeusddnder Basaloditions

Mitochondrial function and morphology were assessed under basal conditions using the MMP assay.
Representative images are shown in figbfe Mitochondrial membrane potential was assessed and
normalised to the control on the dayf the experiment, to reduce the noise seen from variability
between different days. MMP was significantly reduced in SAD 6 compared to control 5 (control 5
1.17+0.34, sAD 6 0.3680.06; p = 0.022, figurg7a). There was also a decrease seen in SAD 5
compared to control 3 (control 3 0.9380.108, sAD 5 0.4760.265; p = 0.497; figurg7a), in SAD 4
compared to control 7 (control 7 0.970.4, sAD 4 0.76 + 0.4, p = 0.7480; fidud®), as well as in

sAD 8 compared to control 2, though this was only ia tathnical repeat due to issues with the
survival of SAD 8 to the end of the protocol (control 2 1, SAD 8 0.612; Jajelnterestingly, an
increase was seen in SAD 9 compared to control 10, though this was variable (control 18 0.887
0.196, sAD 9 235+ 0.454; p = 0.636; figurg7a). When all control and sAD lines were combined,
there was no significant difference seen in MMP (controls 099208, sAD 0.6880.34; p =

0.0925; figures7b). However, a significant difference was seen when sAD @xchsded as an

outlier (controls 0.9920.108, sAD 0.5520.17; p = 0.0021figure57c).

In terms of morphology, no differences were seen under basal conditions between control and sAD
neuron lines in mitochondrial roundness (figui@a,e) , mitochondal width (figure58c, g), or
mitochondrial length (figur®8d, h) in either individual pairs, or when all lines were combined. There
was a significant increase in mitochondrial area in sAD 5 compared to control 3, although this is
affected by control 3 being lower than the other controls (control 3 @02, sAD 1.37+0.325;

p = 0.036; figur®8b); control Qwas alsdower in both width and length. There was no significant

difference in mitochondrial area when all control and sAD lines were combined (68f)re

Other morphology parameters were assesseduditig mitochondrial count per cell, percentage of
mitochondria accumulated in the perinuclear region, and mitochondrial form factor, a measure of
interconnectivity in the mitochondrial network. There were few significant differences seen in these
parametes at an individual pair (figufs9a-c), and no significant differences seen at a group level
(figure59d-f), however, there was more variability. The mitochondria count per cell was normalised
to cell area, and a significant decrease was seen in SAD Sacedhio control 3 (control 3 0.19

0.08, sAD 5 0.050.04; p = 0.024; figurg9a). There was also a decrease in SAD 9 compared to
control 10 (control 10 0.160.05, sAD 9 0.020.06; p = 586; figurg9a), and sAD 6 compared to
control 5 (control 5 0.2+0.1, sAD 6 0.180.02; p = 0.078; figur89a). An increase was seen in SAD
4 compared to control 7 (control 7 0.33.04, sAD 4 0.1¥0.06; p = 0.842; figurg9a), and in sAD 8
compared to control 2 (control 2 0.150.01, sAD 8 0.25; figuE9a). The number of mitochondria

160



accumulated in the perinuclear region showed an increase in sAD 5 compared to control 3 (control 3
15.24%t 6.76%, SAD 5 30.0324.1.81%; p = 0.412; figutSb), as did sAD 8 compared to control 2
(control 2 29.29% 2.0%, sAD 8%5% figure59b), though this was only in one technical repeat and
sAD 8 was much higher than any other line, suggesting this may not be an accurate result. Form
factor was more consistent between the lines, but there wasdight ircrease in sAD 8, thgh again

this was only in one repeat (figub®b). The percentage of the area taken up by long/short
mitochondria was also assessed, and no significant differences were seen under basal conditions, in

either individual pairs or at a group level (fig@@a-d).

Hoechst/TMRM Hoechst/MTG

Control 10

sAD 5

Figure56: Representative images of TMRM, shown in red, and MitoTracker Green staining in control 10 and

SADS iNeurons. Hoechst staining of the nuclei is shown in blue, scale bar = 50uM.
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Figure57: There is a significant decrease in MMP in s&Bompared to control 5, but no significant

difference in any other pairs, n > 3 with the exception of control 2 and sAD 8 where n = 1:CGoe&h dot

represents the averagefall biological repeats foione cell line. Errors bars represent S8).Therds a
AAIYAFAOLY(G RSONBIFI&aS Ay aat Ay &!'5 ¢ O2YLI NBR G2 02yl
comparisons). There is a decrease in SAD 5 compared to control 3, as well as SAD 8 compared to control 2. B)

There is no significant differemén MMP between controls and sAD when all lines are combined. C) There is a

significant decrease in MMP in sAD neurons compared to controls when sAD 4 is excluded (** p < 0.01, t test).

162



A B C " ) D
Mitochondrial Roundness Mitochondrial Area Mitochondrial Width Mitochondrial Length
210 25 =15 =25
Y g Z E
@ = . = =
09 s s g2
E e S0 2
3 <15 = S15
038 = = b=
= S 1.0 5 =
: 5 05 510
Bor = £ o
5 g 05 S S5
£ £ 2 S
5 £ & ke
% 06 0.0 =00 S0
IR I L I T TR G T, BB AR D B 6 6 D B A N D S S D o L3
FE O MR ) O WO SO S N X Q N N > A KA R
S EE RS FLEES FEETSLEETT FEEF L 8L SPELSLELES

f S o < [ 4 o & oS < % % 0"“(\ & o & N <.v°° 0 ©

E Mitochondrial Roundness F Mitochondrial Area G Mitochondrial Width H Mitochondrial Length
210 _20 g™ s20
2 e rea H ! 4 : g

0.8 .
E 3. £ 0.9 . £

@ - c

So6 < = 08 13 216 F —r—
é 1.0 = _T_ e Sam
F04 g . ‘-é 0.7 514 I
= o
So2 505 So6 £12
5 £ £ . £ .
Eoo : : =00 . . 205 . . 210 ‘ i
= Controls SAD Controls sAD Controls sAD Controls SAD

Figure58: There is no significant difference betweeontrol and SAD neurons in mitochondrial roundness,

mitochondrial area, mitochondrial width, or mitochondrial lengtm > 3, with the exception of SAD 8 where n

= 1. For H, each dot represents the average of all biological repeats for one cell liner&bars represent

SD.A) There is no significant difference in paired control and sAD neuron lines in mitochondrial roundness. B)

There is a significant increase in mitochondrial area in SAD 5 compared to control 3 (*p < 0.05; One way ANOVA

g A G K faltiRle qoR@arisons), but not in any other pair. C) There is no significant difference in

mitochondrial width in any neuron pair. D) There is no significant difference in any control and sAD pair in

mitochondrial length. E) There is no significant diffieeein mitochondrial roundness when control and sAD

lines are combined. F) There is no significant difference in mitochondrial area when control and sAD lines are

combined. G) There is no significant difference between control and sAD lines in mito¢chadtrizvhen lines

are combined. H) There is no significant difference in mitochondrial length when sAD and control lines are

combined.
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Figure59: There is no significant difference between control and sAD lines in mitochondrial count per cell,

the percentage of mitochondria accumulated in the perinuclear regiand the form factor, a measure of
mitochondrial interconnectivity, n > 3, with the exception of SAD 8 where n = 1. Hey &ch dot represents

the average of all biological repeats formz cell line. Errors bars represent SR) There is a significant

decrease in mitochondrial count per cell normalised to cell area in SAD 5 compared to control 7 (* p < 0.05; One
gF& 1 bhzx! gAGK {ARIF{1 Q& Ydzt (AL} S inGaysthdr paik. B)Zyesedsho o dzi y 2
significant difference in the percentage of mitochondria accumulated in the perinuclear region in any pair,
though there is an increase in SAD 5 compared to control 3, as well as in SAD 8 compared to control 2. C) There
isno significant difference in form factor in any control and sAD neuron pair. D) There is no significant

difference in the mitochondrial count per cell normalised to cell area. E) There is no significant difference in the
percentage of mitochondria accuratied in the perinuclear region when control and sAD lines are combined. F)

There is no difference in form factor when control and sAD lines are combined.
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Figure60: There is no significant difference in the percentage of the area taken up by lonpant s

mitochondria.For GD, each dot represents the average of all biological repeats for one cell line. Errors bars

represent SDA) There is no significant difference in the percentage of the area taken up by long mitochondria

between any sAD and contméuron pair. B) There is no significant difference in the percentage of the area

taken up by short mitochondria between any sAD and control neuron pair. C) There is no difference in the

percentage of the area taken up by long mitochondria when controk&milines are combined. D) There is no

significant difference in the area taken up by short mitochondria when control and sAD lines are combined.
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4 .25 Mitochondrial Function in iNeurons Under Stresseddions

Mitochondrial function was also assessed under stressed conditions, in two control (7, 10) and two
sAD (5, 9) iNeuron lines. Conditions used were the same as described previously (section 4.2.4);
glucose containing media, low glucose media (5mM) with adgdactose (20mM), and galactose

media with 30nM rotenone. No significant difference was seen in MMP between different media
conditions or between control and sAD lines. A decrease was seen in SAD 5 in the glucose (control 7
1; sAD 5 0.720.09 figure61) and galactose (control 7 0.&0.09; sAD 5 0;figure61) conditions,

but this was not seen in the galactose with rotenone condition (control 79®@8; sAD 5 0.8¥

0.15 figure6l). A decrease in SAD 5 was seen previously under basal condmi@ifidines, there

was a reduced MMP in galactose media (control 7 Glu 1, Gat@.8B; sAD 5 Glu 0.470.09, Gal

0.7; control 10 Glu 1, Gal (+20.09; sAD 9 Glu 1.06 + 0.04, Gal 0.93 £ @Gigd@e61). This was not

seen in the galactose with rotene condition.
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Figure6l: There is no significant difference in mitochondrial membrane potential between control and sAD
lines with either low glucose, galactose containing media, or 30nM rotenone treatm@&alrs represent the
meanof repeats from different differentiations, and error bars show SD, n = 3 with the exception of control 7

gal where n = 2, and sAD 5 gal where n = 1.

167



4.26 Drpl Expression in INPCs and iNeurons

In order to determine whether the reductioseen in Drpl and its receptors observed in SAD patient
fibroblasts is also present in other cell types, total cellular levels were assessed via western blotting

in four control and four sAD iINPC and iNeuron lines.

In the iINPC lines assessed, it was fbthrat three of four showed a significant increase in protein
expression of Drpl. sAD 5 showed a significant increase of 285% compared to control 7 (control 7
1.21+0.19, sAD 5 4.180.83; p < 0.0001; figuré2b). SAD 4 also showed a significant increzfse

124% compared to control 7 (control 7 141.23, sAD 4 2.680.25; p = 0.0002; figuré2b). sAD 9

was also significantly increased, by 118% compared to control 10 (control 18 @Z3AD 9 1.6

0.39; p = 0.36; figuré2b). An increase was alseen in SAD 8 compared to control 5, though this

was not found to be significant (control 5 0.88.15, sAD 8 1.480.54; p = 0.297; figuré2b).

When control and sAD iNPC lines were combined, an overall significant increase of 117% was seen
(controls 10+0.22, sAD 2.180.69; p = 0.0178; figuré2c).

Protein expression levels of Drpl was also assessed via western blotting in iNeurons differentiated
from the INPC lines assessed previously. There was a significant increase of 315% in Drpl protein
levek in sAD 5 in comparison to control 3 (control 3 &71B32, sAD 5 3.24 + 1.07; p < 0.0001; figure
63b). No significant difference was seen in any other pair (fi§3bg, though a decrease of 24% was

seen in sAD 4 compared to control 7 (control 7 1.463t sAD 4 1.1 + 0.6; p = 0.8166; figb®b)

and a decrease of 39% in sAD 9 compared to control 10 (control 10 1.3 £ 0.28, SAD 90.79 £0.39; p =
0.5783; figureb3b). There an increase of 77% in SAD 8 compared to control 5 (control 5 0.6 £ 0.2,

sAD 8 1.0i7figure63b). When controls were compared to sAD lines at a group level, no significant
difference was seen (controls 1.04 £ 0.41, sAD 1.55 + 1.14; p = 0.4276fgure
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Figure62: There is a significant increase in Drp1 protein levels in SAD iNPC lines compared to cohfrols.

Representative blot. B) Quantification of Drpl protein levels in four control and sAD pairs. Each line was

assessed from samples from three separate pass@gsignificant increase is seen in three of the four SAD

fAySa O2YLI NBR (2 GKSANI LI ANBR O2yidiNRBt o0F LI F nodnps F
multiple comparisons). Bars shown represent the mean and error bars represent SDe @) & bignificant

increase of 117% when the sAD group is compared to the control group (* p < 0.05; t test). Each dot represents

the mean of the three replicates per line, bars represent the group mean and error bars show SD.
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Figure63: There is asignificant increase in Drpl protein levels one sAD neuron line compared to a paired
control. A) Representative blot of Drpl and GAPDH loading control, wiily fi@tein loaded per lane. B)
Quantification of Drpl protein levels in four control and gAlPs. Each line was assessed from samples from

three separate differentiations. A significant increase was seen in sSAD5 compared to control 3 (**** p <

nonnnamMT hyS 1@ ! bhx! gAGK {ARIFI1Q& Ydzf GALIX S O2YLI NR&?2

represent SD. C) There is no significant difference when the sAD group is compared to the control group. Each
dot represents the mean of the three replicates per line, bars represent the group mean and error bars show
SD
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4.2.7 Drpl Localisatiom iNeurons

To investigate whether the changes seen in total protein levels affected the amount of Drpl
localised to the mitochondria, iNeurons were stained for mitochondrial marker TOM20, alongside
Drpl. Representative images are shown in figigeThere waso significant differences seen in
individual pairs in Drpl localised to the mitochondria, though all sADdim@sedan increase
(figure65a). When all lines were combined, no significant difference was seen in the amount of Drpl
localised to the mitocbndria in the sAD group compared to the controls, though an increase was
seen which was approaching significance (controls 0.011 + 0.008, sAD 0.031 + 0.015; p = 0.067;
figure 65¢c). However, there was no difference seen in the percentage of total Drpiwaih

localised to the mitochondria at a group level (controls 28.7% * 7.2, SAD 28.3% + 8.7; p = 0.9447;
figure 65d). On an individual level, there was an increase in SAD 4 compared to control 7 (control 7
26.0% + 14.3, sAD 4 40.7% % 22.9; p = 0.5955) dudifference in any other pair (figu@bb). SAD 5

was the only line which showed a significant increase in total Drpl protein levels, but SAD 8 also
showed an increase; this suggests that the increase in Drpl present at the mitochondria in these
lines isdue to the increase in overall levels. SAD 4 showed a small decrease in total Drp1 levels, but
an increase in the percentage of total Drpl present at the mitochondria. It is likely that SAD 4 is able
to compensate for this slight reduction in Drpl by irasimg the percentage of Drpl localised to the
mitochondria to bring the amount of Drp1 at the mitochondria to above control levels. sSAD 9 also
shows a decrease in Drpl total levels, but showed an increase in the amount of Drpl localised to the
mitochondriadespite no difference seen in the percentage of total Drpl at the mitochondria. The
paired control for sAD 9, control 10, shows lower levels of Drpl present at the mitochondria than

other controls, and this may impact the apparent increase in Drpl amtbtechondria in sAD 9.
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A TOM20 Drpl B

Control 7

sAD 5

Figure64: Representative Images of DrplOM20 celocalisation in control and sAD patient iNeuron&)
Representative images of Drpl and TOM20ocalisation staining. TOM20 is shown in red, Drpl in green, and
nucleiin blue.Scale = 56m. B) Zoomed in image of DFFDM20 cdocalisation in control iNeurons, showing

the area in the white box. C) Further zoomed in image of the white box shown in B, to demonstrate co
localisation of Drpl and TOMZ20. D) Zoomed in imad2rpf-TOM20 cdocalisation in SAD iNeurons, showing

the area in the white box.

172



A B
Drp1 at Mitochondria per iNeuron
Normalised to Cell Area % Drp1 at Mitochondria in iNeurons

o

o

o
1

o

=
1

o

=)

an
1

=1

o
1

e
o
]
L

na

o
1

% Drp1 at Mitochondria
F -y
(=]

Drp1 at Mitochondria per iNeuron
Normalised to Cell Area
(=]
[ =]
T

e
AT 0 9 9 9% I O 9 9 %
N ) by ~ N N
° (yo & gvo S (;9 & gvo O ,,;9 8 4?9 & ,;9 «&© ,;9
& & & o & N &
® P O C ¢ < ® ¢
C Drp1 at Mitochondria D
Normalised to Cell Area % Drp1 at Mitochondria
0.06 - 50-
~
s 3 5
g < £ 40- . =
e = —
N —
2 & 0.04- =
g o s 304
vt e ® ™
3 z 2 _°
% 2002 hd ©
o = 0.024
= £ =
S- E - S 104
z =2
0.00 T T 0 T r
& Y & <
,60\ Ay ‘éo\ o
< o

Figure65: There is no significant difference in the amount of Drptlooalised to the mitochondria in

iNeurons, buta nonsignificant increase is seem = 3 gcept SAD 8 where ri= A) Quantification of Drpl eo
localisation with mitochondrial marker TOM20. There is no significant difference between any sAD and control
pair. B) Quantification of the percentage of total Drp1 which is localised to the mitochofideie is no

significant difference between any control and sAD pair. C) Thermissgnificantincrease in Drpl localised

to the mitochondria between sAD and control iNeurons when individual lines are combined. D) There is no
significant difference ithe percentage of total Drpl localised to the mitochondria when individual lines are

combined.
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4.28 Drpl Receptor Expression in iNPCs

Protein levels of the Drpl receptors on the outer mitochondrial membrane, Fisl, Mff, MiD49, and
MiD51 were assessed in four control and four sSAD iNPC lines. Fisl levels were significantly increased
in one sAD line; sAD 4 was significantly increased byc@d$pared to control 7 (control 7 0.87

0.23, sAD 4 1.690.07; p = 0.0006; figur@eb). However, in two lines Fisl protein levels were
significantly decreased compared to their paired controls; sAD 5 was significantly decreased by 83%
compared to controB (control 3 0.9 0.14, sAD 5 0.150.05; p = 0.0014; figurétb), and sAD 8

was significantly decreased by 59% compared to control 5 (control D25, SAD 8 0.4¥0.04; p

= 0.0078; figur&eb). SAD 9 also showed a decrease when compared to control 10, but this was not
significant (control 10 1.180.33, sAD 9 0.780.07; p = 0.20; figuré6b). When all control and sAD

lines were combined, there was no significant difference seen (contr@fstD.15, sAD 0.78 0.66;

p = 0.462; figur&6c).

For Mff protein expression, there was no significant difference between any control and sAD pair,
but three of the four pairs did show an increase. sAD 5 was increased by 33% compared to control 3
(control 3 1.12+0.11, sAD 5 1.50.4; p = 0.7, figuré7b), sAD 4 was increased by 61% compared to
control 7 (control 7 1.&0.08, sAD 4 1.60.2; p = 0.206; figur67b), and sAD 9 was increased by

33% compared to control 10 (control 10 08@.17, sAD 9.8+0.49; p = 0.894; figuré7b). When

control and sAD lines were combined, there was no significant difference, although again there was

a non-significantincrease (controls 1.020.07, sAD 1.380.30; p = 0.091; figur&7c).

For MiD49 protein leve]gdhere was again no significant difference between any of the paired lines,
but three out of four lines showed a decrease. sAD 5 was decreased by 74% compared to control 3
(control 3 0.41+0.18, sAD 0.180.07; p = 0.857; figuré8b), sAD 4 was decreasbdy 68%

compared to control 7 (control 7 1.190.34, sAD 4 0.380.22; p = 0.137; figuré8b), and sAD 8

was decreased by 28% compared to control 5 (control 0.@2, sAD 8 1.450.54; p = 0.429;

figure 68b). In contrast, SAD 9 showed an increat83% compared to control 10, but this was also

not significant (control 10 0.880.34, sAD 9 1.560.62; p = 0.182; figur&8b). When all lines were
combined, there was no significant difference between control and sAD lines (controls L1,

SAD 071+0.60; p = 0.467; figurésc).

MiD51 protein expression showed no significant differences in the majority of the lines tested,
however, there was a significant increase of 246% seen in SAD 4 compared to control 7 (control 7

1.0+£0.08, sAD 3.4¥0.84; p < 0.0001; figurgdb). When all lines were combined, there was no
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significant difference seen between control and sAD iNPCs (contrat€110, sAD 1.781.19; p =
0.285; figures9c).

Overall, at least one alteration in a fission protein was seen in all iINPC lines. sAD 4 showed
differences in the most proteins with an increase seen in three of the five proteins assessed, but
these differences were sometimes in contrast with the otheDdihes. For example, while SAD 5 and

8 showed a decrease in Fisl, sAD 4 showed an increase. It is also the only line to show a significant
difference in MiD51 levels (tabl).
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Fis1:Tubulin
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Figure66: There is a significant increase in Figbtein levels in one sAD iNPC line, and a significantdase

in two sAD iNPC linespmpared to paired controlsA) Representative blot of Fis1 and tubulin loading control

in controls 7 and 10, and sAD 8 and 9, withid.@rotein loaded per lane. B) @utification of Fisl protein levels

in four control and sAD pairs. Each line was assessed from samples from three separate passages. A significant
increase is seen in one of the four sAD lines compared to their paired control, while a significant éecrease

seen in two of four SAD lines compared to paired controls (** p < 0.01, *** p < 0.001; One way ANOVA with
{ARI1Qa YdzZ GALX S O2YLI NRa&A2yavd . NER akKz2gy NBLNBaSyil
significant difference when the sAD graggompared to the control group. Each dot represents the mean of

the three replicates per line, bars represent the group mean and error bars show SD.
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Figure67: There is no significant difference in Mff protein levels in SAD iNPCs compared to canipl
Representative blot of Mff and tubulin loading control in contradsd 10, and sAD9, with 1Qug protein

loaded per lane. B) Quantification of Mff protein levels in four control and sAD pairs. Each line was assessed
from samples from threseparate passages. No significant difference was seen in any pair, though three of
four lines show an increase. Bars shown represent the mean and error bars represent SD. C) There is no
significant difference when the sAD group is compared to the comvapgthough there is aon-significant
increase. Each dot represents the mean of the three replicates per line, bars represent the group mean and

error bars show SD.
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Figure68: There is no significant difference in MiD49 protein levels in sAD iNB@pared to controlsA)
Representative blot of MiD49 and GAPDH loading control, with pfotein loaded per lane. B) Quantification

of MiD49 protein levels in four control and SAD pairs. Each line was assessed from samples from two or three
separate pasages. No significant difference was seen in any pair, though three of four lines show a decrease,
whilst SAD 9 showed an increase. Bars shown represent the mean and error bars represent SD. C) There is no
significant difference when the sAD group is careg to the control group. Each dot represents the mean of

the three replicates per line, bars represent the group mean and error bars show SD.
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