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Abstract

The work presented in this thesis describes the successful establishmem oftam
model of mitochondrial disease using hiPSC technology and targeted differentiation
towards diseaseelevant skeletal muscle cell tyjewvhich was then utilised to explore

the impact of mtDNA diseagmmthogenic variantsn histone acetylation modifications.

hiPSC lines harbouring a number different diseaseassociatednitochondrial DNA
(mtDNA) pathogenic variast were first established through reprogramming of
mitochondrial diseasgatient fibroblastsBy taking advantage of the random segregation
of mutant mtDNA in patient fibroblast populations, hIPSC lines with high heteroplasmy
for disease modellingreresuccessfily establishedalongside isogenic control lines with
low/undetectable level¥Vhilst them.8344A>Gpathogenic varians detrimental to cell
reprogrammingand pluripotency maintenandlem.3243A>Gdoes not overtly impact

the reprogramming prose

A targeted differentiation protocelas then optimised in ordéw differentiateselected
MtDNA diseasehIPSC lines into diseagselevant myogenic cell typescluding
terminally differentiated myotubeshich show characteristic deficits in mitochondrial
function Whilst mid-range m.8344A>G mutation load do notovertly impact the
myogenic differentiation procesgmpairments in both myogenic differentiation and
subsequent maturation ofiyotubes are observed imes harbouringmid-range and
higher m.3243A>G mutation load. Assessments ofmetabolically sensitivehistone
acetylatiormodificationsat early and lar stages of the myogenic differentiation process
revealed cell lineharbouring the m.3243A>@athogenic variantdisplay widespread
deficits in a histone acetylatiaeposition and/or maintenance

Together, thelatapresented in this thesis show that hiP&€Cived myogenic cell types
represent aisefulin vitro model for exploring early pathomechanisms contributing to
myopathic phenotypdas mitochondrial disease statdhiese data show for the first time
that mitochondrial deficits caused by mtDNAthogenic variastcan negatively impact
metabolic fluxes contributing tohistone acetylation deposition and associated
physiologically relevantmyogenic cell-identity transitions Modulators of Istone
acetylation modificationamight thereforerepresent a novetarget for therapeutic

intervention in human mitochondrial diseases.
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Impact Statement

Mitochondrial disease patients present clinical symptoms associated with multiple organ
systems, particularly tissues that have high oxidative cellular emeggyrements (e.g.
muscle and nervous systerA}.present no treatment has been shown to effectively alter
the clinical course of these patienfghilst there have been great advancemantaur
understanding of the biochemical deficits associated witkadecausing mtDNA
pathogenic variast downstreanpathomechanisms contributing to cellular and tissue

dysfunctionunderlying the mitochondrial disease state remain more poorly understood.

Primary patient fibroblasts and immortalised cybrid liaesthe main human cell models
currently used to investigate mitochondrial dysfunction caused by mtpai#ogenic
varians. Unlike the cell types affected in patients however, these cells are proliferative
and rely on glycolytic metabolism for eggr production.The work presented in this
thesis describes the successful establishmert mbre diseaseelevantin vitro cell

model through the use of hiPSC technology and targeted differentiation into skeletal
muscle cell types often affected in mitocidrial disease patient§his work builds on
knowledge spanning multiple scientific fields including hiPSC, skeletal muscle and
mitochondrial biology, and the methodology implemented here serves as an excellent
basis for future researchers to explore Hert cellular and molecular mechanisms

underscoring the myopathic phenotypes of the mitochondrial disease state.

There has been accumulating evidence that cellular metabolism afdkoély changes

are intrinsically linked, at least partithrough metabolically sensitivenzymatic
modifications of chromatin. The impact of disease associated impairments in
mitochondrial metabolismon such epigenetic modifications, and the -mitity
transitions driven by them, has until now not been exglan any great detail. The work
described in this thesis shows that disease causing mahgenic variastnegatively
impact myogenic celidentity transitions which are not only important for developmental
myogenesis, but which also undertieiscle repair and growth in adulthodmpairments

in muscle repair might therefore represent an important contributing factor to the
myopathic phenotype of mitochondrial disease patients which up until now, has been a
factor largely overlooked by the feelThis work also shows for the first time that histone
acetylation modifications which govern such myogenic cell identity transitions are

impaired by disease causing mtDNWathogenic variast and potentially represent the
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underlying pathomechamswhich linksimpairments in mitochondrial metabolism and

cell identity changes involved in muscle repair. Theseaaanovel avenueand targets
for therapeutic interventionf mitochondrial diseases, for which treatment at present

remains largely synipmatic.
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Chapter 1 Introduction

Whilst currently usedh vitro models have provided much insight into the fundamental

molecular and bioenergetic consequences of various mitochondrial diseasesreknwn

pathomechanisms which might be more readily targeted for therapeutic intervention are

relatively poorly describedA useful modelbetter recapitulating tha vivo settingis
therefore desired for exploring diseapathanechanisms and future theragpe
interventions.It is becoming ever cleathat mitochondrial metabolism can strongly
influence a cefis transcriptional profile througimetabolically sensitive enzymatic
epigenetic modificatiors, underscoringan important mechanism contributing to
mantenance of cell identity arttie driving ofdifferentiationduring developmentissue
repair and immunity Alterations to the epigenomeould underlie a mechanistically
unexplored pathomechanisngontributing to the tissuespecific dysfunction of

mitochondrial disease patieriteat warrard further investigation

1.1 Mitochondrial Biology

Mitochondria are cytosolic organellgpresent in all nucleated cells of the bdbgt are
involved in a number of important cellular functions including: calchwmeostasis
reactive oxygen species (ROS) generafmmcell signalling apoptosis andhany vital
metabolic processesiost notably the synthesis of adenine nucleotide triphosphak (
throughoxidative phosphorylatiolQXPHOS (Duchen, 2004)

Whilst every one of the specialised organelles within our cells may tsédevad unique,
the mitochondriorhas a number ofharacteristideatures that clearly distinguishes it
from all others. Much of these differences can be attributed tointependent
evolutionary origi n o fproteobdacterianthat wak rengalfeda s

by a primitive eukaryotic cell hogRoger, MufiozZzGémez & Kamikawa, 2017)

Mitochondriaare contained withira bacteriallike double membrane consisting of an
outer mitochondrial membrane (OMM) and inner mitochondrial brame (IMM)

separated by an intermembrane sHdsS).
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1.1.1 Outer Mitochondrial Membrane

The OMM is a simply structured and highly permeable phospholipid bilayer that defines
the interface between mitochondria and the rest of the cell. Vottegendantnion
channels (VDACSs), also referred to as mitochondrial porins, are the most abundant
protein in the OMM and the major determinant of its permealjlyskovet al, 2016)
VDACSs form large transmembrane pores that allow passive diffusiorebgtiue cytosol

and IMS of: charged ions and a number of water soluble molecules including; adenosine
diphosphate (ADP), ATP, inorganic phosphaR),( pyruvate and other metabolic
substrates/product§Colombini, 2012) For this reason,the cytosol andIMS are

considered electrochemically equivalent.

1.1.2 Inner Mitochondrial Membrane

The IMM is largely imperma# (i.e. expresses selective channels and carrigys)
comparisoncompartmentalising the mitochondrial matrix from the IMS and cytosol. The
ilonic impermeability of the membrane permits the generation of electrochemical
gradientghat give rise t@ mitochondrial membrane potentighd. y m is largely set by

a proton gradient established from the extrusion ofrém the mitochondrial matrix to

the IMS through activity of the electron transport chain (ET@)like the relatively
smooth OMM, the IMMis highly convoluted, forming numerous tubular invaginations
into the mitochondrial matrix known as cristae. OXPHOS complexes are highly
concentrated on the cristae membr@B@egliati, Enriquez & Scorrano, 2016nd the

IMS within the cristae lumen is partially compartmentalised due to the narrow tubular
junctions which join thengSanteDomingo & Demaurex, 2012 ristae therefore form

semtindependensub-domains which enhance ETC efficiency and OXPHOS coupling.

1.1.3 Electron Transport Chainand OXPHOS

TheETCis embedded in the IMM and consists of four protein comple2emplexs |

i 1V), andtwo mobile electron carriersoenzyme Q10CoQi0) and cytochrome C (Cg)
(Figure 1-1). Complexes | and Il oxidise reduced nicotinamide adenine dinucleotide
(NADH) and reduced flavin adenine nucleotide (FADpHoenzymes respectivelyhe
released electronare thenshuttledto Complex Il via CoQio and subsequently to
Complex IV via Cyt C. Complex IV catalyses tteminalredoxtransfer of electrons
from CytC to & forming water, andinderlieshe aerobic nature of the ETRee energy
released during theseequential exergoniedox reactionss used byComplexes |, i

and IVto pump H from the mitochondrial matrix to the IMBnder normal physiological
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conditionghey mis therefore negative (i.e. mitochondrial matrix more negatively charged
than IMS) andhechemical proton gradient inward to the mitochondrial matrixX]pkdix
< [H'Tims).

H+ H-I- H+ H+
t t t
IMM e
Matrix

NAD*

FADH,

Complex| Complex Complex Complex Complex
Il ] v v
mtDNA encoded 7 0 1 3 2
subunits
nDNA encoded ~39 4 10 10 ~14
subunits

Figure 1-1 OXPHOSComplexes-V together with the mobilgectron carriers coenzyme

Q10 (CoQ) and cytochrome C (Cyt C) are necessary for the synthesis of ATP via oxidative
phosphorylation (see text for details). Oxidative phosphorylation is under the unique
control of both nuclear DNA (nDNA) and mitochondriat@NA). IMS: Intermembrane
Space, IMM: Inner Mitochondrial Membrane.

1.1.3.1 OXPHOS CI(NADH: Ubiquinone Reductasg

Human mitochondriaDXPHOS CI represents the largest OXPHOS complex, consisting

of at least46 subunits encoded within both the mitochondrial andeanagenomes.
Prokaryotic CI i's much simpler enzyme b\
subunits which share high degree of homology to subahitstochondrial OXPHOS CI
(Efremov, Baradaran & Sazanov, 2010; Letts & Sazanov, 2@d)units ofboth
prokaryotic and eukaryotic OXPHOS CI assemble into a largedped structureith a
hydrophobic arm imbedded in the IMMr(bacterial membrane&nd a hydrophilic arm
protruding into the mitochondrial matrigr bacterial cytoplasn{gfremov, Baradaran &
Saanov, 2010; Letts & Sazanov, 2015/ he Oextrad subunits

mitochondrial and other higher species OXPHOSaf@l often termed supernumerary,
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which surround the core membrane domand are involved inomplex assembly and/or
stability (Stroudet al, 2016) although the precise functional roles of many of these
subunits remains to be determir(@thu, Vinothkumar & Hirst, 2016)

Based on evolutionary origgh OXPHOS CI subunits can be subdivided into three
categories that form distinct functionldl, Q- and Pmodules(Hunte, Zickermann &
Brandt, 2010) The N'module is positioned at the distal end of the hydrophitfic hat
protrudes into the mitochondrial matrix argdthe site at which NADH is bond and
oxidisedby a non-covalently boundlavin mononucleotide (FMNJ)Hirst, 2013) The
reduced FMNH then rapidly undergoes oxidation releasing two electwhigh are
redox transfeedthrough a chain of 8 ireeulphur (FeS) clustetswards he proximal

end of the hydrophilic arm. The-@odule is positioned at the proximal end of the
hydrophilic armand transfers the electrons received from NADH oxidation in the N
module toa mobileCoQuo (oxidised isoformubiquinong moleculeforming the reduced
isoformubiquinolin the IMM for subsequent electron transfer to OXPHOS @litazar
Fabra, Navas & Bre&alvo, 2016)Alongside a number of nuclear encoded subunits, all
seven mitochondrial encodleéOXPHOS CI subunits contribute tihe structure and
function of theP-module The Pmodule constitutes thieydrophobic arm imbedded in
the IMM and represents the site atig¥hthe energy associated with the exergonic redox
transfer of electrons from NADH to Cagls coupled with the active extrusion 4H"*
from the mitochondriamatrix to the IMS(Efremov & Sazanov, 2011; Sharmeaal,
2015; Di Luceet al, 2018)

Whilst therehave been great advancements in understanding the process by which
OXPHOS CI assembles, including theesence of various subassembitermediates,
more recentliquid chromatography mass spectrometry {MS) proteomeanalysis
following blue-native gel extraction ottable OXPHOS CIl assembly intermediates
(complexomehas greatly advanced our understanding of this pr¢gGassrereCastillo

et al, 2017) From this datat has been shown that OXPHOS CI subunits firgthfmajor
subassemblies which are then incorporated together formirapihgete OXPHOS CI
One ofthese stablentermediatesonsists of subunits which form the cenfpabximal
part of the hydrophobic-module including4/7 mtDNA encoded subuni{®1T-ND2,
MT-ND3, MT-NDA4L, MT-ND6), which has been termed proximahivdule b (B-b). A
second stable intermediate consisting of distal components of-tied&le which sit
adjacent to this #b including MT-ND4 has been termed distalnfodule a (B-a). A
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third stable intermediate consisting of the most distal components ofrtie&#e and
includes MTFND5 has been termed®, which alscadditionallyincludesthe NDUFBS8
subunitwhich has beetargetedas a representative measure of stestdye OXPHOS CI
levels inthis thesis. The hydrophilic ©odule arm also forms a stable internageli
which subsequently associatgith the most proximal subunits of thenfodule (B-a)
which includes MTND1, forming astableQ/Pr-a intermediate assemblyhe Pp-a and
Q/Pra intermediate assemblies can then forntagger molecular weight assembly
through associationwith Pe-b, and subsequent associations wittbP The subunits
which form the Nmodule positioned at the distal end of the hydrophilic arm also form a
stable intermediate, with the association of thishddule to the large molecular weight
assembly outlin@above representing the final step of OXPHOS CI assembly.

1.1.3.2 OXPHOS CII (Succinate Dehydrogenase)

OXPHOS CIl is the smallest of the human mitochondrial OXPHOS complexes,
consistingof four protein subunits(SDHA, SDHB, SDHC and SDHDyvhich are all
encoded by the nuclear genenThe SHDA and SDHB subunits together form the
hydrophilic catalytic domainwhich is exposed to the mitochondrial matrixnd
responsible focatalysingsuccinate oxidatioto fumaraten the TCA cycle The SDHA

is a flavoprotein with acovalently bound FAD moleculéhat accepts the electrons
released fronsuccinate oxidatiorand HB contains thre&eSclusters which transfer

the electrons released from the subsequent oxidation of EADEIOQ (ubiguinone to
ubiquinol redox reaction)rfheSDHC and SDHD subunits together fottme hydrophobic
domain whichanchors OXPHOS CbntotheIMM, and together with SDHA and SDHB
forms the bindingsite for CoQo (Sunet al, 2005) SDHB represents the subunit of the
catalytic domain that interacts with the SDHC/SDHD don{&unet al, 2005)and is

the specific subunivhich has been targeted in this thesis as a representative measure of
steadystate OXPHOS Cllevels.

OXPHOS ClIl assemblgccurs in a stepwise manner dependant on the initial addition of
functional unitsto each of the SDH subunits. SDHA andr®heteralimerization first
requires the incorporation of FAD afitteeFeS clustersespectivelyKim et al, 2012;
Saxenaet al, 2016) Whilst the exact mechanisrhy which SDHC and SDHD
heteradimerizeto form the IMM associated hydrophobic domain remain to be fully
elucidated,incorporation of a hemeb moleculeat the interface between SDHC and

SDHD, and the subsequent association of the hydrophilic domain diacditatesthis

33



O6Cal l aghan,
process and the subsequent stability of the assembled cofioghearie & Grimm, 2009;
Kim et al, 2012)

1.1.3.3 OXPHOS CIll (CoQuo-Cyt Creductase

Human OXPHOS Cliconsist of 11 subunitene of which (Cyt B)s encodedvithin the
mitochondrial genoméMT-CYB) Similar to the structure of OXPHOS CIlI isoforms
solved forother mammals and eukaryotic organisms, human OXPHOS CIll forms a
functional transmembrane homodimer. Of fifesubunits which form each half of the
OXPHOS Clll dimer, only 3 of these constitute redox cai@bctivity: the mitochondrial
encodedCyt B which constitutes tw680Quo binding domaingnd twohemeb molecules
cytochrome C1 (Cyt C1: encoded 6y C1J whichcontains a heme (Cyt C) molecule
andthe RieskeFeS protein ubiguol-cytochrome ¢ reductase (UQCRE&ncoded by
UQCRFS1)which as the name suggests constitatBgeske2Fe 2S ironsulphur cluster
(Fernandez/izarra & Zeviani, 2018; Zhaetal., 2019)

OXPHOS CIllI represents a converging sitewhich electrons carried byhe reduced
CoQuo (ubiquinol catalysed from electron entry &XPHOS CI and Cllis further
channelled througkhe ETCand transferred to the mobile electron carrier CyThis
redox transfer of electrons from OXPHOS CI and CIl deriubdjuinolto Cyt C is
coupled with thetranslocationof H" from the mitochondrial matrix to the IMS ia
mechanism known as th@ cycle (Cooley, Lee & Daldal, 2009)r/he OXPHOS CII|
catalytic Q cycle begins with thebinding and oxidation of a ubiquinol at tl&0Qio
binding domain of Cyt B proximal to the IM®&jth resultant release of 2'thto the IMS.
The two electrons released as part & txidative reaction are then passed via different
routes One of the electrons is first transferred toReske 2FS cluster ofUQCRFS

1, before beingransferred tdhemec (Cyt C) by the Cyt Clsubunit.The other electron

is first transferred tthe high potential hembk (hemebyn) and then low poteratl hemeb
(hemeb,) within Cyt B,which then catalyses the transfer of this electron to a ubiquinone
bound at the second of the Cytd®Q.o binding domais proximalto the mitochondrial
matrix, forming ubisemiquinone. A secontbiquinol molecule is then bound and
oxidisedat Cyt B with one electron being transferred@gt C as before. The second
electron is passed along the heimmolecules of CyB before being tnasferred to the

ubisemiquinone still bounat theCoQio binding domain, resulting in theddition of 2 H
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from the mitochondal matrix andreductiveformation of a ubiquinol molecule. Thus,
from each complete Q cycle, two ubigol molecules are oxidised, one ubiquionone
molecule is reduced (net oxidation of 1 ubiquinglCyt C molecules are reducedH"

are released into the IMS and 2 &te takerfrom the mitochondal matrix.

In addition to the three catalytic subunits of OXPHOS CIlIlI involved in the Q cycle as
outlined above, the othre8 supernumeramuclear encoded OXPHOS CHBubunitsare
essential fothe functional assembly and stability tife OXPHOS CIll homodimeCyt

B synthesised in the mitochondria is first inserted into the Ikt its two hemeb
molecules incorporated.wo low molecular weightigunitsUQCR7 andUQCRS8are
then incorporatedorming aearly subcomplex whiclsubsequently incorpored the
majority of remaining OXPHOS CIllI subunits including Cyt,@mhd two largeJQCRC1
andUQCRC2 subunitswvhich form the hydrophobic caréhe second of which was used
as a representative measure of steady state levels of OXPHIOStGis thesis(Smith,
Fox & Winge, 2012) OXPHOS CIll assembdis consisting of all subunits except
UQCRFSland UQCR11 are sufficient faZlll homodimerization into a catalytically
inactive preClll> assembly(Fernandea/izarra & Zeviani, 2015; Contet al, 2015)
Following addition of the 2Fe2S iron sulphur clusteio UQCRSF1 it is subsequently
incorporated into the pr€lll> complex(Wagenert al, 2011) and finally UQCR11 is
addedZara, Conte & Trumpower, 2008yming a functional and mature OXPHOS ¢ClII
asserbly (Fernande/izarra & Zeviani, 2018)

1.1.3.4 OXPHOS CIV (Cyt C Oxidase)

Human OXPHOS CGI consists of 13 subunits, 3 caebunitsMT-CO1, MT-CO2 and
MT-CO3)which are encoded by tmeitochondrial genomeT-CO1, MFCO2andMT-
COa3respectively) and 10 supernumerary subunits encoded within the nuclear genome.
MT-COL1lis a transmembrane subunit which includesee hydrophilic porestwo of
which (K and D channelsare thoughto permit H entry for oxygen reduction and'H
transfer across the IMNWikstrom, Krab & Sharma, 2018)ith the thirdH-channel also
potentiallyimplicated in mammalian mitochondrial"Hransfer(Tsukiharaet al, 2003;
Shimadaet al, 2017) although there remainontroversy surrounding the functional
properties of this H channéMarédal et al, 2020) MT-CO1 contains aedox active
hemea (Cyt A) molecule in addition to a binuclear centre consisting of a ha®€Cyt
A3) and copper centre (g MT-CO2is also a IMM spanning subunit whielssociates
closely with MT-CO1 andcontains a second redox active copper centre@uT-CO3
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is also alMM spanning subunjtbut unlike MTFCO1 and MTFCO2 does not contain any
catalytically active redox centresd does not appear to be involved inttdrslocation
MT-CO3 is however closely associated with D1 and these intactions appear
crucial formaintaining stability of the redox centres and facilitatingkannellingo the
Cyt A3-Cug catalytic site(Sharmeet al, 2015)

OXPHOS CIV represents the terminal sitere$piratory chairelectron transfer to £
defining the aerobic nature dDXPHOS ReducedCyt C from OXPHOS Cllifirst
associates witlthe IMS facing side of MAITO2 where it is oxidisednd an electron
transferredo its Cw redox active copper cent(eudwig et al, 2001) The electrons
then redox trasferredto MT-CO1 Cyt Aand therits Cyt A3-Cug redox centreA second
reduced Cyt C molecule is then oxidisg MT-CO2as beforeand transferretb Cyt A,

at which point the Cyt AL us redox centre becomes permissible tddding.UponO-
binding,the electron from Cyt A is transferred to oxygesulting in hebreaking of the
dioxygen bongdwith one oxygen atom stdised bytwo electrons fronthe Fé* of Cyt
A3, and the other by nearby tyrosine molecu{Eaxénet al, 2005) Two additioral Cyt

C molecules are rapidly oxidised and transferred to the aativatygen atoms, alongside
4 H" from the mitochondrial matrixhrough theK and D channels oMT-CO1
(Wikstrom, Krab & Sharma, 2018 addition b the reduction of oxygen to water, the
energy associated with the exergoredox transfer of 4 electrons from Cyt C is also
coupled with the pumping of 4 *Hrom the mitochondrial matrix to the IMM space,
through the MTCO1 D-channel (or potentially hannelXWikstrom, Krab & Sharma,
2018)

Similar to the assembly of other OXPHOS complexes, formation of the fduf@it
OXPHOS ClVconstitutes the sequential assembly ofules into stable subassemblies
termed SiS4, with S4 representing the fully formed comp(dijtmanset al, 1998)
MT-COL1 is first inserted into the IMM represarg the stable S1 subassembly and the
seed upon which all other subunits assemalel wasthe specific subuhused as a
measure of steadstate OXPHOS CIV levels in this thestgdditional asembly withthe

nuclear encoded COX4 and COX5A subunits gives rise to the stable S2 subassembly
(Nijtmanset al, 1998) and this appears to necessitate prior associatiTeCO1 Cyt

A, as cels lacking the enzymes responsible for Cyt A biosynthesis show accumulation of
S1 subassembl@williams et al, 2004) The mitochondrial encoded MTO2 subunit

then associates with the S2 subassembhd is rapidly followed by subsequent
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association of mitochondrial encoded MID3 and thermost of the remaining nuclear
encoded OXPHOS CI\subunits COX5B, COX6C, COX7A/B, COX7C and COX8)
forming the stble S3 suaaissembly(Stibureket al, 2005; Fontanest al, 2006) MT -

CO2 Cuw formationappears necessary fT-CO2 association in th83 subassembly

as mutations in the genes responsible for its synthesislt in reductions in S3
subassebly, andaccumulation of the S2 subassem{@yibureket al, 2005; Williams

et al, 2004) Final association of the remaining nuclear encoded OXPHOS complexes
(COX6A, COX6B, COX7A/B)results in the formation of a function84 assembly.
Although originally designated as a subunit of OXPHOS CI, NDURFA fact an
additional subunit of OXPHOS ClIYBalsaet al, 2012; Pitceathlt al, 2013) which

recent structural data suggesting facilitates maintenance of the active CIV monomer over

its less active ither assemblyShinzawaltoh et al, 2019)

1.1.3.5 OXPHOS CV EiFo-ATPasg

OXPHOS CVrepresents the sita which theenergy stored in the *Helectrochemical
gradient across the IMM generatiémoughaction of the ETC (OXPHOS Complexes |

IV: outlines abovkis utilised to catalyse the synthesis of cellular energy resource in the
form of ATP from ADP and Pi.OXPHOS CV consist of twomain domains
distinguishable not only through thedtifferential funcional properties but also
hydrophilic vs lipophilic naturea hydrophilic F. domainand hydrophobicFo domain
(Collinsonet al, 1994; Kagawa & Racker, 1968)XPHOS CV consistef at least 16
subunits,14 encoded by the nuclear genome, andn2oded by the mitochondrial
genomeboth of which contribute tthe Fo domain.

Thehydrophillic F: domain ispositioned within the mitochondrial matrix and constitutes
the catdytic site at which ADP condensation with Pi to ATP takes pladt@mmalian
mitochondrialF1 is composed of 5 different globular proteits ( e n c ATPSAL by
and used as a representative measure of OXPHOS CV stzeyevels in this thegjs

b ( encATdPEBJo b(yen c ATPECA , b Wi ( e ATP5Ddedtd(entoded

by ATP5B. EachFid omai n consi bt s u baframged a anaaltecthatig
hexamer positioned arouradcentral stalk consisting ofnaextension of the s ubuni t
(Abrahamset al, 1994) wi t h U hseu hissoeiatedswith the opposing end of

t he o (Stack Leslié & Walker, 1999Theb s u boustititds the catalytically
active site of thé&; domain and forms the majority of the ADP and Pi bigdsiteat the
interface with (AbmhamsttagO®ht U subunit
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The mitochondrial hydrophobictransmembrané&o domain constitutesa ring of 8 ¢
subunits(encoded byATP5G1/2/3 associated with a singke subunit(encoded bythe
MT-ATP6 and MT-ATP8 which forms the H translocation machinery and rotor ring
across the IMM(Watt et al, 2010) H* entry through the &~domain is coupled with
rotatory movement of the central statkrough the associations of the multimeric c
assembly of th&o domainwith subunits of thé&; central stalStock, Leslie & Walker,
1999) which i nduces confor mat iFRthaiscoalelanges
with ADP+Pi condensation to ATPWatt et al, 2010) In order for the rotational
movement o f the central stalk to efvoke
assembly, the Ub s u bastatc dtase, arttlis s aichibved throaghn t a i
associations ofome of theemainingFo subunits which form a peripheral/stator stalk
Subunitsb (encoded byATPH1), d (encoded byATPH), Fs (encoded byATP5) and
oligomycin sensitivityconferringprotein(OSCP encoded b&TP5Q together form the
peripheral stalkWalker, 2013)Subunit bis the majoiMM spanningcomponent of the
peripheral stalk, which associates w#hbunits d, Fand OSCP through itsesidues
which project intothe mitochondrial matrix(Dickson et al, 2006) Subunit b is
maintained close with th& through interactions with the IMM spanning subwamif Fo
(Walker & Dickson, 2006; Leet al, 2015) Amongthe matrix facingcomponents of the
peripheral stalk, it i©9SCPwhich is responsible for associating wittJgubunit ofF,
fixing in placethdd b a s gHegthl] 2920)

OXPHOS CV assembly begimsth the separatiormationof the matrixF; (kb0 4 &hd
IMM multimeric c-ring of Fo which subsequently associabeform alMM associated F

c subassemblyWittig et al, 2010) The peripheral stallalso forms an independent
subassembly consisting etibunitsb, d, s and OSCP, which subsequendlgsociates
with the supernumerary membrane associated e, f and g sulptenésal, 2020) The
peripheral stalk assembly can then associate withithesubassemblgHe et al, 2020)
Association of the mitochondrial encoded a subunitsopfippears tbe among the last
steps of OXPHOS CV assembly psOcells lacking the mitchondrial genomeshow
almost fully assembled complex@¥ittig et al, 2010)

1.1.3.6 OXPHOS Supercomplex (and Megacomplex)

The diffeeent components of the OXPHOS machinery are raadomly distributed
throughout the IMM but instead form supramolecular complexes (Supercomplexes) with

one another, in line with the intrinsic functional reliance that exists betweentherh.
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of theearlyinsight surrounding OXPHOS supercomplex struesuras come from blue
native gel electrophoresiwith early studies revealing a number sfipercomplex
structures inclusive of ®PHOS ClIlI dimers includingOXPHOS CI with a OXPHOS
Clll dimer, and OXPHOS CIV with a OXPHOS CIII dimerin addition to a compk
consisting of OXPHOS CI, ClIl dimer and C\&chagger & Pfeiffer, 2000, 20QIhis
CI+CllI2+CIV complex has since been designated as the respirasome, with this
supercomplex constituting af the necessary components required for electron transfer
to oxygen coupled with H extrusion across the IMMJavadovet al, 2021) More
recently, cryo-EM has revealed the structure of a human OXPHOS$agmmplex
constituting two of each CI, Clll and CIWhich forms a circular structure consisting of
aClll dimer at the central core, and Cl and CIV distributedadjacenaround thigGuo
et al, 2017) Using this structure, and the structure of a porcine OXPHOS ClII, the authors
of this study ao performed molecular dynamic modelling whishggest the OXPHOS
megacomplex is permissible to associations with OXPHOS f@iiing an electron
transport chaisupercomplex (ETCS) inclusive of all components of the E3@et al,

2017)

Whilst the exact functional importance and/or role of mitochondrial OXPHOS
supercomplexes remains to be completely understood, evidencetsupgeshe close
association of these ETC componemduced diffusion distances whidcilitate more
efficient electron transfer through both tke cycle from OXPHOS CI to CIil, and
cytochrome C from ClII to CI\(Souseet al, 2016) In addition, supercomplex formation

is thought to enhance overall stability of the OXPHOS complexes, with evidence from
studies investigating mitochondrial diseasssociated pathogenic variaatsl knockout
mice revealing dysfunction to one OXPHOS comgplean result in downstream
functional and stability impairments in other OXPHOS complekes exampleloss of
OXPHOS CIll also cawessa concomitant reduction in OXPHOS (Acin-Pérezet al,
2004) and loss bOXPHOS CIVin fact appears to cause an even more substantial
reduction in OXPHOS ((Balsaet al, 2012)

1.1.3.7 Proton-Motive Force

The electrochemical proton gradient (protootive force;qP) generated by the ETC
serves a number of important mitochondrial functions, including its principal role in the
synthesis of ATP through OXPHOS. Under normal physiological conditions influx of

protons into the mitochondrial matrix predominardlycurs through the mitochondrial
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ATPase (Complex V), which utilises the energy associated ggithto catalyse the

phosphorylation of ADP with Pi to generate ATP.

The transfer of metabolic molecules into and out of the mitochondrial matrix largely
occurs on the part of the IMM parallel to the OMM (inner boundary membrane). This
highly selective transport is regulated by a number of different carrier proteins including:
pyruvate translocase, phosphate carrier, adenine nucleotide transporter (ANT),
dcar boxyl ate carrier anmdndtcheimicabprobwo gradierd t e
provide directionality to many of these transport processes, highlighting another
important role of the ETC in mitochondrifunction. For example, pyruvate translocase
transports negatively charged pyruvateo the mitochondrial matrix in symport with"H

thus utilising the chemical aspectagi®. Similarly, the transfer of Ah symport with H

via the phosphate carrier is driven solely by the chemical proton gradieomparison

t he ANT r e htbteasspoot ATPyut of the nyitochondrial matrix in exchange

for a less negatively charged ABBolecule.

1.1.4 Mitochondrial Matrix

The mitochondrial matrix contains a large range of enzymes involved in a number of
different oxidative metabolic pathways which form the OXPHOS electron donors NADH
and FADHR from their oxidised NAD and FAD isoforms respectively. These include the
b-oxidation pathwayof fatty acid metabolism angyruvate dehydrogenasg’DH)
oxidation of pyruvate (final product of glycolysig. Both pathways generate the
intermediate metabolite acetyl coenzyme akdtytCoA) which is fully oxidisedin a
seriesof enzymatic reactionknown at the tricarboxylic acid (TCAQycle to generate
three NADH and one FAB: reduced coenzymder everyacetytCoA molecule TCA

cycle andETC activity are therefore intrinsically linked by the FAD/FARHNd
NAD*/NADH redox equilibriums

1.1.5 Mitochondrial DNA

Another unique feature of the mitochondria organelle stemming back to its bacterial
origin, is the presence of a small amount of its own mitochondrial DNA (mtDNA) in the

matrix, separate to that contained within the nucleus (nDNA).
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1.1.5.1 Genome structure

The mtochondrial genome is a closed circle of double stranded DNA (dsDNA) consisting
of 16 569 base pairs (bp) that enco8égenes: 13 mitochondrial OXPHOS subunits and
24 genes required for mitochondriganslation (22 transfer RNAs; ARRNAS, and 2
ribosomal RNAs mt-rRNASs) (Andrewset al, 1999)(Figurel1-2). Genes are compactly
encoded on both the heavier more purine riebttdnd and lighter pyrimidine rich-L
strand, with no intronic regions and very few intergenic reg{@asinman,1999) The
majority of genes are encoded on thatkand: both mtRNAs, 14 of the mtRNAs and

all mitochondrial encoded OXPHOS subunits except ND6 of Complex I. mtDNA has two
non-coding regions, a major naroding region (designated NCR) and the ariigir light
strand replication (Q. The major NCR contains the heavy strand promoters (HSP1 and
HSP2) and light strand promoter (LSP) for transcription of the respective strands. The
NCR also contains the origin for heavy strand replication) (@d a tmple-stranded
region of DNA known as the displacement loopl@p) for which the actual functional
role is unknowr(Nicholls & Minczuk, 2014)
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Figure 1-2 A schematic map of the 16 569bp human mitochondrial genome. The outer
circle represents the heagyrand (Hstrand) inner circle the lighstrand (L-strand). The
location of coding and noenoding regions are shown asloured and empty boxes
respectivelymt-tRNA genes (grey) are shown as the abbreviation of the amino acid for
which they are primed. The direction of mtDNA replication is indicated by arrows from
the origins of Hstrand (Qy) and L-strand (Q). Thedirection of mtDNA transcription is
shown as arrows from the-strand promoters (/. and Ry2) and L-strand promoter (B.

Figure adapted from Picard, Wallace & Burelle, 2016

1.1.5.2 Nucleoid

MtDNA is condensed into compact nucleoprotein structures known as wiscleloich
represent the fundamental unit of mtDNA inheritance. High resolution microscopy has
revealed that human miucleoids have a relatively uniform size of ~100 nm and each
contain ~1.4 mtDNA molecules on averag@€ukat et al, 2011) Mitochondrial
transcription factor A(TFAM) is the most abundant protein of the -muicleoid
(Bogenhagen, 2012nd alone sufficient to induce compaction of mtDNA into nucleoid
structurs (Kaufmanet al, 2007)through norsequencepecific crossstrand binding and
bending of the mtDNAKukatet al,, 2015) As its name would suggest, TFAM also plays

a central role imitochondrial transcription (discussed below).
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1.1.5.3 Inheritance

In humans, every mitochondrial genome is derived from those originally present in the
parental oocyte but napermatozoaand therefore maternally inherité@iles et al,

1980) although rare instances of paternal inheritance of pathogenic mitochondrial
genomes have been descrilf@distafsoret al, 2002; Kraytsberegt al, 2004; Lucet al,

2018) With exception of the Chinese hamster, mammalian spermatozoa mitochondria
housed in the sperm tadlo enter the oocyte during fertilizatiofAnkel-Simons &
Cummins 1996) The mitochondrial protein prohibitin is ubiquitinated spermatoza

and more immature spermatid cells, which is thought to target the paternal mitochondria
for degradation by the oocyte upon fertilizatigfhompson, Ramalk8antos &
Sutovsky, 2003) In agreement, VGiediated proteasomal and ubiquitargeted
autophagy pathways are both important for selective degradation atgfrnal
mitochondria(Songet al, 2016)

1.1.5.4 Replication

Replication of mt DNA i s carried out by I
heterotrimeric assembly consistingaf cat al yti ¢ subunit (POLGZ
accessory subunits (POL29B). POL2 al one i s
theDNA helicase TWINKLE thatinwinds and separates the dsDNA, and mitochondrial
single stranded binding proteins (mtSJBhat stabilise the separated single stranded
DNA (ssDNA) and protect it from degradatigBPiaz & Moraes, 2008)Initiation of

MtDNA replication also requirdbe synthesis of an RNA primer by mitactdrial RNA
polymerase (POLRMT) and is therefore dependant on components of the transcription
machinery including TFAM (see below®pposing models of mtDNA replication have

been proposed, but the asynchronous dtdssplacement model is most widely accepted.

In this model, POLRMT generates an RNA p
replication of the Hstrand at @. Upon the replication machinery passing the ®stem

loop is formed from the separated ssDNAieh inhibits the binding of mtSSBs at this
site. POLRMT can then bind generating an
of the L-strand(Gustafsson, Falkenberg & Larsson, 2016)

1.1.5.5 Transcription

In addition to its requirement for mtDNA replication, POLRMT is central to transcription
of the mitochondrial genome. Two other essential components of the mitochondrial

transcription machinery are TFAM and Mitochondrial Transcription Factor B2 (TFB2M)
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(Shiet al, 2012) TFAM binds upstream of theanscription start site and through direct
associations and alterations to the promoters structure recruits PO(&bdsTafsson,
Falkenberg & Larsson, 2016)FB2M binds close to the transcription start site, where it
facilitates melting of the promoter regi¢8ologubet al, 2009) Both the Hstrand and
L-strand are transcribed as long polycistronic products which and then processed into
smaller moneand bicistronic RNA moleculeéTemperleyet al, 2010) This is achieved
through RNAse P and RNAse Z mediated cleavage ofRINA that concurrently
liberates the flanking rRNA and mtmRNA transcriptgOjala, Montoya & Attardi,
1981) The cleaved mitochondrial transcripts are then processed furtbeuthrh 3 6
polyadenylation (mtmRNA and mirRNA), nucleotide modifications (fiRNA and m#
rRNA), 30 CCA-tRaA) taadaminoacyldtion (riRNA).

1.1.6 Mitochondrial Translation

Central to the machinery for translation of mitochondrial encoded OXPHQ®iitsIs

the mitochondrial ribosome which consists of a 28S small suburi&gui) containing
12S mtrRNA and a 39S large subunit @GbEU) containing 16S rtRNA. Initiation of
mitochondrial protein synthesis begins with the binding 658U to the stacttodon and
recruitment of methionine charged -tRRNA via mitochondrial translational initiation
factor 2 (mtIF2). mtIF2 then catalyses the release of mitochondrial translational
initiation factor 3 (MtIF3) from the MSSU and binding of the ritSU. Elongation and
peptide bond formation can then proceed through recruitment of chargRIN#t
molecules by mitochondrial elongation factor tu -f&kitu). Mitochondrial elongation
factor G1 (MHEFG1) catalyses the release of deacylatetRNWA and movement of the
ribosome to the next codon. Elongation proceeds until a stop codon is reached, at which
point mitochondrial release factor la {Rfla) binds to facilitate deacylation of the
terminal amino acid and release of the nascent pefide Chrzanowskd.ightowlers

& Lightowlers, 2017)

1.1.7 Mitochondria Dynamics and Quality Control

The mitochondrial network of a cell is hightlynamic in naturegontinuously growing

through mitochondrial biogenesis, degrading by mitophagy, moving along the

cytoskeletonattached tamotor proteins, and changing in size and complexity through

opposing fission and fusion evenidditochondrial mass rad network complexity are

tightly regulated in order to maintain cellulaomeostasisiuring changes in metabolic

demands and/or substrate availabililyhis dynamic behaviour is also crucial for
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maintaining a healthy mitochondrial network, through synshet new mitochondrial
proteins, dilution of impaired componen@nd selective removal of damaged

mitochondria as a whale

1.1.71 PGC1U and Transcriptional Regul ati on

Mitochondrial biogenesiss predominantly regulated through tightly controlled
transcriptionahetwork.Althougha large number of complésanscriptionatascadeare
necessary, these are aliefly governed by ondamily of transcription ceactivatos,
PGC1U and Pperexisdmepoofiferatohaetivated receptor gamma coactivator

1 family (Scarplia, 2008) often termed the master regulaoof mitochondrial
biogenesis.Among someof the most importanPGC1 interaars are thenuclear
respiratory factors NRF1 and NRF&hich control transcription of nuclear encoded
subunitscontributing to allfive OXPHOS complexese(g. NDUFB8 (CI), SDHB/C/D

(Cl), UQCRB(CIII), COX5B(CIV), ATP5MC1(CV)), in addition to proteins necessary

for mitochondrial protein impor{TOMM20, and translation IRPS12 (Scarpulla,

2002) ThePGCENRF complexalsoinitiatesTFAMexpressionwhichregulatesntDNA
synthesis, transcription and stabilityutlined above)therefore ceobrdinating mtDNA
replication and gene expression with the expression of nuclear encoded mitochondrial
genes.Another important target of PGC1 coactivation is tegagenrelated receptor
(ERR) family of nuclear recepto.r sRER®I ch
complexes contribute to activating the expression of various nuclear encoded OXPHOS
complex subuits (NDUFS7 SDHA, COX5B ATP5F1B, in addition to genes encoding
enzymes of the TCA cycldCO2 IDH3A), -okidationenzymegACADM,CPT1B and
mitochondrial fusionproteins(MFN2) (Gigu re, 2008) PGC1 proteins are named so
following the initial identification that
the peroxisome proliferatactivated receptor (PPAR) family. Since this identification
PGC1 has also been shown to be key to activatiail three PPAR familynembers;
PPARU, P P A Ro The thike FPRRS Rhbw distinct tissue expression patterns
and some different physiological functions, but all play an essential role in controlling the

expression of genes associated with fatty apigike and-oxidation(Wang, 2010)

1.1.7.2 GTPases Regulating Mitochondrial Fission arfélision

The fusion of two adjacentitochondria into a singlenitochondrid compartment

requiresthe merging oboththe OMM and IMM (Figure 1-3). Fusion of the OMM is

mediated by the mitofusin (MFN) transmembrane GTPase fanmeipbers MFN1 and
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MFN2 embedded within the OMM. IMM fusion is instead mediated by the long
transmembrane isofms of the OPA1 GTPas@-OPAl) situated within the IMM.
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Figure 1-3 Schematic of mitochondrial fission and fusion dynamics mediated by dynamin
GTPases. Mitochondrial fusion first requires the intermixing of the juxtaposing outer
mitochondrial membrane (OMM) mediated by mitofusin proteins (MFN1/2) followed by
inner mitochodrial membrane (IMM) fusion driven by long OPA1 isoformsOfRAL).
Mitochondrial fission first requires the recruitmentdyinaminrelated protein 1 (DRP1)

by mitochondrial fission protein (MFF) and mitochondrial dynamics proteins 49 and 51
(MiD49, MiD51) DRP1 oligomers constrict driving the constriction and division of the
OMM and IMM. This figure was prepared using Servier Medical Art
(http://smart.servier.com/)

Until recently models of OMM fusion have been made under the assumption that MFNs
are dould membrane spanning proteins with both tRehhinal and @erminal domains
being cytosolicHowever, ecent evidence has highlighted that MFNs are instead single
membrane spanning proteins with thée@minal being localised to the IMS rather cytosol
(Mattie et al, 2018) Based on this recent insight a new maafdDMM fusion has been
proposed. Mochondrial fusion first necessitates tethering of adjacent mitocizondr
through interactions betweaytosolic GTPasedomainsof MFNs in trans(Caoet al,

2017) GTP hydrolysis thedrives MFNconformational changehat pullthe juxtaposing
OMMs together andacilitates fusion through lipidlestabilising interactions mediated

by the cytosolic HR1 heptad repeat dom@asteet al, 2018)
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Unlike OMM fusion whichrequires the trans expression of MFNs both of the
juxtaposing mitochondrial membranes to be fused, IMM fusion only necessitates the
presence of LOPAL on the IMM of one of the two fusing mitochond¢®#onget al,
2009) Recent evidence shows that tethering of the IMMs between two fusing
mitochondria is mediated through@PA1 interactions with the mitochondrial IMM
specific lipid cardiolipin rather than trans protein interactiofi&an et al, 2017) GTP
hydrolysis then drives a conformational chanigat tdestabilisethe lipid bilayes and
facilitates mixing of the juxtaposing IMMSs, although the exact mechanism remains to be
determinedTilokani et al, 2018)

The dividing of a single mitochondrial compartmentointtvo during mitochondrial
fission, also necessitates a GTPase of the dynamin fadyihaminrelated protein 1
(DRP1) (Figure 1-3). Through a multstep process reliamin DRP1 adapter proteins
including mitochondrial fission protein (MFF) and mitochondrial dynamics proteins 49
and 51 (MiD49, MiD51), DRP1 is recruited to &M (Osellameet al, 2016) MiD49

and MiD51 inhibit the GTPase adtly of DRP1 and facilitate its assembly into
oligomeric ringstructures, whereas MFF stimulates DRFPIPa&e activity, promoting
the release of MiD49 and MiD51, and an associated conformational dhabgenstrcts

the assembledRP1 ringinducing fission (Osellameet al, 2016; Kaliaet al, 2018;
Fonsecaet al, 2019) Prior to DRPIrecruitment andission, mitochondria arérst pre-
constricted byassociation with the endoplasmic reticulum (ER), in order to facilitate
formation of the DRPing (Friedmaret al, 2011, Elgasst al, 2015)

1.1.7.3 Targeted Degradation of Mitochondria Through Mitophagy

Mitophagy is the process by which entire mitochondrial organelles are targeted for
autophag-mediated degradation. Although there is an -@vereasing number of
different mechanisms of mitophagy being identified, they all fundamentally rely on
labelling the OMM with ligands that interact witluitaphagyrelated protein §ATGS8)

receptors expresd on autophagosomal membranes.

Central to the large majority of mitophagy mechanisms isptifesphatase and tensin
homologueinduced putative kinase 1 (PINK@iyama & Okamoto, 2015)n functional
mitochondria, PINK1 is imported into the mitochondrial matrix through the translocases
of the OMM (TOM) and IMM (TIM) due to its Nterminal mitochondrial targeting
sequence (MTS) a.NPEINK 1t id then pleaved byi tre endochgndrial
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processing protease (MPP) and subsequently the-H#gédciated proteaggesenilin
associated rhomboikike protein(PARL) (Jinet al, 2010) releasing a PINK1 fragment
into the cytosol which rapidly undergoes proteasodegradation’Yamano & Youle,
2013)(Figure1-4A). In dysfunctional mitochondria which generally have a depolarised
ym, PINK1 does not fully translocate across the IMM for PARL cleavage and is instead
stabilised in association with the TOl@katsuet al, 2012, 2013fFigure1-4B). PINK1
then undergoes autophosphorylation and enters an activated conforf@i@bsuet al,

2012) PINK1 activation through this mechanism is therefore specific to damaged

mitochondria.

Figure 1-4 A schematic of the canonical PINK1/paddependant mechanism of
mitophagy. (A) Functional mitochondria impgrshosphatase and tensin homologue
induced putative kinase (PINK1) into the mitochondrial matrix where it is cleaved by
mitochondrial processing protease (MPP) and presefaBeociated rhomboitike
protein (PARL) The PINKL1 cleavage product is releaseid the cytosol and undergoes
proteasomal degradation. (B) Upon mitochondrial dysfunction wndiepolarisation
PINK1 is stabilised on the OMM and activates through autophosphorylation. PINK
phosphorylates and activates parkin ubiquitgase. Parkindependant ubiquitination

and ubiquitin phosphorylation by PINK1 targets the mitochondria for engulfment by
autophagosome membranes and subsequent degradation. Figure adapté&dyfom

& Okamoto, 2015

The most important PINK1 target associated with canbmiutophagy is the E3
ubiquitin |igase parkin. Fikeodsnpaimioduges @t i o n
conformationachange whictstimulates its E3 ubiquitin ligase activiaynd promotes its
translocation to the OMNKondapalliet al, 2012; Okatset al., 2012) Activated parkin
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ubiquitinates numerous proteins present on the OMth are then bound hypiquitin-
binding autophagy receptor proteinncluding p62, optineurin and NDP5ZThese
receptors recruit autophagosome membranes to the mitochondria thntergictions
with autophag associated ATGS8 recept@sch as LCandresultanienvelopnent ofthe
mitochondria within an autophagosor(feickles, Vigié & Youle, 2018)Finally, the
autophagosome fuses with a lysosome resulting in degradation of the mitochondrial

components.

PINK1 also phosphorylates ubiguiated proteins on the OMM of dysfunctional
mitochondriaand free moving ubiquitin within the surrounding cytosol. Inactive parkin
can be activated byree moving phosphorylated ubiquitin, and parkin binds to
phosphorylated polyubiquitin chaired MFN2 highlighting PINKL:dependant feed
forward amplification mechanisms for parkin activation and recruitment respectively
(Ordureauet al, 2014; Chen & Dorn, 2013Phosphorylated polyubiquitin chains are
also more resistant to hydrolysis by deubiquitinase raesy further enhancing the
mitophagy stimulating signgPalikaras, Lionaki & Tavernarakis, 2018)itochondria

also express mitophagy receptors which directly interact with autophagosome ATG8
receptors includingBCL2 interacting protein 3 (BNIP3) anBNIP3-like (BNIP3L),
which likely facilitate autophagosome formation.

In addition to this canonical mechanisvhich releso n m dgpolarisatiorfor activation,

there are a number of other signalling pathwayglwban promote mitophagy flukor

example, mitophagy fkiincreases in response to hy@oxiue to the transcriptional
upregulation oBNIP3andBNIP3Le x pr essi on by hypoxildl)i ndt
(Zhang et al, 2008; Bellotet al, 2009) A transcriptionally drivenupregulation in

BNIP3L expression also ndelies the developmentally regulatedlearance of
mitochondrianecessary fored blood cell maturatio(Gchweert al, 2007)

1.1.7.4 Regulatory Mechanismsf Mitochondrial Dynamics

Activity -Dependant Requlation of PPARGC1A Expression in Muscle

As the master regulator of mitochondri al
tightly regulated to reflect the metabolic demands oflalce PGC1U is wunde
of both transcriptional and pestnslational regulation, with PPARGC1A gene
expressiona n d P Go@dtivhtor activity increasing in response to greater energy
demands or mitochondrial dysfunctiofranscription of PPARGCA is greatly
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upregulated in skeletal muscle during exercise, and the mechanisms of action governing
PPARGC1Aranscriptional regulatiohave been most extensively studied in this setting.
During exercisgthe stressnduced p38nitogenactivated protein kiase (p38VAPK) is
activated, which phosphorylateayocyte enhancer factor @MEF2) and activating
transcription factor 2 (ATF2)oth of which increasBPARGC1Aexpressior{Akimoto
et al, 2005) PPARGC1Aupregulation inmuscleis also driven througiCa*-sensitive
mechanismgeliant on Ca*/calmodulindependent protein kinase IV (CaMKN\gnd
calcineurin protein phosphatase (CaN). CaMKIV phosphorylat#sMP response
elemen{CRE)binding proteiflCREB)andCaN dephosphorylates MEH2oth of which
then bind to upstream promoters enhandARGC1A expressionHandschinet al,
2003)PGC1U al so t enhanceshe éxprassion of MER2yhighlighting a
positive feedback loopmplifyingP GC 1 U  a(ldandschiret al, 2003)

AMPK and SIRT1 as Key Metabolic Sensors Controlling Mitochon@ietienesis

AMP-activated protein kinag@MPK) is activated in response to rises in the AMP/ATP

ratio and is therefore a key indicator of a @efhetabolic statdJponincreased cellular

energy demandg.g. during muscle contractiomy,impairmentsn ATP productior(e.g.

during glucose deprivation or mitochondrial dysfunctjohylPK becomes activatei

repress anabolic processes while stimulating catabolic proogtseie & Sakamoto,

2006) AMPK exerts both acute and chronic effects aall metabolism by directly
phosphorylating mtebolic enzymes and modulatinttanscription factor activity
respectively. AMPKexerts mubh o f its transcriptional e
activity (Herzig & Shaw, 2018) While this was initially thought to be through
transcriptional upregulation #PARGC1AexpressionFernandeaMarcos & Auwerx,

2011) AMPK actually phosphor yl adranscripfoGaC1 U t
activity (Figure 1-5), including positivefeedback pathways (e.g. MEf2pendant
outlined above)esponsible foPPARGC1AranscriptiorupregulationJaeret al, 2007)
PGC1U is also phosphoryl ated b-WMARKwhiahmber
increases both its activity and protein stabilRyigserveet al, 2001) and protein kinase

B (PKB) which decreases its coactivategivity (Li et al, 2007)

50



O6Call aghan,

Inactive

* Calorie excess
* 1 acetyl-CoA

Inactive

Energy deprivation
Mitochondrial dysfunction
T AMP/ATP ratio

AMPK

Inactive
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Mitochondrial dysfunction
+ T NAD*

SIRT1

Active

Figure 1-5 Regul ati on of PGC1U activity t h
phosphorylation and acetylation maé&MR f i cat
activated protein kinasAMPK) enhances itsatranscriptional activity Acetyldion of

PGC1U by |ysine acetyltransferase 2A (KAT
by the sirtuin deacetyl ase SIRT1 derepr es
activity are sensitive to alterations in the cellular energetic state and sase@sors

regul ating PGC1U activity and mitochondr |

P GC 1 Ualso megulated through acetylation of numerous lysine residuesh
representanother metabolicaltgensitive mechanism mediating its actiiRodgerset
al., 2005)(Figurel-5). Acetyl ation of PGC1U by | ysin
causest to dissociate from promet regions and accumulate in nuclear foci, therefore
reducing its coactivating potentiglerin et al, 2006) During caloric excess through high
fat feeding, KAT2A expression is upregul
and energy expenditure, whereas the opposite is true upon calorific restriction during
fasting (Costeet al, 2008) By comparison, levels of the NABlependent sirtuid
(SI'RT1) deacetyl ase responsible for PGC1
state,alsocont i but i ng t o P GC ladlivatbe(Rotgersey 4l,a2006)o n a n
KAT2A and indeed all KAT enzymes rely on aceGbA as the acetylation donor
PGC1U acetylation might t hogtosaid availabilittbof a f f
acetytCoA and provide an additional mechanismbp i ch PGC1U acti vit
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by the metabolic state of a ceBirtuin deacetylases rely on NARofactors for their
activity andfor this reason sirtuin deacetylase activity is also tightly associated with the
metabolic state of a cell. In times afcreased metabolic demands and/or limited
metabolic substrates, ATP les@ind nucleocytoplasmic acet@loA availability will be
reduced, resulting in enhancement of PGC
and reduced KAT2A acetylation respectively.dddition, cellular redox status will be
more oxidised resulting in an increased availability of NA® SIRT1, also contributing
t o P Gl&detylation. Interestm! vy , AMPK activation not
signalling directlyby phosphorylation, but also indirecthy increasingcellular NAD*
levelsviafor SIRT:d ependant de ac dRulgoktali 0e8nCaradt al,P GC 1 U
2009) Together these studies highlight a number of metabolic sensors wdnche
rapidly activated in response to mitochondrial dysfunction and/or changes in metabolic

state synergistically promotingni t oc hondr i al bi ogenesis thr

¥mand OXPHOS Activity Regulate Fission/Fusion

Cells with high oxidative metabolism tyjilty contain a much morfeised mitochondrial
network andrecent evidence highlights that fusican alone enhance mitochondrial
OXPHOSand is not just correlateslith oxidative activity(Yao et al, 2019) Although
OMM fusion occursindependery of mitochondrial activity or health, IMMusion
mediated by OPAL is sensitive to changeboth OXPHOS angm. L-OPAlisoforms
can be proteolytically cleaved by tvdifferent mitochondrialmatrix metalloproteases
YME1L1 and OMAL1.Cleavageof OPAlby YME1L1 is ATP-dependant and stimulates
IMM fusion, therefore acting a&n energysensing mechanism to enhance the fusion of
functional mitochondrigMishraet al, 2014) On the other hand)MAL proteolysis of
OPAL is initiated in response to oxidative stressyndepolarisation, reducing OPA1
activity and consequently attenuating mitoctinal fusion (Baker et al, 2014)
Mitochondrial activity and cell metabolism can also influencerdoeuitment of DRP1
and consequently mitochondrial fissidime DRP adaptor protein MiD51 prevents DRP1
oligomerization and GTP hydrolysis, but this inhibitory function is liberated upon binding
of ADP (LosoOnet al, 2014) In addition AMPK phosphorylation of MFF, promotes
DRP1 recruitmen{Toyamaet al, 2016) Activation of C&"-sensitive alcineurinand
dephosphorylation of DRP1 enhances mitochondrial fisfdtP1 activity istherefore
indirectly linked to ym depolarisation, due to elevations in cytosolic>*Cahich
accompany attenuategin-dependantCa* buffering mechanisms(Cereghettiet al,

2008) Together these sensors of mitochondrial function, fa@lita¢ fusion of active
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and healthy mitochondria while segregatingctive andunhealthy mitochondridor
targeted degdation through mitophagishraet al, 2014)

1.2 Mitochondrial Disease

Mitochondrial diseases are a heterogeneous group of disorders caps@oldoygenetic
dysfunction of mitochondrial OXPHOS®Jitochondrial disease can present at any age,
with a multitude of different symptoms and show almarsy inheritance patternlhis
heterogeneity makes both diagnosis and treatment/management difficult, often
necessitating collaborativagproachebetween specialists across medical 8elWhilst

there has been great improvement in mitochondrial disease diagnosis as a result of better
clinical phenotypic descriptions and advancements in genetic screening, no therapeutic
intervention has been shown to effectively alter the clinical course and instead treatment
remains largely symptomat{®oole, Hanna & Pitceathly, 2015)

1.2.1 Clinical Phenotypeand Diagnosis

Patientgpresent witha wide variety of symptoms that can be assteci with any organ
system (Figure 1-6), highlighting the ubiquitous importance of mitochondriaailh
nucleateccells of the body. Tssues witthigh oxidativemetabolicrequirementsuch as
skeletalmuscle and nervous systeame particularly vulnerablgMckenzie, Liolitsa &
Hanna, 2004)and for this reason mitochondrial diseases are often termed
encephalomyoghies(DiMauro et al, 2013) Initial diagnosican prove difficult due to
variability in clinical presentationgut a strong myopathiand neuropathiphenotype

with concurrent involvement of multilorgans is highly suggestive of mitochondrial
disease. Furthermoreeveraldistinct but overlapping mitochondrial syndromes with a
particular set of primary features have been described which can assist in clinical
diagnosis, e.g. mitochondrial encepmajmpathy lactic acidossnd strokdike episodes
(MELAS), andmyoclonic epilepsy with ragged red fiolddERRF). Canonical features

of MELAS includeseizuresstrokelike episodes, encephalopathoprtical vision loss,
hearing impairmenand myopathy (wit lactic acidosis and raggedd fibres; RRFs).
Myopathy with RRFs is also a defining feature of MERRF syndrome alongside

myoclonus, generalized epilepsy and ataxia.
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Figure 1-6 Mitochondrial diseases can manifest a large variety of symptoms often
associated with multiple organ systems simultaneously. Tissues that contain cells with
high energy requirements utilising oxidative tatmwlic pathways are particularly
vulnerable. Diagram obtained from (Gorman et al., 2016).
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1.2.1.1 Muscle Histopathology Remains Keiallmark for Mitochondrial Disease

Diagnosis

As one of the primary tissues affected in mitochondrial diseases, muscle histapatholo
remains one of the gold standard approaches taken towards suspected mitochondrial
disease diagnos{PiMauro & Paradas, 2014lRagged redibres relate to a histochemical
observation in mitochondrial disease muscle biopsies stained with mo@GiGatbri
trichromewhich reweal accumulation of subsarcolemma mitochondria, presumably as an
attempted compensatory response to mitochondrial dysfunfiguire 1-7). Other
histological muscle biopsy observations suggestive of mitochondrial disease include
strong succinate dehydrogenase (SDH; Complex II) stained fibres also indicative of
mitochondrial proliferation, and fibres negative for cytochrome C oxidase (COX;
Complex IV) staining indicative of impaired mitochondrial protein synth@de-arland,

Taylor & Turnbull, 2010) A strong SHD fibre that is concomitantly negative for COX
staining is a characteristhistopathologicaleature of mitochondrial disease, particularly
those of mtDNA origin(Alston et al, 2017) Biochemical assays of ®HOS complex
activities can also be a useful tool for diagnosis and provide better insight into the specific
OXPHOS complexes affected. More recently, a multiplex immunofluorescence assay that
permits the simultaneous assessment of assembled OXPHOS ocesnplard IV in
patient muscle biopsies has been descriRedhaet al, 2015) In addition to providing

better reliability and higher throughput, this histological technique permits better
identification of isolated Cl defec{g\hmedet al, 2017) Similar assays which utilise
antibodies targeting other OXPHOS complexes might also prove useful for
histopathological diagnoses of mitochondrial diseases predominantly affecting other
OXPHOS complexes.
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Figure 1-7 Example images showing typical histopathological staining patterns of
muscle fibres from a healthy control (A and B) and mitochondrial disease patiént (C
m.8344A>G MERRF patient) muscle biopsy. All healthy control muscle fibres stain
positive for suceiate dehydrogenase (SDH) (A) and cytochrome c oxidase (COX) (B).
Staining of mitochondrial disease patient muscle fibres with the modified Gomori
trichrome stain (C) reveals the presence of subsarcolemma mitochondria in ragged red
fibres (RRFs) (arrows).lese RRFs (arrows) also show strong SDH staining (D)
suggestive of an increase in mitochondrial content but are negative for COX staining
(E). COX staining also reveals the mosaic pattern of COX negative muscle fibres
(indicated by *) (E) which generaljnew increased SDH staining and appear blue
following combined SDH/COX staining (F). Figure adapted from DiMauro & Paradas,
2014.
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1.2.1.2 Genetics

The mitochondrial genome encodes subunits of all OXPHOS complexes except Complex
Il (Signes & FernandeYizarra, 2018)in addition to the RNA machinery required for
their translation(Figure 1-1). The numerous other (~1500) mitochondrial proteins are
encoded by the nuclear genome untthg: the majority of OXPHOS subunits, proteins
involved in the trafficking and assembly of OXPHOS subunits and proteins involved in
MtDNA maintenance and/or expressi@alvo & Mootha, 2010)

Nuclear Causes of Mitochondrial Disease

Pathogenigeneticvariantsin over 250 nDNA encoded mitochondriabgeins have been
associated with mitochondrial dised®#ayr et al, 2015) In these cases, disease shows

a classical recessive Mendelian inheritance that presents as a severe and rapidly
progressing phenotype in early childhood (<16 ye@rightowlers, Taylor & Turnbull,
2015) Minimum symptomatic prevalence of childheodset mitochondrial disease is
approximately 5.0 per 100,000, with patients possesgatgogenic variast in the
nuclear genome showing earlier onset thhase with pathogenic variast of the
mitochondrial genome(Skladal, Halliday& Thorburn, 2003) As with other inherited
disorders, prevalence of mitochondrial diseases is greater within populations of high
consanguinity such as the Australia@banese population (58.6:100,008kladal,
Halliday & Thorburn, 2003)

MtDNA Disease

By comparison, mitochondrial disease caused by mtpEihogenic variast(mtDNA
disease) show maternal inheritance and generally present later in childhood or adulthood.
Minimum symptomatic prevalence of adoliset mitochondrial disease is approximately
12.5 per 100,000, with the large majority of these cases been caugsdthbgenic
varians in the mitochondrial genome (9.6:100,000) rather than nuclear genome
(2.9:100,000)(Gorman et al, 2015) Maternal inheritance alongside a myopathic
associated phenotype is a higlggecific suggestion of mtDNA disease, but mtDNA
heteroplasmy and germline bottlenecks (see below) can often make this maternal

inheritance pattern less evident.

MtDNA pathogenic variastcan be broadly classified into three categories: 1)-sngje
deletions, 2)varians which affect protein translation (#rfRNA and m#tRNA) and 3)
variantswhich affect OXPHOS subunit structure fmRNA) (Gormanet al, 2016)
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Pathogenic variastin protein coding genes typically result in an isolated dysfunction to
the OXPHOS complex it constitutd3athogenic variagtwithin merRNA and mitRNA
have the potential to effect trslation of all mitochondrial encoded subunits and
consequently cause more universal OXPHOS dysfunction. Interestingly a disproportional
amount ofpathogenic variastare in mtRNA genes(McFailand, Taylor & Turnbull,
2010) which includes the m.3243A>Q/T-TL1 pathogenic variantaffecting mt-
tRNAUUUR and m.8344A>QGMT-TK pathogenic variaraffectingmt-tRNAYS,

The m.3243A>@athogenic variawas initially identified in cohorts of MELAS patients
(Goto, Nonaka & Horai, 1990; Kobayastial, 1990)and remains the most commonest
cause of MELAS, accounting for approximatelyo8 of casegEl-Hattabet al, 2015)
However, only ~18% of mtDNA disease patients harbouring the m.324at&genic
variant present as MELAS, witimaternally inherited deafness and diab&tdtDD)
instead being the most common clinical dsome recognised (~41%Nesbittet al,
2013) m.3243A>Gis by far the most common pathogenic variant identified, accounting
for ~64% of mtDNA disease, and ~28% of all mitochondrial disease diag{tdésernan

et al, 2015)

The m.8344A>Qpathogenic varianwvas first identified in a cohort of MERRF patients
(Shoffneret al,, 1990)and remains the most common cause of MERRF syndrome to date
(~80 %) (DiMauro & Hirano, 2015)but only accounts for <2% of total mitochondrial
disease diagnoseGorman et al, 2015) The large majority of mtDNA patients
harbouring m.8344A>G present with a phengbg that meets criteria for MERRF
diagnosis (~6€70%), but rarely display all canonical featu(®ancusoet al, 2013;
Altmannet al, 2016) Whilst the MERRF acronym highlights epilepsy among the most
common features of this syndrome, patients more commonly display an ataxic rather than
generalised epileptic phenotyp®lancuso et al, 2013) Similar to m.3243A>G
m.8344A>G can also be associated with a wider phenotypic range including isolated
myopathy with lipomatosi§Gamezet al, 1998; MufiozZMalagaet al, 2000)and Leigh
syndromgHanet al, 2014; Shert al, 2018)

Gendic Diagnosis

The m.3243A>G and m.8344A>@athogenic variast and MELAS and MERRF
syndromes provide excellent examples of the complications facing mitochondrial disease

diagnosis and genotygEhenotype correlations. One genotype can present haultip
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different clinical phenotypes, and one clinical phenotype can be associated with several
underlying genetic causes. Nevertheless, an accurate clinical profile together with specific
histological and biochemical observations can guide targeted genetigsian In
suspected cases of mDNA disease (e.g. strong maternal inheritance and/or typical
syndrome phenotype), common mtDNbathogenic variastsuch as m.3243A>G and
m.8344A>G are prioritised, followed by sequencing of the entire mitochonénaige.

For situations in which no pathogenic mtDNA variant is identified and/or Mendelian
inheritance is evident, targeted sequencing of nuclear encoded mitochondrial genes
individually or as part of a next generation sequencing (NGS) panel is performed.
Histological and/or biochemical assessments of OXPHOS complexes can be informative
for targeting genes associated with the function or assembly of the specific complexes
impaired. Whole exome sequencing (WES) may then be considered, with published data
highlighting a surprisingly high diagnostic rate of up to 60% in cohorts which have
already undergone considerable genetic evaluation including exclusion of a mtDNA basis
to the diseas€Tayloret al, 2014)

1.2.2 MtDNA Heteroplasmy

Mitochondria have multiple copies dfie mitochondrial genomeand each cell has
numerous mitochondria. For this reason cells from mitochondrial disease patients can
harbour both wiletype (WT) and mutant mtDNA (i.e. heteroplasmy) or entirely mutant
mtDNA (homoplasmy;)) with the proportion of mitochondrial genomes t@ining a
specific mtDNApathogenic varianknown as themutation load(Stewart & Chinnery,

2015)

1.2.2.1 Heteroplasmic Shifts Causedy Mitochondrial Segregatio and Clonal

Expansion

Mutation loadcan drift in individual tissues over time through vegetative segregation in
mitotic cells and relaxed replication in pasttotic cells(Stewart & Chinnery, 2015)
Vegetative segregation occurs due to the random, unequal partitioning of mutant and WT
mtDNA during cell divisiorsuch that two daughter cells can receive diffepeoportions
of mutant vs WT mitochondriaf the mutation loadof the daughter cells reaches a
threshold sufficient to exert a positive or negative effect on cell proliferation,
heteroplasmyn the cell population will gradually increase or decrease respectively. The
m.3243A>Gbut not m.8344A>QGnutation loadlecreases in patient blood over time and
it is thought thathis occurs due teegetative segregation andgative selective pressure
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in proliferating blood stentells (Rajasimha, Chinnery & Samuels, 2008his also
highlights the importancef conducting sequential genetic testing for mtDNA disease in
postmitotic tissues such as muscle following a negatieedresult in highly suspected
MtDNA disease caseMitochondriaare continuously proliferating and dividing even in
postmitotic tisaues. It is possible that by random chance, mtDNA with/witlspetific
pathogenic variantsan be replicated momften and thus lead to changesnutation
load within an individual cell.This relaxed replicationan lead to clonal pansion of
MtDNA pathogenic variast in individuals throughout lifeand cause OXPHOS
dysfunction in previously unaffected tiss{Etsonet al, 2001) Relaxed replication also
likely underlies the clonal expansion of mitochondrial genopossessingleletions at
specific foci within individual muscle fibsfVincentet al, 2018)

1.2.2.2 Mitochondrial Bottleneck During Germline Transmission

In addition to gradual drifts of mtDNAnutation loadin individuals over time, a
Abottl eneckodo causes mar ked c hatraggmissioni n h
(Wallace & Chgkia, 2013) Initial studies with mice had showtmat a reduction in

MtDNA copy number in primordial germ ce{BGCs)Creeet al, 2008)and/or selective
replication of a small fraction of mtDNA in primordial follicle cel(8vai, Teoli &
Shoubridge, 2008nay be responsibl®r this bottleneckMore recently this reduction

in mtDNA copy number has also been shown in human P@Elosos et al, 2018)

Although this bottleneck can give rise to oocytes with above threshalztion load,
non-synonymougathogenic variastarein factnegatively selected agairguairingPGC
development, highlighting an evolutionary mechanism to prevent accuonulaf

pathogenic mtDNAvariantswithin a population

1.2.2.3 Mutation load Threshold Effect

Mutation load sometimes correlates withdisease seveyit however a very high
heteroplasmy leve(>90%) is generally required for mitbondrial function to be
sufficiently impaired for disease presentatiRossignolet al, 2003; Stewart &
Chinnery, 2015) While heteroplasmy levels measured from bulk tissofeaffected
patientsare often less than 90%hjs is likely due to the heterogenous naturenatation
loads between individual cellswith proportions of cells been both above and beloav
detrimental threshold levelndeed, individual muscle fibres froomtDNA disease
patients harboumg m.3243A>G or m.8344A>Ghow a large range of differemiutation
loads, with highermutation load (>90%) being evident in muscle fibres that show
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histological abnormalities (e.g. RRFs or negative COX stainamgmuch lower loads
being evident in apparently normal muscle filfestruzzellaet al, 1994; Moslemet al,
1998; Kogeet al, 2000)

The severity progressionand onset of mtDNA disease caused my3243A>G or
m.8344A>Gare at least partially correlated withutation loadMancusoet al, 2014;
Pickettet al, 2018; Gradyet al, 2018; Hammanst al, 1993) Patients with identical
heteroplasmy levels can express very different phenotypes, and some individuals with
high load arerelatively asymptomati¢Bogganet al, 2019; Altmannet al, 2016)
suggesting additional contribution froemvironmentabr genetianodifiers.

30% T5% 100%

>

Phenotypically Normal T Diseased

Biochemical/Cellular Threshold

Figure 1-8 The threshold effect of heteroplasmic mtDN&thogenic variard. The
proportion of mutanmitochondrial genomes within an individual cell of a heteroplasmic
MtDNA disease patient can vary from entirely healthy (0%) to homoplasmic (100%)
levels. At heteroplasmy levels <90%, mitochondrial function is maintained at sufficient
levels for apparentlyqjormal cellular function. However, at heteroplasmy levels >90%
compensatory mechanisms are insufficient and phenotypic abnormalities underlying the
mitochondrial disease state occur.

1.3 In Vitro Models of mtDNA Disease

Establishing model systems that appropriately recapitulate human diseases has always
proven difficult and this is especially true for mitochondrial diseases caused by mtDNA
pathogenic variast Advancements in gernediting technologies has permdtehe
manipulation oimanynuclear encoded genfs developing botlin vivoanimal models

andin vitro cell modelsof various human diseases, including those causedtbypgenic
varians in nuclear encoded mitochondrial geiBsompsoret al, 2020) Manipulating

the mitochondrial genome has proven to be much more difficult in comparison

(Gammage, Moraes & Minczuk, 2018nd for this reason researchers have instead
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selected for cells or organisms with native mtDpethogenic variast and/or transferred
mutant mtDNA of interest through whole mitochondrial trangféfilkins, Carl &
Swerdlow, 2014) With the advent ohuman induced pluripotent stem cell (hiPSC)
technology it has become possible to direaiyrogram primary human cells harbouring
disease causing mtDNpathogenic variastback into a pluripotent state, providing an
inexhaustible supply of patient specific cell progeny for differentiation into disease
relevant cell types. Hencé)iPSC modelling not only circumvents the problems
associated with mtDNA manipulation but also provides a more abundant source of

otherwise inaccessible human cell types for mitochondrial disease research purposes.

1.3.1 RoadBlock Preventing Editing of mtDNA for Hetaplasmic Disease
Modelling

There has been great progress in targeting nucleotide sequence specific enzymes
including: restriction endonucleasgrivastava & Moraes, 2001zincfinger nucleases
(ZFNs) (Gammageet al, 2014) and transcription activatelike effector nucleases
(TALENS) (Bacmaret al, 2013) to the mitochondria in order to initiate douskeanded
breaks(DSBs) at specific mtDNA haplotypgsthogenic variast Unlike the nucleus,
mitochondria lack efficient DSB repair mechanisms and for this reason mitochondrial
genomes cut by such constructs rapidly undergo degradation. Whilst these tools offer
great promise as therapeutic interven$ to shift mutant heteroplasmy towards WT
homoplasmy, they alone are unable to introduce or correct singleotide changes in
MtDNA encoded genes for disease modelling purposes. For this same GREIAR
associated protein (@as9) technology renes insufficient for mtDNA editing purposes

and is additionally faced with challenges in introducing the necessary guide RNA (gRNA)
components into the mitochondrial matrig&ammage, Moraes & Minczuk, 2018)
Concurrent targeting of DSB repair machinery to the mitochondria might represent a
strategy thapermits singlenucleotide editing of mtDNA in the future.

1.3.2 Taking Advantage of Primary Cells from mtDNA Disease Patients

Due to the challenges of introducing single nucleotide changes into the mitochondrial

genome at present, currently the most efficigay to establish mtDNA disease models

is by selection of mitochondria witbathogenic variastin the mitochondrial genome.

Cells cultured from patients with mtDNA disease are the primary source of mutant

mitochondria and include: dermal fibrobkidymphoblasts and myoblasts. In addition to

the wuse of pat i e nnvitr6 modet bf Imgochdndrialedisdaseythea s
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mitochondria contained within them have also been transferred to cell types of interest to

create cytoplasmic hybrid cells.

1.3.2.1 Primary Fibroblasts, Lymphoblasts and Myoblasts

Fibroblasts and lymphoblasts are among the most readily available proliferative cell types
for diagnostic and research purposes, obtained with relative ease through culturing
outgrowth from a minimally invage punch skin biopsy explant and centrifugation
purification from whole blood respectively. Establishing a myoblast culture is more
difficult by comparison, requiring a more invasive muscle biopsy and slower proliferating
explant outgrowth that typicallyecessitates purification to exclude fibroblasts and other
contaminating cell typegSpinazzola& Gussoni, 2017) Although the use of these
primary cell types haseverallimitations that will be discussed below, they have given
much insight into the biochemical and cellular pathomechanisms of mtDNA dasdise
served as a useful platform for tkescovery/testing of compounds and intervention
strategies with potential therapeutic effect. Due to the great abundance of literature
describing the use of these cell types for mitochondrial disease research, this section will
focus specifically on cellpossessingthe m.3243A>Gpathogenic varianin mt-
tRNAUUR) or m 8344 A>Gpathogenic variarin mt-tRNAYS most relevant to the work

presented in this thesis.

Use of Primary Models to ExplommtDNA DiseaséPathomechanisms

In one of the fist studies to utilise mMtDNA disease patient fibroblasts Moudy et al.
showed cells from 5 different MELAS patients with 3 differenttRINA pathogenic
varians (3 m. 3243A>G, 1 m.3271T>C and &4 m. 8
and accompanying impairments in intracellular*Cauffering (Moudy et al, 1995)
MtDNA disease fibroblasts with heteroplasmic m.3243A4¢@.8344A>Galso display
reduced OXPHOS complex activities, particularly ClI, and a reduction in callygen
consumption rate QCR) (Jameset al, 1996)confirming ETC dysfunction as the root
mechanism underlgg disease. In cultured myoblasts from a MERRF patient which
harbourm.8344A>G synthesis of mtDNA encoded subunits of OXPHOS CI and CIV
was shown to be impaire@Hannaet al, 1995) By taking advantage of the natural
heterogeneity of m.8344A>@utation loadin individual myoblasts, the resehsrs
established clonal myoblast lines with differimgitation load and additionally showed
the severity of this translation impairment was correlated wwithtation loadand

detectable at loads as low as 35 %.
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In a recent publidéon, precise live cell fluorescent imaging techniques were used to
probe more deeply the bioenergetics consequences3@43A>G and m.8344A>@
MtDNA disease fibroblast&ovacet al, 2019) Unl i ke pr eewasonys st L
slightly more depolarised im.3243A>G and m.8344A>QGibroblasts. However,
assessing ncfbllaning the sequentialyaddition of mitochondrial toxins:
oligomycin A (CV inhibitor) and rotenone (CI inhibitor), revealed a reduction in the
contribution of Cl and compensatoryy con;
polarisaion. The reductions in Cl activity were supported by reduced NADH redox
indices (basal level of NADNADH pool inNAD™ state). Impairments in mitochondrial
Ca&* handling were also confirmed, in addition to an increased propensity for
mitochondrial permeality transition pore (MPTP) opening in response to repetitivé Ca

transientsimitating those observed in active neurons and myocytes.

Intracellular ATP concentration and intracellular ATP/ADP ratio are surprisingly
unaffected in fibroblasts with the 8243A>G or m.8344A>(athogenic variast but
this is due to the relatively low energgquirement®f fibroblasts under basal conditions
(Jameset al, 1999) Disruption of monovalent cation gradients using 10 ng/ml
gramicidin, increases the demand for the plasma membrang Nafkase transporter
and results in a lower ATP/ADP ratio in mtDNA disease fibrobjastsat the same
gramicidin concentration the ATP/ADP ratio of control fibroblasts is unaffgdimues

et al, 1999) In accordancwith this,lymphoblasts harbouring.3243A>G have reduced
ATP synthesis ratgdarriageet al, 2003)and cellular ATP level&ariyaet al, 2005)
Interestingly, the ATP/ADP ratio of myoblasfossessingn.3243A>G is largely
unaffected, but significant reductions in cellular ATP levels and total ATP+ADPapeol

obseved (Rusanen, Majamaa & Hassinen, 2000)

Fibroblastsfostering a number of different mtDNApathagenic variand including
m.3243A>G and m.8344A>G display elevated levelsR@S and oxidative protein
damage(Wu et al, 2010; Voetset al, 2012) confirming an additional cellular
pathomechanism contributing to disease. In line with this, patient myoblasts harbouring
m.3243A>G haveincreased superoxide dismutase and catalase enzyme activities
(Rusanen, Majamaa & Hassinen, 20p9sunably as a compensatory cellular response

to protect from elevated ROS levels.

Mitochondrial metabolism and health are closely linked to the dynamic structure of the

mitochondrial network through control of mitochondrial fission and fusion.
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Pharmacologicald i s si p a tniaodfor increase yn ROS levels both impair
mitochondrial fusion events, and promote a more punctate rather than tubular
mitochondrial networkLegroset al, 2002; Jendraclet al, 2008) In line with ths,
fibroblasts harbouringn.3243A>G or m.8344A>(ave a punctate network consisting
of more swollen and globular mitochond(@e la Mataet al, 2012; Linet al, 2019b)
Similar alterations in the structure of the mitochondrial network are alsoveldser
cultured myoblastgpossessingn.3243A>G (Sladkovéet al, 2015) In relation to
alterations in the structure of the mitochondrial nekypatient fibroblasts harbouring
m.3243A>G show greater autophagic activity and colocalisation of small globular
mitochondria with autophagy markers, indicative of an increase in mitophag{Ctt&n
et al, 2011) Inhibition of autophagy specifically rediecehe viability of patient
fibroblasts harboumg m.3243A>G but not control fibroblasts, revealing increased
mitophagic flux is serving a protective function in these cells. Culturing heteroplasmic
patient fibroblastspossessingn.3243A>G under energetically stressing conditions
reducs m.3243A>G load in a mitophagy dependant mann@iot et al, 2015)
suggestingthis raised mitophagic flux is specificallytargetedagainst mitochondria
harbouringm.3243A>G A similar increae in mitophagic flux is also observed in patient
fibroblastsharbouringm.8344A>G(De la Mateet al, 2012)

Testingand Validation of Therapeutic Strategies in Patient Cells

In addition to improving our understanding of the cellular consequences caused by
MtDNA pathogenic variast primary cells from mtDNA disease patients have also served
as useful models foesting and validating potential therapeutic strategies.

Due to its important role in mitochondrial ETC function and ability to scavenge ROS,
CoQuo has been recommended as a supplement to mitochondrial disease patients for a
number of yars, although thetill remains limited evidence of clinical effica@yfeffer

et al, 2012) Patient fibroblasts harbourimg.3243A>G or m.8344A>Ghow evidence

of CoQio deficiency and supplementation of culture media with exogenous Qw3

shown to fully or partially restore numerous measures of mitochondrial dysfunction
(Cotanet al, 2011; De la Matat al, 2012) suggesting that at least in these patients
specifically, CoQo supplementation might bef some therapeutic benefiBesides
replicating the beneficial effect of Cae§lsupplementation, a subsequent study showed
beneficial effects of riboflavin (vitamin B2) on fibroblasts harbourmg3243A>G

(GarridoMaraver et al, 2012) As the sole precursor for flavin cofactors that are
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indispensable fothe function of numerous mitochondrial enzymes including subunits of
the ETC andantioxidant enzymeg O06 Ca | | aap & Baulden, R@L9)iboflavin is
probably exerting its beneficial effect in similar ways to that of ga@scribed above.
Resveratrol i s a pol yphenol t hat i ncr e
biogenesis (amongst other mechanisms), which orgs the respiration of patient
fibroblastsfosteringm.3243A>G or m.8344A>GMizuguchiet al, 2017) highlighting
enhancemerdf mitochondrial biogenesis as a potential therapéntigzvention Using a
more novel strategyWVT donor mitochondria conjugated to a gedinetrating peptide
have been shown to be successfully incorporated in fibroblasts harbou8¢tA>G
and at least partially rescue various measures of mitochondrial dysfunction and cell
viability (Changet al, 2013a, 203b).

1.3.2.2 Cytoplasmic Hybrids (Cybrids)

Primary cells taken from patients have provided great insight into underlying
pathomechanisms of various human disedsa@she relatively slow proliferation rates,

low protein contents and limited number pdssageshey can be expanded before
entering senescence limits the material available for research purposes. Immortalisation
by transformation with prencogenic viruses has been one strategy successfully utilised
by researchers to overcome some of these prob(Beddyet al, 2015; Chinet al,

2018) In relation to mtDNA disease howevethe most widely used method for
establishing a proliferative cell line harbouring mutant mtDNA of interest has been

t hrough creation of cytoplasmic hybrid («
describing thestablishment of human cybrid celling & Attardi, 1989)was published

only one year after the first descriptions of disease caymitiypgenic variastin the
mitochondrial genoméHolt, Harding & MorgarHughes, 1988; Wallacet al, 1988)

and have remained one of the go to cell models of mtDNA disease ever since.

Cybrid Cell Generation

Cybrid cells are created by fusing cytoplasts from mtDNA disease patient cells with a
proliferative cell line (typically of cancerous origin) that has been depleted of mtDNA
(termed} Qells)(Figure1-9). To generate human @ells, a cell line is cultured in the
presence of a low concentration of ethidium bromide (EtBr) DNA intercalating dye or
other mtDNA replication inhibitor, sufficienbtcompletely inhibit mtDNA replication

but which does not impact nDNA replicatigiking & Attardi, 1996) } 0O cell s

auxotrophic for pyrimidines as a consequence of inefficient ETC coupling with importa
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pyrimidine biosynthetic steps, and pyruvate due to deficient maintenance of cellular redox
status for noroxidative metabolisnfKing & Attardi, 1989) For these reac:
generation and culture requiresdia to be additionally supplemented with uridine (50
eg/ ml) and pyruvate (0.5 mM) respecti vel
enucleated by density centrifugation in the presence of cytochalasin (actin filament
destabiliser), giving rise to paht-derived cytoplasts containing the mutant mitochondria
of interestPlatelets araow commonly used as the donor cytopésthey naturally lack
a nucleus and can be is@dtfrom whole blood samples withlative easéChomynet
al.,1994) The cytoplasts and J} 0 cells are t he
glycol (PEG), and individual clones expanded in order to generate stable cybrid lines

containing the mutant MINA of interest.

Immortalised

Cell Line pO Cell Line

.-F'":"ﬂ-,,__ /;- =,
oS @
x\"q':.i},,f I.\‘m-_df/ ' PEG f;i:iQ Isogenic cell
> IT..-, clones with

. . . - heteroplasmy
& -y levels
Patient Cell Cytoplast \.?\(
Figure 1-9 Schematic overview of cybrid cell generation. Enucleauted cytoplasts from a
mt DNA di sease patient are fused with 1 mmo

are then clonally expanded to obtain isogenic lines with various heteroplasmy levels.

Use d Cybrids for mtDNA Disease modelling

Besidegheir greater proliferative potential, cybrid cell lines oeweralother benefits

over primary patient cells for studying mtDNA diseasHsis includesthe ability to
establish lines with various levels oftDNA mutation loadfor probing the threshold
effect of a specific mtDNApathogenic variantn addition, cell lines witthigher levels

of mtDNA mutation loadncluding homoplasmgan be obtainedhich might otherwise

not be present in a primary cell culturBurthermore cybrid cell lines remove any
confounding factors associated with nuclear gene variations and thus allow for better

controlled studies focused on the specific mtDp&#hogenic variardf interest. This can
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also be considered a limitation to the use of cybrid cell models however, as nuclear
variation is likely an important factor contributing/modifying patient pheno{gesn,

Chen & Guan, 2015)In line with this, cybrid cells represent an excellent tool for
investigating nucleamitochondrial compatibility which has become particularly
important to understand given recent advancements in mitochomdpklcement
strategies being offered to mtDNA disease females as partvifo fertilisation (IVF)
proceduregHerbert & Turnbull, 2018)Studies in inbred mouse straishow nuclear
mitochondrial compatibility to be crucial for fertilised egg viabiliija et al, 2016) in

more diverse outbred species (including humans) such incompatibility is mueh mor
unlikely (Eyre-Walker, 2017)but might still warrant further investigatiofts improving

IVF efficiency.

Novel ObservationErommtDNA Disease Cybrids

Alongside the use of primary patient cells, cybrids have been instrumental in delineating
the bioenergetic and cellular consequences of various mtpétidogenic variastand
testing of potential therapeutic strategies. For brevity, only studiehwleiscribe novel
observations utilising cybrid cellarbouringhe m.3243A>G or m.8344A>@athogenic
varians will be discussed.

Using cybrid cells, direct consequences of the m.3243A>G and m.834gathGgenic
varians on mitRNA stabilty and function have been revealed. Consistent between
publications, cybrid clonepossessindgiigh m.3243A>Gheteroplasmy have reduced
levels of leucine loaded RIRNA-'UR) due to a reduction in the total amount of mt
tRNAU(WR) and additionally the proportion aminoacylai@anssen, Maassen & Van
Den Ouweland, 1999; Chomyet al, 2000; Park, Davidson & King, 2003 he
m.3243A>Gpathogenic varianalso interferes with the pestanscriptional addition of
taurine to the mtRNA-'(“R) wobble anticodon uridind={gure1-10; U AU) (Yasukawa

et al, 2000, 2005)which is a modification necessary for efficient decoding of UUG
leucine codongKirino et al, 2004) An initial publication suggestedn.8344A>Galso
reduces mtRNAS stability and its aminoacylation with lysigdntonio Enriquezt al,
1995) bu such impairments were not always observed in subsequent stidreer,
2000; Yasukawat al, 2001) m.8344A>Gdoes however negatively impact-tRNAS
recognition of lysine adons(Yasukaweet al, 2001)due to impaired pogtanscriptional
wobble modification of thehird anticodon uridine of MiRNAYS (Fig. x; U fgU)
(Yasukaweet al, 2005)
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Figure 1-10 Cloverleaf secondary structuresmof-tRNA®'(UYURiand mitRNAYS showing
the positions of the m.3243A>G and m.8344AxdEhogenic variard respectively. Post
transcriptionally modified nucleotides are indicated by:An{l-methyladenosine t°A
(N6-threoninocarbonyladenosijem'G (1-methylguanosine), & (2-methylguanosine
d (pseudouriding T (ribothymiding, U (dihydrouriding, nPC (5-methylcytiding U A
(5-taurinomethyluriding and U Rs?U (5-taurinomethyi2-thiouriding). Figure adapted
from Yaskuawa et al., 2005

Taking advantage of the ability to establish cybrid cell lines with diffarintation load,
researchers have explored theeshold effect revealing that a surprisingly high
proportion (>90%) om.3243A>G(Chomynet al, 1992)or m.8344A>G Chomynet al,
1994)is required to sufficiently impair mitochondrial translation awedjatively impact

cellular respiration.

Cybrids harbouringn.3243A>Ghave also been established froamcerous/immortalised
cell lines with identities resembling tissues typically affected in mitochondrial disease.
Musclelike rhabdomyosarcom@/erganiet al, 2007)and neuronalike neuroblastoma
(DesquiretDumaset al, 2012)cybrids with near homoplasmic levels of m.3243A>G
show evidence of oxidative stress and, abnormalitiemitochondrial distribution,
morphology and ultrastructurénterestingly, these abnormalities were only obsemed
fused myotubdike rhabdomyosarcoma cybrids and not the proliferative mycblast
progeny, highlighting the importance of performing phenotypic assays on disease
appropriate celtypes. Using immortalised brain capillary endothelial cybrids,
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mitochordrial dysfunction caused by.3243A>Ghasalsobeen shown to diminish the
integrity of the blood brain barri¢Davidson, Walker & HernandeRosa, 2009)

Testingand Optimisation oPotential Theapeutic Strategieéea mtDNA Cybrids

Using cybrids harbouringm.8344A>G(Kolesnikovaet al, 2004) researchers showed

that modified yeast mRNAYS derivatives expressed in the nucleus are sufudss
imported into the mdchondria, aminoacylatednd improve mitochondrial translation.

This strategy was subsequently used by the same group to design a y¢RbdtAmt
derivative recapitulating mtRNAY function in order to improve mitochondrial
trarslation in cybrids harbouring.3243A>G(Karicheva et al., 2011). In both instances,

a beneficialimpactomar i ous measures of mithandBT&Cndr i @

enzyme activities accompanied skeémprovements in mitochondrial trdason.

Mitochondrial targeted TALENs (mitoTALENs}hat specifially cleawe mutant
mitochondrial genomea®gpresents a promisitiigerapeutic strategy for reducingutation

load in patients with heteroplasmic mtDNA diseases. Using cybrids cells harbouring
heteroplasmic levels oMm.8344A>G researchers showesduccessfultargeting of
mitoTALENSs specific form.8344A>Gto the mitochondriarad accompanying decrease

in mutation load(Hashimotoet al, 2015; Pereiraet al, 2018) The reductiors in
m.8344A>Gmutation loadresulted inimprovements in activity of OXPHOS CIV and

overall cellular respiration.

Recent Evidence Showirtepigenetic Aberrations in mtDNA Disease Cybrids

Recently, pubtations from the Wallace laboratory have utilised cybrid cells with a range
of different m.3243A>G heteroplasmy levels from 0 % to 100 %, to exphortation

loaddependant changes on the cellular transcriptome and epigenome.

Whilst increasng m.3243A>G heteroplasmy causes a staggered decrease in levels of
MtDNA encoded OXPHOS complex subunits, sharp and distinct changes in
transcriptional profiles occyPicardet al, 2014) Principal component analysis revealed
four distinct gene expression profiles which could be separated into groups based on
cybrid heteroplasmy level: 0%, BD%, 5090% and 100%. Among the defining
differences, 280% cybrids showed downregulation of mRCand other growth
signalling pathways and 880% cybrids showed an increase in expression of glycolysis

and mitochondrial genes (both mtDNA and nDNA encoded). 100% cybrids were
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comparable to 590% in many ways, including increased expression of mitocfaind
genes, but there were notable differences which included limited induction of glycolytic
gene expression. The authors also noted changes in the expression and activity of
numerous epigenetic modifying enzymes, with differencdsistone acetyltransfase
(HAT) and Zrt*-dependanfclass I/Il) histone deacetylaB®AC (HDAC) activity being

most pronounced.

Using LC-MS the cellular levels of various intermediate metabolites and epigenetic
histone modificions have beersimultaneously measured wybrids with different
m.3243A>G heteroplasmgKopinski et al, 2019) Using this technique, correlations
were made between different TCA cycle intermediates and specific histone
modifications. Among the most interesting observations, levels d988 H3K14ac,
H3K18ac, H3K27ac, H4K8ac and H4K16ac were all positively correlated with citrate
and acetylCoA levels. With increasing m.3243A>G heteroplasmy level there was a
decline in cellular citrate and acef$bA levels, presumably because of impaire
oxidative metabolism. This was accompanied by reduced levels of the various histone
acetylation marks outlined above, with levels of H4 acetylation modifications in
particular showing a negative association with increasing m.3243A>G heteroplasmy.
Using reavy isotope glucose labelling and flux analysis, mitochondrial derived -acetyl
CoA was shown to serve as a substrate for H4 acetylation, and this contribution was
reduced in cybrids with(90% levels ofm.3243A>G The NADH autofluoresence
lifetime is an indirect measure of the NADNADH redox index when it is assumed that

the total NAD(H) pool remains stable. Using this technique, it was shown that the NADH
lifetime declined with increasing m.3243A>@Gutation load but atheteroplasmy levels
O70% a compensatory increase in the expression of N&Rovosynthesis genes was
observed, resulting in an apparent increase in NADH lifetime at these higher
heteroplasmy levels. Even though no certainty in the absolute availabiibpDf for
nuclear class Il sirtuin HDACs can be madestdata suggests NADOevels might be
largely maintained or in fact greater in cells with high m.3243A>G burden. Relevant to
the work in this thesis, these publications highlight histone acetylation as an epigenetic
modification sensitive to mitochondrial dysfunction, at lgmstly through regulation of
nuclear acetylCoA availability for histone acetyltransferase enzymes, with alterations in

nuclear NAD availability for sirtuin enzymes possibly contributing in concert.

71



O6Cal l aghan,
1.3.3 Limitations of Commonly Usedh Vitro Cell Models of mDNA Disease

While primary human cells and cancerous cybrid cell lines have given much insight into
underlying mitochondrial, bioenergetic and in some instances novel downstream
pathomechanisms of mtDNA disease, theresareralimportant limitations assiated

with their use which must be considered. Some of these limitations are technical and not
specific for mtDNA disease including the slow proliferation rate of primary ,cells
cytogenetic abnormalities associated with cancerous cell andslack of dsease

relevance.

In relation to MtDNA disease there are additional fadtzas must beonsideed Unlike

the tissues and cell types typically affected in mtDNA disease patients, proliferative
primary cells and cancerous cell lines rely predominanthglgoolysis to meet their
energetic and biosynthetic deman@Shesquiereet al, 2014) The downstream
phenotypes observed in these cell types might be of little relevanceitovilie patient
settingand presentfalse negativeslue tominimal reliance on oxidative mitochondrial
metabolism. This is ptcularly well illustrated bya publicationdescribedin 1.3.2.2

which showed phenotypic impairments in more terminally differentiated mydittdoe

cells that werenot also observed in the proliferative myoblllst progeny(Verganiet

al., 2007) Indeed, it is often necessary to place glycolytic favouring cell types under some
form of stress that promotes the use of oxidative metabolism in order to reveal a cellular
phenotype, such as culturing in galactose rather than glucose containing/Dietet

al., 2015) or disrupting electrochemical gradients across the plasma men(baameset

al.,, 1999) Clonally established cell lines from hetelagmic mtDNA disease patient
biopsies do permit investigations into the impact of different mtDiN4tation load
whil st mai ntaining a patientds nucl ear ©b
potential of primary cells, particularly elally expanded cells, restricts the number and

range of experimental assays that can be performed.

1.4 Patient Derived Human Induced Pluripotent Stem Cellsaas a Better
Model for mtDNA Disease

Human nduced pluripotent stem cellBiPSG) are a artificial sten cell population

generatedy a process known a=ll reprogramming. Through the forced expression of

four transcription factorgsex detemining region ¥box 2, SOX2;octamerbinding
transcription facted, OCT4, Kruppellike factor 4 KLF4 and eMyc), terminally
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differentiatedsomatic cellge.g. dermalfibroblasts from skin biopsiegjan bepushed
backwards in development to a pluripotent state resembling that of human embryonic
stem cell§hESCs)(Takahashet al, 2007) hiPSG can proliferate indefinitely and by
definition differentiate inteell-types fromof all three germ layers (mesoderm, ectoderm

and endoderm).

Establishment ohiPSG from mtDNA disease patientgfers numerousbenefits over
other in vitro cell modelling systems includingotential toculturean almost unlimited
amount of cell material for research assafslity to obtaintypically affecteddisease
relevanthuman ceHtypes, maintenance of jpatientd specific nuclear backgrourahd,

betterrecapitulation othe mitochondrial and cellular impairments obsenvedvo.

1.4.1 Pluripotent StemCell Metabolism

Although OXPHOS is important for the survival anchdtion ofthe large majority of
somaticcells, hiPSG and hESCgcollectively human pluripotent stem cells; hPSCs)
principally rely on glycolysigo support the energy demands and biosynthetic pathways
necessary fogrowth and proliferatioh Even underculture conditions at atmospheric
oxygen concentrationg21% O), glycolytic flux remains high(Kondoh et al, 2006;
Folmeset al, 2011) resemblingthe aerobic glycolytic metabolisWarburg effect)f
thebl ast ocyst 6 68CM) (Gardner & Elavieyl, 2018k kns with this, hPSCs
contain a relatively fragmented mitochondrial network localised to theyodear region

of the cel] with electron microscopy (EM) imaging revealingtochondria that have a
globular structure wittpoorly developecristae(Prigioneet al, 2010; Folmest al,
2011; Varumet al, 2011) similar to what is observed the ICM of the early blastocyst
(Sathananthan & Trounson, 2000)

1.4.2 Aerobic Glycolysis Maintain$luripotency

Inhibiting OXPHOS by culturingcells undermore restrictedphysiological oxygen
conditions(5% &) (Ezashi, Das & Roberts, 200%hroughpharmacological inhibition

of OXPHOS ClllI(Varumet al, 2009)orbyd e ¢ 0 u pniwithigh cgncentrations of
carbonyl cyani de m(CEQP) motonophorgMandalet al,@G1lR)z o n e

1 hPSCs cultureih vitro retain a more pmed identity reminiscent of peshplantation epiblast stem cells.

There have been exciting advancements in pushing hPSCs further backwards in development towards a
more naive, preimplantation ground state comparable to mouse embryonic stem cells. Hbiseeetjon

will only focus on primed hPSCs relevant to the work in this thesis and cautiously avoid observations made
in naive mouse and human PSCs.
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promoteshPSCpluripotency By comparison enhaging mitochondrial biogenesis and
presumably OXPHOS activitynduces hPSC differentiation (Prowse et al., 2012).
Conversely, inhibiting glycolysis with pharmacological inhibitors of Glue®se
phosphate isomerase (GPI) Gtyceraldehyde phosphate dehydregase(GAPDH)
glycolytic enzymes impairs pluripotency and induces differentigfidoussaieffet al,

2015; Cliffet al, 2017) Ind ol ea mi ne 2, @DOd)iisothe yagdenitiegs e 1
enzyme of th&ynureninepathway which breaks down tryptophan to generate cytosolic
NAD™ requiredfor maintaining glycolytic fluxIn order to maintain a high glycdlg flux

hPSCs have upregulated expression level@rl (Liu et al, 2019) Together these
studesindicate thathe high rates of aerobic glycolysis and minimal OXPHOS activity
arenot justa consequent feature of hPS$S@st in factcausative of theluripotent state.

1.4.3 The HiddenActivity of Mitochondrial ETC in hPSCs

Given the relatively low resmtory activity of hPSCs and high glycolytic fluxes, the
importance of mitochondriatnetabolism in hPSCs hagweviously been overlooked.
Interestingly, the basal activity of OXPHOS complex¢¥ bf hPSCss conparable to

that of fibroblastsvhen normalised to mitochondrial mabsit unlike fibroblastshPSCs

have limited reserve respiratory capacity (i.e. are operating at maximal respiratory rate
under basal conditionsjZhang et al, 2011) Chronic exposure toCCCP greatly
attenuate hPSC proliferation(Mandal et al, 2011) indicating ETC activity and
mitochondrial function arein fact necessary for hPSC biosynthesis, growtidbr

division.

Although mitochondrial ETC activity of hPSCs is high, it is largely uncoupled from
glucose oxidation pathways due to low expression levels of early TCA eyezianes
respnsible for the sequential conversion of mitochonda@tytCoA (entry point of
gl ycol ysi s de rkievteody | pup@a(Tohstaraes) @l [P046) HPSCs do
show activeoxidative glutaminolysis pathwayswever,and withdrawal of glutamine
from culture media sevdseimpacs hPSCsurvival and proliferation(Tohyamaet al,
2016; Zhanget al, 2016) Glutamine is first metabolised into glutamate lyyosolic
glutaminasebefore enteringhe mitochondriavhere it undergoesxidative deamination
t 0-K @.-KAkan then be oxidised further in tlagter part of th& CA cycle, bypassing
the requirement of early TCéycle enzymewhich hPSCs do not exprestsconsiderable
levels In line with this withdrawal of glutamindout not glucosdrom culture media

reduces levels of late stage TCA cycle intermediates including succinate, fumarate and
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malate,and heavy isotope labelling experiments show predominamirilcotion of
glutamine but not glucose derivedrbons to these intermedia{@®@hyamaet al, 2016)

The majority ofcitratein hPSCsis derived from glucoseas indicated hroughheavy
isotopelabelledglucose carbomcorporation intanalonytCoA during lipid anabolism
(Tohyamaet al, 2016) The limited contribution of glutamine derived carbons to
cytosolic citraé is probablydue to increased export oghalate and oxaloacetate
intermediatesrom the mitochondria byhe mitochondrial uncoupling proteldCP2
(Vozzaet al, 2014) which is expressed at high levelshRSCs(Zhanget al, 2011)
Interestingly, this oxidative glutaminolysis activity of hPSCs appears to be strongly
influenced by culture catitions. In the presence of exogenous lipids, glutamine oxidation
is attenuateqZhanget al, 2016) Together these studishow that mitochondria within
hPSCs arective andnecessary bubptimised to differentially metabolise glucose and
glutamine Oxidative glutaminolysis pathwaygeneratenost TCA cycle intermediates
and ma i polarssationwhereaglucose derived pyruvate partially oxidisecand

only contribuesto generation otitrate

1.4.4 Metabolic SwitchDuring Reprogramming to Pluripotency

In addtion to the importance diPSC metabolism fomaintenance of the pluripotent
state, adefining shift in cellular metabolic fluxes occurs durimg teprogramming of
somaticcells toiPSGs. The expression of glycolytic genasd glycolytic flux activity are
upregulated shortly after reprogramming inducti@rigione et al, 2014) and this
precedes expression of pluripotency markEsmeset al, 2011) Attenuating glycolytic

flux with inhibitors of GPI or GAPDH greatly impairs reprogramming efficieffeyimes

et al, 2011; Panopoulost al, 2012) indicating this increase in glycolytic flux is
neessary for pluripotency acquisitionConversely addition of the glycolysis
intermediate ructose €phosphate(F6P), increases glycolytic fluxes and improves
reprogramming efficiencyPanopoulost al, 2012) In relation to this, somatic cells
which favour glycolytic metabolism show a better reprogramming efficiémay more
oxidative cell typegPanopoulo®t al, 2012) Besde anupregulation in glycolytic flux
there is an accompanying decline in basal and maximal cellular respiration detectable 8
days after reprogramming inducti@®lathieuet al, 2014) In line with this,a transient
upregulation ofautophagyoccursafter reprogramming inductiomhich is at least partly
driven bythe reprogramming fact@OX2 (Wanget al, 2013) Inducing mitophagy flux
through pharmacological AMPK activation enhances reprogramming efficiency,

conversely pharmacological inhibition of autophageatly attenuates reprogramming
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(Ma et al, 2015b) This mitophagy induction is nakliant onym depolarisationand
instead mediated through noanonical y m-independent but BNIP3land PINK1
dependant mechanisnfXiang et al, 2017; VazqueMartin et al, 2016) In line with
this important change in mitochondrial dynamics during reprogramming, inhibition of
mitochondrial fusion through MFN knockdown enhances reprogramming effigi§oay
et al, 2015) while pharmacologically inhibiting DRP1 and fission impairs
reprogramming efficienciVazquezMartin et al, 2012)

1.4.4.1 Importance ofTransient Oxidative Stresand Hypoxic Signalling Pathways

Early in Reprogramming

Hypoxia inducible factors (HIFs) are a family of transcription factiebilised and
activated m response to low oxygen availability (hypoxidnhder conditions of available
oxygen (normoxia), Hl1 FU s u b -depéntastprolylr e h
hydroxylases (PHDs)targeting them for ubiquitinrmediated degradation. Under
conditions of restrigdd oxygen availability (hypoxia) this hydroxylation reaction is
attenuated, permitting HI FU heteradianerigation r o m
with HIF1b and translocation to the nucl e
elements (HREs)YSemenza, 2012) HIFs coordinate the activated expressioh
numerous genes associated with an adaptive response to limited oxygehiléyaila

includingmost glycolytic enzymefengler, Galbraith & Espibsa, 2014)

Culturing cells under lower, more physiological €@ncentrations (5%()Yoshidaet al,

2009; Mathieuet al, 2014)or through pharmacological stak#ition and activation of

HIFs (Prigione et al, 2014) increases glycolytic metabolisndecreases oxidative
metaboismand improveseprogramming efficiencyRemarkablygeneticknockdown of

HI FbU HIF2U not onl vy ,bump &adtpreventspeirjpotemayr a mmi
acquisitionentirely, even under supraphysiological ggyn concentration@rigioneet

al., 2014; Mathiewet al, 2014) HIFs are therefore a key underlying component of the
signalling pathways underlying the shift from oxidative to glycolytic metabolic states

even under high oxygen conditions

Unexpectedlyyvery high oxidative metabolic fluxes play a transient but esdemte
early during reprogramminghat is closely linked with activation of HIF signallilsqd
the consequential shift towards glycolytic metabolissmortly after reprogramming

induction, aransient increase in oxidativeitochondrialactivity occurs(Prigioneet al,
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2014)drivenby estrogerrelated receptod ( ERRU) wor king in con
regulator o f mitochondri al (Kidanieb al.e 20855 Intsbitio® @fC 1 U
mitochondrial ETC functiomising the Complex IV inhibitor rotenone during the critical
period in which thisoxidative burst occurs but not aftersignificantly reduces

reprogramminggfficiency (Kida et al, 2015)

Nuclear factor erythroidlerived 2like 2 (NFE2L2)? is a transcription factor which acts

as the master regulator of a cellular antioxidant respairsgier homeostatic conditions

of low cellular ROS leveldNFE2L2 associates with and is ubiquitinated Kglch-like
ECH-associated protein(KEAP1), targetingt for degradation. Upon exposure to higher
cellular levels of ROS, KEAP1 cysteine residues are modified resulting in dissociation of
NFE2L2, its escape from ubiquitin targeted degradatama translocation to the nucleus
(Deshmukhet al,, 2017) NFE2L2binds to antioxidant responsive elemg{REs)ata

number of gene targets associated with protective responses to oxidative stress, among
whi ch i qLaclet & Al 2018) Cellular ROS additionally inhibitsPHD
hydrax y | ati on of Hl FU s ubusthettsl Fpjoten posh er e f
translationally (Guzy et al, 2005) Interestingly, recent evidence suggests elevated
mitochondrial ROS production is in fact the underlying mechanism by which HIF
signalling is activated in response to hypoxMartinezReyeset al, 2016) Upon
reprogramming induction a transient increaseNFFE2L2 activity is observed which
coincides with elevated cellular ROS caused by the burst in oxidative a¢iaitykins

et al, 2016) This ircrease iMNNFE2L2 activity precedes ct i vati on of HI F
suggesting podranscriptional rather than pesansldaional regulation underlies the

HI F1U signalling BFERPLR \stbilisaton . throughKIEAPL i t i n ¢
overexpression, preventsh e el evati on of HI F1U0 drs gnal
reprogramming efficiencyHawkinset al, 2016) The oxidative burstherefore appears
necessaryor ROSdependanNFE2L2activationand consequentitd | F1 U st abi | i

underlying the ratabolic shift during reprogramming.

2 Nuclear factor erythroidlerived 2like 2is often referred to as NRF2, including within the literatcited
here. It is instead abbreviated to NFE2L2 in this thesis, in order to distinguish it from nuclear respiratory
factor-2.
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1.4.5 Metabolic Requirements for hPSC Proliferation and Pluripotency
1.4.5.1 Metabolic Fluxes Maintaining Biosynthetic Pathways

As a rapidly proliferating celtype hPSCs require an abundant acwhtinuously
replenishing source of metabolic intermediates for the biosynthesis of lipid membranes,
proteins and nucleotide¥he pentos@hosphate pathway (PPP) is crucial der novo
lipid and nucleotide biosynthesis ah&SCs expresBPRrelated genes at high Idse
(Varumetal., 2011) In line with this, heavy isotoplabelled glucose tracing reveals that
hPSCs have a highly active PRfawkins et al, 2016) with thelarge majority ofribose
(Zhang et al, 2011) ribonucleotides(Gu et d., 2016) and NADPH (required for
nucleotide and fatty acid synthesighanget al, 2016)being derived from glucose flux
through the PPPhPSCs also synthesisering glycine and other neassential amino
acidsthrough glucose derived intermediatédgshe PPRGu et al, 2016) Heavyisotope
glucose labelling has also shown hPSCs haighly activede nwo lipid synthesis
pathwaysreliant on mitochondriatlerivedcitrate (Tohyamaet al, 2016) particularly
when cultured in media with limiteeikogenous lipid¢Zhanget al, 2016) Proliferative

cell types require thée novasynthesis of aspartate from TCA cycle derived oxaltate

in order to support protein and nucleotide biosynth¢aidlivanet al, 2015; Birsoyet

al., 2015) Heavyisotope glutamine labelling shows high contribution of glutamine
carbons to hPSC aspartate pd@bkanget al, 2016)and is likelypart of the necessary

requirement of oxidative glutaminolydigr hPSCsurvival and proferation.

1.4.5.2 Cell Metabolites Modulate the Epigenetic Landscape Underlying Pluripotency

All cells of the body contain the entire genome, yet the alternate functions of pluripotent
stem cells, adult stem cells and terminally differentiated cells requirexghession of

only a select number of these genes. An important layer of this transcriptional regulation
is through controlled epigenetic changes which include enzymatic chromatin
modifications (Li, Liu & Belmonte, 2012). A number of chromatin modifyingyenes

are reliant on intermediate products of metabolism (Gut & Verdin, 2013) and represent a

functionallink between a celb metabolic state and transcription profile

There is accumulating evidence that cell metabolism influences enzymatic chromatin
modfications inhPSCs and consequently differentiation or maintenance of pluripotency.
In general, hPSC chromatin is in a much more open and transcriptionally permissive
structure (euchromatin) compared tlmat of somatic cellswhich is predominantly

compactedheterochromatin). Thispen structureés associated with increased levels of
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trarscriptionally active associated epigenetic modifications including histone acetylation
and H3K4me3, and smaller regions of inactive H3K9me3 and H3K27me3 1Bayisd
the requirements for ATP production and biosynthesis pathways, hPSC metabolism likely
plays a crucial role in maintaining levels of intermediate metabolites which serve as
substrates for epigenetic modifying enzymasderlying the acquisition and/or

maintenance of pluripotency gene expression.

Pluripotency Requires Metabolically Sensitive Ghedin Methylation Modifications

Methionine is an essential amino acid which is metabolisedS##tdenosyl methionine
(SAM), an important methydlonor for posttranslational modification of numeuwe
proteins includinghistone methylation by histone methgiisferases (HMTsHndDNA
methylationby DNA methyltransferases (DNMTH)PSCs show particularly high rates
of methionine metabolism, an8AM is crucial for hPSC selfenewal and survival
(Shirakiet al, 2014) Withdrawal of methonine from hPSC culture media results in a
reduction in intracellular SAM and accompanying reduction in global DNA methylation
and histone H3K4me3 but not H3K9me3, H3K27me3 or H3K36(SBraki et al,
2014) Shortterm removal of rathionine enhances subsequent differentiatidaction
(Shirakiet al, 2014) indicating SAMdependant epigenetic modifications are important
for maintenance of pluripotency but not early lineagenmitment In line with this,
methionine uptake and metabolisare substantially reduced following differeation

into definitive mesodermH3K4me3 is an epigenetic mark that is typicalsociated
with promoters anénriched at the transcription start site (TSS) of actively transcribing
genegGuentheret al, 2007) In hPSCs H3K4me3 levels are enriched at the promoters
of key pluripotencymarkers, with theNANOG promoter showingexceptionaly high
levels(Panet al, 2007) In line with this, NANCGG expression is particularly sensitive to
methionine depletion, whereaBOUS5F1 (encoding OCT4)is mostly resistant in
comparison(Shiraki et al, 2014) DNA methylation is largely considered to be a
repressive modification at promoter regions, but can also dervenhance gene
expression when present within gene bofieses, 2012hPSCsshow a relatively high
abundance of gene body methylation that is positively correlated with gene expression
(Lister et al, 2009) Modulation of SAM levelsn hPSCs might therefore portant

for maintainingpromoterH3K4me3 activation of pluripotency gene expressigene
body DNA methylation for enhancement of pluripotency associated gene exprasdion
promoter DNA methylation for repression of lineageommitted gene expression.

Overexpressiorof nicotinamide Nmethyltransferas¢NNMT) which uses SAM as a
79



O6Cal l aghan,
methyl donor resudtin a reduction in H3K27me3 levels (see supplementary figure from
Sperber et al., 201%yhich contradicts observations made in the study outl®ve in
which only H3K4me3 appeared sensitive to SAM perturbations. The reason behind this
is difficult to determine but likely due to the differences in strategies utilised for altering

intracellularSAM availability.

The converse active demethylation of DNA anddrist lysineresiduess mediated by
theteneleven translocation methylcytosine dioxygenéBET) and ymonji Cdomain
containing histone demethylase (JHDM)droxylasefamilies respectivefyy Both TET

and JHDMa r e r e |-KGédon their demetiylase activity and therefore provide an
additional link between epigenetic methylation modifications and cell metabdism.
describedin 1.4.3 hPSCs have active oxidative glutaminolysis pathways which are
important for maintaining cellular levels of late stage TCA cycle intermediates including
UKG. Early during differentiation induction, cells increase glutamate uptake and
utilisat i on whi ch resul t s -KGrevets(TeSlazetal, 20d® @ 1 n ¢
line with the importance of histone and DNA methylation for ipltency,
supplementation of hPSC culture media with a-peé r mea bl e p-K&cur s
enhance hPSC differentiatiorio all three germ layemndis accompaniedby decreases

in all histone trimethylation modifications assessed (H3K4me3, H3K9me3, H3K27me3,
H3K36me3) and decreaseDNA methylation level{TeSlaaet al, 2016) Conversely,

i nhi b4iK® depepdarid TET and JHDM enzymegs ibcreasing cellular succinate
levels, attenuaehPSC differentiation(TeSlaaet al, 2016) H3K36me3 is found
primarily within gene bodies of agely transcribed genes and is associated with
transcription elongatiorfGuentheret al, 2007) In hPSCs H3K36me3is positively
correlated with gene expression ditely important foractivatingpluripotency gene
expressioncooperatively with H3K4me3 (Hawkins et al, 2010) H3K9me3 and
H3K27me3 are found primarily within promoter regions, but unlike H3K4me3 are
typically associated witlranscriptionrepression and heterochromatin. AltholdtSCs
contain smaller g@ons of H3K9me3 and H3K27Beelative tosomatic cell counterparts
(Hawkinset al, 2010) these repressive markalong with promoter DNA methylation

are probably important for sppessing the expression differentiation andineage

commitment genednterestingly,in hPSCsthe large majorityof promoters associated

3 Note, the KDM1 lysinedemethylase family which includes KDM1A and KDM1B demethylate mono
and di methylated H3K4 and H3K9 hine residuesinaFAD e pendant mann-KEGhareot r el
not been described here.
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with repressive H3K27me3 mark also contain the transcription activating H3K4me3
modification yet expression of the associated genes is relatively(Ramet al, 2007;
Hawkinsetal,2010)Thi s fAbi val entd mark is associ a
development and earlineagecommitment andhought to poise them for activation
through H3K2me3 demethylation or for stable repression through H3K4me3
demethylation, followinglifferentiation cuegPanet al, 2007; Hawkinset al, 2010)

Another important target of H3K27me3 mediated suppressiBGlN1which encodes
the PHD2 enzyme responsible for hydr oxy
(Sperbeet al, 2015)

GlucoseDerived Citrate is Crucial for Histone Acetylation

As recounted above, hPSCs patrtially oxidise glucose to maadthitharcitrate levels for

de novadlipid syrnthesis pathway<Citrate is first transported from the mitochondria via
the tricarboxylate carrier expressed on the IMM before being converteacieiyl CoA

via ATP-citrate lyase (ACLY)In alandmark paperWellen et al. showed th&CLY
derivedacetytCoA is alsorequired for histone acetylation modificatiomediated by
HATs. ACLY is localised to both cytoplasmic and nuclear compartments, and siRNA
knockdown of ACLYreducesglobal histone acetylation modificatiofg/ellen et al,
2009) Furthermore, withdrawal of glucose from culture mediduceshe acetylation of
histone H3providing one of the first pieof evidence that epigenetic modificaticzan
beaffectedby changes in ckilar metabolic fluxes. More recently, it has been shown that
besidedipid biosynthesis, the active production of citrate from glucose is also necessary
for maintaining histone a&tylation modifications that underlie the pluripotent state
Pharmacological inhibition of glycolytic enzymes ACLY decrease pluripotency
whereasncreasingpyruvate flux into the mitochondria for conversion to citrate through
pyruvate dehydrogenasenkise(PDK) inhibition enhancegluripotency(Moussaieffet

al., 2015) Supplementation of culture media with acetate which is convertedaatgt

CoA by acetylCoA synthetase (ACSgnhancegluripotency marker expressiand
attenuates spontaneous differentiatidtaintenance of nucleocytopiasc acetytCoA

for histone acetylation is therefore one of the crucial requirements of glab@ge flux

in hPSCsin line with the importance of histone acetylation pluripotency, inhibition

of Zr?*-dependen(Class I, Il and IV)JHDACs enhances theprogramming of somatic
cells whereas inhibition ofKAT3A and KAT3B HATs prevents somatic cell
reprogramming(Mali et al, 2010) Furthermore overexpression of the KAT8AT
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improvesreprogramming efficiency, whereas knockdown of KAT8 impairs somatic cell

reprogrammingdMu et al, 2015)

In addition to Zn?*-dependant HDACS, histones are also cétydated by NAD-
dependant sirtuin (Class Ill) HDACs. NARvailability isdependentn the redox status

of the cell and might therefore be an additional mechanism linking cellular metabolism
with epigenetic acetylation modificationeBPSCs have very acé NAD' synthesis
pathways and maintain high NADevels for glycolytic flux(Liu et al, 2019) but the
importance of sirtuin deacetylatiamf histone residuem pluripotencyremains poorly
described. As hPSCs are enriched for highly acetylated euchromatin, it seems unlikely
histone deacetylation by sirtuins is playing any considerable rateintenance of the
pluripotent stateand in fact be considered to negatively impact pluripoteBdyT1 is
expressed at high levels in hPS@@sveverand is under the direct transcriptional control

of the pluripotency factor OCTiZhanget al, 2014; Jangt al, 2017)suggeshg it might
havean important role in the pluripotent stalte addition to histone acetylation targets,
SIRT1 also deacetylates lysine regdwn the p53 tumour suppressor which serve to
reduce its activity. In hPSCs p53 activates expression of lireagenitment geneand
pro-apoptotic genes, and SIRTL1 is necessary to prevent p53 activity from exerting these
effects(Zhanget al, 2014; Jan@t al, 2017)

1.4.6 hiPSGCs Harbouring mtDNA Mutations
1.4.6.1 mtDNA Genotype as Importar€ontributor of HealthyhiPSCs Pluripotency

Interestingly, the first description dfPSCs possessingitDNA mutations came from a
2011 study which sequenced the mitochondrial genomdsR$BClines reprogrammed
from fibroblasts of young angpparentlyhealthy individualgPrigioneetal., 2011) The
large majority olhhomoplasmiand heteroplasmimutations(differing from therevised
Cambridge Reference SequeceRS: GenBank NC_012930dentified inhiPSClines
arealso present in the bulk fibroblast population from which greyeprogrammed and
aregenerally common variantst previously associated with diseaSeveralvariants
present at heteroplasmic levels in the bulk fibroblast populations were at higher or lower
levels inhiPSClines derived, in some instanags tohom@lasmyor complete absence
Moreover homoplasmic and heteroplasmic mutations were identifiediR$C lines
which wereundetectable in the bulk fibroblast populatisnggesting thaheymay have

ansende novaduring the reprogramming process.
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Howevermore recent evidence suggests that the vast majority of mtDNA mutations
present inhiPSClines from healthy donors are in fact present in the bulk fibroblast
population but can be at low levels which make detection technically difficult.
Sequencingf clonally expanded fibroblasts from the bulk population reveals a greater
number of heteroplasmic mutations, including mutations presemP®Clines which
were otherwise not detected from sequencing of the bulk popu(&isnget al, 2016)
More sensitive NGS technologidsave shown all mtDNA mutations present in
establishedhiPSClines are also present within the bulk fibroblast populatiore r al e s
Clementeet al, 2016) This evidence points towards thmitochondrial genomic
background of @iPSCline stemming from that of the individual fibroblast within the
heterogenosbulk population from which it arises

1.4.6.2 MtDNA DiseasehiPSCs

Over the past 17 years theresbhaen an increasing number of publicatiogporting on
the derivation ohiPSG with disease causing mutations in the mitochondrial genome
(Summarised imablel-1).
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Table1-1 Heteroplasmy levels oflehiPSClinesharbouring disease causing mtDNA mutations described to date

Reprogrammlng Media Reprogramming
mtDNA Mutation Patient Phenotype Supp. Efficiency

Feeder, pMXs retroviral

MT-RNR2m.2336T>C
(16s mtrRNA)

MT-TL1m.3243A>G
(Mt-tRNALeUURR)

MT-TL1m.3243A>G
(MEtRNANeUURR)

MT-TL1m.3243A>G
(mt—tRNALeu(URRb

MT-TL1m.3243A>G
(Mt-tRNALeUURR)

MT-TL1 m.3243A>G
(mt—tRNALeu(URRb

MT-TL1m.3243A>G
(mt—tRNALeu(URRD

MT-TL1m.3243A>G
(MEtRNANUURR)

Patient 1: DM
Patient 2:

DM, SNHL, CM
Patientl: MIDD
Patient 2: MIDD +
ataxia

Patient 3: CM

MELAS

N.D.

MELAS

Patient 1: MELAS
Patient 2: MELAS
Patient 3: MELAS

Patient 1: R, DM,
SNHL

delivery (OSKM), urine | N.D.

epithelial cells

Feeder, pMXs retroviral

delivery (OSKM),
fibroblasts

Feeder, pMSCV
retroviral delivery
(OSKM), fibroblasts

Feeder,
2.0 Sendai virus
(OSKM), fibroblasts

Feeder, episomal
plasmid transfection
(OSKMN), fibroblasts

Feeder , pMSCV
retroviral delivery
(OSKM), fibroblasts

Cytotune |
virus (OSKM),
fibroblasts

Feeder,

fibroblasts

Cyt

Cyt
Sendai virus (OSKM),

N.D.

50ug/mi
uridine

50uM

uridine

N.D.

N.D.

50ug/mi
uridine

50ug/mi
uridine

N.D.

Normal

N.D.

Impaired in clonal
fibroblast lines
with >90%
heteroplasmy
established from
Patient 2

N.D.

Normal

Reprogramming
clonal fibroblasts
from Patient 2 and

Somatic Cell
Heteroplasmy
Bulk

Homoplasmic

Patient 1: 18%
Patient 2: 24%

Patientl: 22%
Patient 2: 21%
Patient 3: 35%

29%

Patientl: 99%
Patient 2: 69%
Patient 3: 55%

78%

Patient 1: 20%
Patient 2: 45%
Patient 3: 45%

Patient 1: 70%
Patient2: 66%

Homoplasmic

Patient 1: 887%
Patient 2: 883%

0-90% (specific
patient origin
N.D.)

0-100%

Patientl: 45
100%

Patient 2: 5100%
Patient 3: 6100%

4-99%

Patient 1: 6100%
Patient 2: 885%
Patient 3: €30%

Patient 1: 185%
Patient2: 2%

O6Cal l aghan,

Stable

Stable

Stable

N.D.

Stable It increases
from 70% to 90%
also observed.

Stable

General loss of
~12% over 6
passages when
heteroplasmy is
>80%.

Stable

hiPSC Clone hiPSC Mutation Reference(s)
Heteroplasmy load Stability

(Li et al, 2018)

(Matsubaraet al,
2018; Fujikuraet al,
2012)

(Hamalaineret al,

2013)

(Maet al, 2015a)

(Yokotaet al, 2015)

(Kodairaet al, 2015)

(Peral esetC
al., 2016)

(Chichagoveet al,
2017)
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MT-TL1m.3243A>G
(mt_tRNALeu(URR))

MT-TL1m.3243A>G
(ME-tRNANU(URR)

MT-TL1m.3243A>G
(Mt-tRNALeuURR)

MT-TL1m.3243A>G
(Mt-tRNALeUURR)

MT-TL1m.3243A>G
(mt—tRNALeu(URRb

MT-TWm.5541C>T
(MEtRNAT™)

6.0kb single largescale

mtDNA deletion

(m. 7 777: 13

MT-TK m.8344A>G
(ME-tRNALYS)

Patient 2: R, DM,
SNHL

Patient 1: N.D.
Patient 2: N.D.

N.D.

MELAS

MELAS

MELAS

MELAS

PS

MERRF

Feeder, episomal
plasmid transfection

(OSKMN), myoblasts
Feedeifree, episomal

plasmid transfection

(OSKMN), fibroblasts

Feedetf r e e ,
IPS 2.0 Sendai virus
(OSKM), fibroblasts

retroviral delivery
(OSKM), fibroblasts

Cytotune
virus (OSKM),
fibroblasts

Feeder, episomal
plasmid transfection

(OSKMN), myoblasts

Feeder ,

fibroblasts

Feeder, pMXs retroviral

delivery (OSKM),
fibroblasts

Cyt
Sendai virus (OSKM),

50ug/mi
uridine

N.D.

N.D.

50ug/ml
uridine

N.D.

50ug/ml
uridine

N.D.

fibroblasts from a
third patient
unsuccessful.

N.D.

Normal

N.D.

N.D.

N.D.

Normal

N.D.

Impaired (Patient 1
and 2)

Patient 1: N.D.
Patient 2: N.D.

Homoplasmic

90%

Patient 1: 89%
Patient 2: N.D.

95%

Homoplasmic

17%

Patient 1: 90%
Patient 2: 60%

Patient 1: 40%
and 90%
Patient 2: >90%

Homoplasmic

83-95%

Patient 1: 0%,
71%, 83%
Patient 2: 0% and
84%

0% and 85%

Homoplasmic

<10%, 30%, 65%

Patient 1: 0% and
70%
Patient 2: 60%
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Stable

Stable

Mostlines stable
but some lines
showed drops in
heteroplasmy of
20-40% over 30
passages.

Stable

N.D.

Stable

Rapid increase
from <10% and
30% towards 65%
during culture. 65%
maintained.
Patient 1: 70%
heteroplasmyevels
declined to 50%
after 20 passages
Patient 2: Stable

(Yokotaet al, 2017)

(Mizuguchiet al,
2017)

(Yanget al, 2018)

(Klein Gunnewieket
al., 2019)

(Lin et al, 2019a)

(Hatakeyamat al,
2015)

(Russellet al, 2018)

(Chouet al, 2018;
Chenet al, 2018b;
Chouet al, 2016)
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MT-TK m.8344A>G
(Mt-tRNALS)

MT-ATP6m.8993T>G
(mt-ATP6 p.Leul56Arg

MT-ATP6mM.8993T>G
(mt-ATP6 p.Leul56Arg

MT-ATP6mM.8993T>G
(mt-ATP6 p.Leul56Arg

MT-ATP6m.8993T>G
(mt-ATP6 p.Leul56Arg

MT-ATP6m.9185T>C
(mt-ATP6 p.Leu220Prd

2.5kb single largescale
mtDNA deletion
( m. liQ3a49p

MT-ND4m.11778G>A
(mt.-ND4 pArg340Hig

MT-ND5 m.13513G>A
(mt-ND5 p.Asp393Asi

LS

LS

N.D.

Patients 13: PP

PS

LHON

MELAS

Feedeifree, episomal
plasmid transfection
(OSKMN), fibroblasts
Feeder free, mMRNA
transfection (OSKM) +
microRNA, fibroblasts
Feeder, Cyt
2.0 Sendai virus
(OSKM), fibroblasts
Feeder, pMSCV
retroviraldelivery
(OSKM), fibroblasts
Feedeifree, episomal
plasmid transfection
(OSKMN), fibroblasts
Feeder, episomal
plasmid transfection
(OSKMNLS) or pMXs
retroviral delivery
(OSKM), fibroblasts

Feeder, retrovilda
delivery (OSKM),
fibroblasts

Feeder,
2.0 Sendai virus
(OSKM), Peripheral
blood mononuclear cells

Cyt

Feeder, lentiviral
delivery (OSKM)

N.D.

N.D.

50uM

uridine

N.D.

N.D.

N.D.

N.D.

200uM
uridine

Impaired

Impaired

N.D.

N.D.

Normal

N.D.

Impaired with
fewer colonies
observed and with
delayed emergence

N.D.

N.D.

Homoplasmic
85%

Patient 1: 52%
Patient 2:
Homoplasmic

>90%

Homoplasmic

Patientsi3:
Homoplasmic

60-80%

Homoplasmic

47%

Homoplasmic
Single clone: 85%
Patient 1: 887%
Patient 2:
Homoplasmic

>90%

Homoplasmic

Patients13:
Homoplasmic

55-70%

Homoplasmic

0-46%
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Stable

Stable

N.D.

Stable

Stable

Maintained in one
line but lost in two
lines.

Stable

Slow declinefrom
50% to

(Mizuguchiet al,
2017)

(Graceet al, 2019)

(Maet al, 2015a)

(Gal er ataMc
2019; GaleraMonge
et al, 2016b)

(Mizuguchiet al,
2017)

(Lorenzet al, 2017)

(Cherryet al, 2013)

(Lu et al, 2018;
Yanget al, 2019;
Wu et al, 2018)

undetectable levels (Folmeset al, 2013)

over a year in
culture.
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MT-ND5 m.13513G>A
(mt-ND5 p.Asp393Asi

MT-ND5m.13513G>A
(mt-ND5 p.Asp393Ash

MT-ND5m.13514A>G
(mt-ND5 p.Asp393Gly

LS

LS

LS

Feeder, Cyt

2.0 Sendai virus SQ(;M N.D.
(OSKM), fibroblasts | !"@N€
Feeder, Cyt

2.0 Sendavirus N.D. N.D.

(OSKM), fibroblasts
Feeder, Cyt

Sendai virus (OSKM), S0ug/ml N.D.

fibroblasts uridine

O6Cal l aghan,

84% 0-100% N.D.
Modest fall of
56% 16-45% ~10% over 30
passages
55% 37% and 58% Stable

(Ma et al, 2015a)
(GaleraMongeet al,
2016a; Gal
et al, 2019)

(Russellet al, 2018)

Abbreviations: Not describe®.D.; CardiomyopathyCM; diabetes melliutudDM; sensorineural hearing losSNHL, maternally inherited deafness
and diabetesMIDD; mitochondrial encephalomyopathy lactic acidosis and stfideeepisodesMELAS myoclonic gilepsy with ragged red fibres
Shebers hevediwary opicreuropathyHON; OCT4S0OX2 KLF4 €

MYC,OSKM;OCT4 SOX2 KLF4MYCNANOG, OSKMN; OSKM tIN28A, OSKML; OSKMlI+ SVLT, OSKME;

MERRE L ei g h 0 s , LSSyperiddic paredysisPP, Pear sonods
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1.4.6.3 Heteroplasmy Segregation During ClonaiPSC Derivation

Consistent betweestudies with different mutations celltypes and reprogramming
methods hiPSCclonesobtained from reprogramming of bulk patient cell populations
with heteroplasmic levels of mtDNAathogenic varianshow a range of different
mutation load. Heteroplasmy often ranges from undetectable levels to near homoplasmic
thus ermittinghiPSClines with and withoupathogenic variarib be obtained, bypassing

the requirement for gensditing to obtain isogenic controls. Initial studies showed
bimodal segregation of m.3243A>G during reprogramming from a bulk fibroblast
population containing a range of intermediatetation load (determined through clonal
expansion of fibroblastgHamalaineret al, 2013) mtDNA contentis much lower in
hiPSG compared to fibroblasts and for this reason the authors suggested a genetic
bottleneck not dissimilato that observed during germline transmission might be
ocaurring during reprogramming. Subsequent studies of the m.3243A>G and
m.13513G>Apathogenic variardgffecting m¢ND5 did not replicate this finding however

and instead suggest thautation loadof hiPSCclones obtained is representatiof that

in individual fibroblasts of the bulk populatidivokotaet al, 2015; Maet al, 20154.

This is further supported by more recent studies highlighting the heterogenous population
of mMDNA heteroplasmy levels in individual fibroblast clones from healthy patients
which underlies the mtDNA variations mPSG derived from thenKanget al, 2016)

In comparisonall hiPSClines derived from patient cells with homoplasmic or very high

levels of mtDNApathogenic variarghow similarly high/homoplasmic levels.

1.4.6.4 Negative Selection Pressures During Reprogramming

Whilst it is possible to retain mtDNA mutationat high heteroplasmy during
reprogramming, it has been reported that bulk fibroblasts with heteroplasmic or
homoplasmic levels of m.8344A>@Chou et al, 2016; Mizuguchiet al, 2017)
heteroplasmic m.109493449del(Cherryet al, 2013) or heteroplasmic m.3243A>G
(Chichagoveet al, 2017)show reduced reprogramming efficiencies. In an excellent study
which took advantage of the heterogenous levels of heteroplasmy in individual fibroblasts
of a bulk population, lonally expanded fibroblasts with >90% m.3243A>G were shown

to be poorly reprogrammedhilst isogenic clonal lines <90% m.3243A>G were
reprogrammed relatively efficientlgYokota et al, 2015) It is likely that the poor
reprogramming efficiency of individual cells with high heteroplasmy levels underlies a
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negative selection pressure which accounts forggreerallylower mutation load of

hiPSCclonesderived from bulk fibroblasthan would be expected by chance.

1.4.6.5 Shifts in Heteroplasmy durindniPSC Culture

Another important property to consider in relation to mtDNA mutations is the potential
for drifts in heteroplasmy level to occur through vegetative segregation or clonal
expangon. Heteroplasmy of m.3243A>G duringPSC culture have been the most
reported and generally show no substantial changes across passages, although both
increases and decreases have been observed T@de 1-1). Decreases in the
heteroplasmy levels of m.13513G>/.10949 13449deland m.8344A>G have also
been described duringiPSC culture. These declines in heteroplasmy level might be
caused by negative selection at thdividual mitochondrial level (e.g. by preferential
mitophagy against mutant mitochondria) or through selective pressures at the cellular
level following random segregation of mutant load above a critical threshold to impair
hiPSCproliferation or surviva More recently, thenutation loadf a6.0kb single large
scal e mt DNA del et has been(showpid fapidly. idcBas® dujing
hiPSCculture, being limited only by reachingsafficiently detrimentalevel to impair

cell viability (Russellet al, 2018) This clonal expansion is likely due to a greater
replication ate of the substantially smaller mutant mitochondrial genome.

1.4.6.6 Heteroplasmy Changes During Differentiation

In general, o substantial alterations in heteroplasmy level have been noted upon cell
differentiation with successfully differentiated cell types showing companaiitation
loads to that of théiPSG they were derived frofTablel1-2). There has been omeport
of m.3243A>Gload decreasing from 90% to 60% in 1/3 cardiomyocyte differentiation
inductions howevefYokotaet al, 2017) There have been a number of reports of specific
lines poorly differentiating or failing to differentiate entirelgjowever and this has
generally been correlated withigh mutation load. Although hiPSG harbouring
homoplasmic levels an.3243A>Gcould be efficiently differentiated into neurstem
cells (NSCs) the same lines failed to differentiate into cardiomyocytes due to reduced
cell viability (Ma et al, 2015a) hiPSG possessing?90% m.3243A>Gheteroplasmy
(Yokotaet al, 2017) homoplasmic m.8993T>@nd 35% m.13513G>Aeteroplasmy
( Gal er aethah n2018) also show impaired cardiomyocyte differentiation
efficiencies Although differentiation intdNSCsand neural crest cel(dICCs) is largely
unaffected by >90% m.32434&> or homoplasmian.5541C>T subsequent terminal
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differentiation into mature neurons is substantially impaired dresgliacectell viabilities
(Yokotaet al, 2017; Hatakeyamat al, 2015) Lower differentiation efficiencies have
also been described ftwomoplasmian.11778G>AhiPSG into retinal ganglion cells
(Yang et al, 2019)and 83% m.3243A>GiPSG into excitatory corticallayer 2/3

neurors (Klein Gunnewieket al, 2019)

1.4.6.7 in vitro Phenotyps

Although hiPSG are less reliant on OXPHOS and considered to have more immature
mitochondria, impairments in mitochondrial function have been descnba&dSG
harbouringseveraldifferent mtDNA mutationsDifferentiation towards diseagelevant

and more oxidative aeanding celitypes has in some instances revealed otherwise

hidden mitochondrial and/or cellulanpairmentgsummarized iTable1-2).

Mitochondrial Dysfunction in m.3243A>GiPSG

As the most prevalent disease causing mtDNA mutation, m.3243A>G has been the most
studied mtDNApathogenic varianh hiPSG. Typical form.3243A>Gn othe cell types
reductions in protein levels of assembled OXPHOS CI andadé\ser in hiPSG with
85% heteroplasmiLin et al, 2019a)but normal expression levels have been observed
in hiPSClines with similar or lowemutation load (Hamalainenet al, 2013) More
consistentlyat >70% m.3243A>Qnutation load impairments in OXPHOEI activity

are describe@atsubaraet al, 2018; Yokoteet al, 2015) Thesampairmentsare often
associated with reductions in basal and maximal OCR measusiienet al, 2015a;
Matsubaraet al, 2018; Yanget al, 2018) but normal OCR measurements at >90%
heteroplasmy have also been descripéukotaet al, 2017) In line with these signs of
mitochondrial dysfunctio, hiPSG with 85% m.3243A>QGnutation loadhavea more
depolarisedym and elevated ROS levelghich is associated witinmcreased mitophagic
flux (Lin et al, 2019a)
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Table1-2 In vitro phenotypes dfiPSG and differentiated progeny harbouring mtDNA disease mutations published to date.

Mutation load
mtDNA Mutation Patient Phenotype | hiPSC Phenotype Differentiation Efficiency after Differentiated Cell Phenotypes Reference(s)
Differentiation

Cardiomyocytes: Increased cell size ar
expression of hypertrophic
cardiomyocyte associated proteins.
Increased mtDNA copy number.
Fragmented, round mitochondrial
structure with poorlyeveloped cristae.
Reduction in 16s mtRNA expression
and mtrRNA binding proteins.
Reductions in mitochondrial encoded
OXPHOS complex translates. Reductic
i nmagd cellular ATP:ADP ratio.
Increase in [CH]; and associated
decrease in itype C&" current.
Prolonged AP durations and increase i
delayed after depolarisations failing to
trigger AP firing.

Normal pluripotency and
CM mitochondrial
morphology.

Normal EB formation. Efficient
differentiation into cardiomyocytes.

MT-RNR2m.2336T>C

(16s mtrRNA) Homoplasmic

(Li et al, 2018)

Normal Pluripotency. No

differences in mtDNA

content. Reductions in

OXPHOS CI activity at

high heteroplasmy

(Patient 1 77% and 91%,
Patient 1: DM Patient 2 85%) but not at (Matsubareet al,
Patient 2: midrange heteroplasmy | Normal EB formation. N.D. N.D. 2018; Fujikureet
DM, SNHL, CM (Patient 2 70%). al., 2012)

Reductions in basal OCR

and OXPHOSdependent

ATP production (Patient

1 77% and 91%) and

maximal OCR (Patient 1

91%).

MT-TL1m.3243A>G
(mt—tRNALeU(URRb
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MT-TL1 m.3243A>G
(mt—tR NALGU(URRD

MT-TL1m.3243A>G
(Mt-tRNALeU(URR)

MT-TL1m.3243A>G
(ME-tRNA-eUURR)

MT-TL1 m.3243A>G
(mt—tR NALeu(URR))

MT-TL1 m.3243A>G
(Mt-tRNALeU(URR)

MT-TL1 m.3243A>G
(mt—tR NALeu(URR))

MT-TL1m.3243A>G
(Mt-tRNALeU(URR)

Patient 1: MIDD
Patient 2: MIDD +
ataxia

Patient 3: CM

MELAS

N.D.

MELAS

Patient 1: MELAS
Patient 2: MELAS
Patient 3: MELAS

Patient 1: R, DM,
SNHL
Patient 2: R, DM,
SNHL

Patient 1: N.D.
Patient 2: N.D.

Normal levels of
assembled OXPHOS CI
Clll, CIV and CV but
increased Cll ircells with
>80% heteroplasmy.

' Efficient differentiation into neurons Heteroplasmy
and astrocytes. maintained

Efficient NPCand fibroblast

Normal pluripotency. differentiation of homoplasmic cells

Reduced basal and

) . impair rdiom Homoplasmi
maximal OCR in byt pa e_d cardiomyocyte omoplasmic
R differentiation due to low cell
homoplasmic lines. S
viability.

Normal pluripotency.
Trend towards lower
OXPHOS Cl and CIV Normal EB formation. N.D.
activities in homoplasmic
lines(Patients 1, 2, 3).
Normal EB formation. Efficient

Normal plurinotenc fibroblast differentiation of Heteroplasmy
plurip y heteroplasmic and homoplasmic maintained
cells.

Normal pluripotency.

Normal basal and Efficient cardiomyocyte

differentiation efficiency (Patient 1 AR

maximal OCR (Patient 1 maintained
80%). 80%).

Normal pluripotency. Heteroplasmy
Increase in MtDNA Normal EB formation. Efficient maintained with
content at 70% retinal pigment epithelial slight (~10%)
heteroplasmy. No differentiation at 70% heteroplasmy increase/decreas
differences in OCR. also noted.

Normal EB formation. Impaired
Normal pluripotency. cardiomyocyte differentiation at ver; Maintained but
Reduction in OXPHOS | high heteroplasmy levels (Patient 2 selection against
Cl activity but no change' >90%) but normal differentiation >90%
in OCR. efficiency at lower levels (Patient 1 heteroplasmy.
40% and 90%). Impaired neuronal

O6Cal l aghan,

Neurons>80% heteroplasmyNormal
levels of assembled OXPHOS &IV
but reduced CIFoci positive for ClI
staining colocalised witmitophagy
markers at the perinuclear region.

(Hamalaineret
al., 2013)

NPCand fibroblasts: Reduced basal ar (Ma et al,
maximal OCR 2015a)

(Yokotaet al,

N.D. 2015)

Fibroblasts: Reduction in OXPHOS ClI

activity atheteroplasmy >70% and (Kodairaet al,
homoplasmy. Increased CII, Clll and | 2015)

CIV activities in homoplasmic cells.

(Peral es
Clementeet al,
2016)

Cardiomyocyte80% heteroplasmy
Reduced basal and maximal OCR

Retinal pigment epithelium (70%
heteroplasmy): Abnormal baspical
organelle distribution. Unddeveloped
microvilli and abnormal melanosomes.
More fragmented and round
mitochondria. Reduction in phagocytic
activity.

(Chichagoveet
al., 2017)

Cardiomyocytes: Normal beating

frequency and OCR in successfully (Yokotaet al,
differentiated lines (Patient 1 40% and 2017)

90%).
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MT-TL1 m.3243A>G

differentiation and survival at high
heteroplasmy levelfPatient 1 90%
and Patient 2 >90%) but not lower
heteroplasmy (Patient 1 40%).

Oo6 Cal

l aghan,

(Mizuguchiet

(ME-tRNALeU(URR) N.D. Normal pluripotency N.D. N.D. N.D. al.,, 2017)
Normal Pluripotency.
MT-TL1 m.3243A>G MELAS Reduction in basal and = Normal EB formation. Efficient Heteroplasmy NPCs Reduction in basal and maximal (Yanget al,
(mt-tRNASUURR) maximal OCR at 90% differentiation intoNPC. maintained OCR at 90% heteroplasmy 2018)
heteroplasmy
Excitatory cortical neurons (Patient 1
71%): Reduced basal and maximal
_ _ Slight increase OCR. Reduced_ mitochopdrial content i (Klein
MT-TL1m.3243A>G . Reduced excitatory cortical Layer proximal and distal neuriteReduced .
Leu(URR MELAS Normal pluripotency : o - from 71 to 85% o ; Gunnewieket al,
(Mt-tRNALeUURR) 2/3 neuron differentiation efficiency h dendritic length, structure complexity
eteroplasmy . . S 2019)
and synaptic density. Reduction in
spontaneous excitatory post synaptic
current frequency but not amplitudes.
Normal pluripotency.
Reductions in OXPHOS
Cl and CIV levels.
Reduct hand i
increase in mitochondrial ;
?ﬂ:gﬁgﬁﬁgf’e MELAS ROS production. N.D. N.D. N.D. (2"(;296;)3"'
Increased mitophagy flux
under basal and stressec
conditions. Reduced
cellular ATP levels and
viability.
Normal EB formation. Efficient
differentiation into neural stem cells
MT-TWm.5541C>T MELAS Normal pluripotenc and neural crest cells but terminal Homonplasmic Viability of neuronal inductions (Hatakeyamaet
(Mt-tRNATP) piurip y differentiation into mature central P impaired duriilg long term culture. al., 2015)

and peripheral neurons respectively
was substantially impaired.
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6.0kb single largescale
mtDNA deletion PS
(m. 7 777:13

MT-TK m.8344A>G

(MELRNALS) MERRF
MT-TK m.8344A>G N.D
(Mt-tRNALYS) o
MT-ATP6m.8993T>G LS
(mt-ATP6 p.Leul56Arg
MT-ATP6m.8993T>G LS
(mt-ATP6 p.Leul56Arg
MT-ATP6m.8993T>G LS

(mt-ATP6 p.Leul56Arg

Normal pluripotency.
Reduction in basal and
maximal OCR at 553%
heteroplasmy. Reduction
i nmay63% but not 53%
heteroplasmy.

Normal pluripotency.
Reduced basal OCR
(Patient 1 70%, Patient 2
60%), reduced maximal
OCR (Patient 1 60%), an
increased ROS
production with
associated increase in
catalase antioxidant
expression (Patient 1
70%, Patient 2 60%).
Elevated expression of
mitochondrial fission
proteins and more
fragmented mitochondria
network (Patient 1 70%,
Patient 2 60%).

Normal pluripotency N.D.

Normal EB formation. Efficient
differentiation into postnitotic
neurons.

Normal EB formation. Efficient
differentiation into cardiomyocytes,
NPCsandIHCs (40% heteroplasmy

EB survival in suspension culture
impaired

Efficient fibroblast and skeletal
myocyte differentiation of
homoplasmic cells (Patient 2) but
impaired cardiomyocyte
differentiation due to low cell
viability.

Normal EB formation. Failure to
differentiate into cardiomyocytes.

Normal pluripotency

Normal pluripotency

Normal pluripotency

Heteroplasmy
maintained

Heteroplasmy
maintained

N.D.

Maintained

Homoplasmic
maintained

Maintained

Oo6 Cal

Postmi t ot i c
50% heteroplasmy

neur omhat

Cardiomyocytes anllPCsReduced
basal OCR, reduced maximal OCR,
increased ROS production and
associated increase in catalase
antioxidant expression (Patieht40%,
Patient 2 40%). Elevated expression o
mitochondrial fission proteins and mort
fragmented mitochondrial network
(Patient 1 40%, Patient 2 40%).

IHCs: Increased ROS production and
associated increase in catalase
antioxidant expression (Patient 1 40%
Patient 2 40%). Reduction in cilium
length and bundling.

N.D.

N.D.

Homoplasmic fibroblasts (Patient 2):
Reduced basal and maximal OCR.

N.D.

l aghan,

(Russellet al,
2018)

(Chouet al,
2018; Cheret al,
2018b; Chotet
al., 2016)

(Mizuguchiet
al., 2017)
(Graceet al,
2019)

(Maet al,
2015a)

(Gal er aet
al., 2019; Galera
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MT-ATP6m.8993T>G
(Mt-ATP6 p.Leul56Arg

MT-ATP6mM.9185T>C
(mt-ATP6 p.Leu220Prd

2.5kb single largescale
MtDNA deletion
( m. plin3a4mp

MT-ND4m.11778G>A
(mt.-ND4 pArg340Hi9

MT-ND5m.13513G>A
(mt-ND5 p.Asp393Ash

MT-ND5m.13513G>A
(mt-ND5 p.Asp393Asi

Patients 13: PP

PS

LHON

MELAS

Normal pluripotency

Normal pluripotency.

Slower growth rate and
more depolarisegm, at
30% heteroplasmy.
Reduced basal and
maximal OCR at 64%
heteroplasmy but normal
at 14%heteroplasmy.

Normal pluripotency

Normal pluripotency.
Normal basal and
maximal OCR(46%
heteroplasmy)

Normal pluripotency

N.D.

Normal EB formation. Efficient
differentiation intoNPCs

Efficient erythroid precursor
differentiation but trend towards
reduced efficiency at >10%
heteroplasmy.

Normal EB formation. Reduced
efficiency of differentiation into
RGCs.

More efficientEB formation at 7%
vs 37% heteroplasmy.

N.D.

Maintained

Maintained

Maintained

Maintained

N.D.

Oo6 Cal

N.D.

NPCs Normal mtDNA content and
mitochondrial morphology. No change
in OCR or cellular ATP levels.
Reduction in ATP synthesis rate. Parti
membrane depolarisatiopm
hyperpolarisation, reducedugamate
and C&* evoked calcium release from
intracellularstores, and reduced releas:
of Cé* following y m uncoupling.

Erythroid precursors showed increase
pathological iron depositions at 10% ai
particularly50% heteroplasmy.

RGCs Increasednitochondrial content
and PPARGC1A expression but reduc
basal and maximal OCRmnpaired
neurite outgrowth and reduced
electrophysiological activities (no AP
firing during sustained current injection
GlutamatergiAMPAR-dependent
signalling impaired with reduced GIuR:
and GIuR2 expression, and impaired
GIuR2 celtsurface trafficking.

N.D.

N.D.

l aghan,

Mongeet al,
2016b)
(Mizuguchiet
al., 2017)

(Lorenzet al,
2017)

(Cherryet al,
2013)

(Lu et al, 2018;
Yanget al,
2019; Wuetal.,
2018)

(Folmeset al,
2013)

(Maet al,
2015a)
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Normal EB formation.Successful

cardiomyocyte differentiation at 129 Enriched

but not 35% heteroplasmipue to cardiomyocytes

i mpaired epithel successfuly

transition (assessed by Brachyury | differentiated
LS Normal pluripotency induction after 24hr CHIR99021 from 12%

stimulation) and increased apoptosi heteroplasmy

Mutation loaddependent decrease in

spontaneous cardiomgyte beating (GaleraMongeet
frequency and beating strength. High = al., 2016a;
heteroplasmy favoured spontaneous @ Gal er a etM

MT-ND5 m.13513G>A
(mt-ND5 p.Asp393Asi

Reduction of 35% heteroplagmo maintain Icij:]f;e;regtlatlon into neuroectoderm al., 2019)
31% heteroplasmy by extended heteroplasmy ge.
culture permitted cardiomyocyte level.
differentiation.
MT-ND5m.13514A>G . . (Russellet al,
(MEND5 p.Asp393Gly LS Normal EB formation. N.D. N.D. Normal EB formation. 2018)

Abbreviations: Not described, N.D.; Cardiomyopathy, @h&betes melliutus, DM; sensorineural hearing loss, SNHL; maternally inherited deafness
and diabetes, MIDDmitochondrial encephalomyopathy lactic acidosis and sttideeepisodesMELAS; myoclonic epilepsy with ragged red fibyes
MERRF; LeighOESsypdrbobmdi c par al y s iLebers herBditaryoptia mesrapaty-HON;gunatprogemiter,celld S ;
NPCs;inner-hair cells, IHCs; embryoid body, EB; action potential, AP;
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Phenotype of Diseadeelevant Differentiated Cell Progemyth m.3243A>G

Neuropathy is aelativelycommon phenotype associated witt3243A>Gwith infarct
areas incortical and subcorticalvhite matterregions also observed in more severe
MELAS cases Differentiation ofhiPSG harbouringm.3243A>Ghas revealedeveral
mitochondrial and cellular impairments of relevance toitheivo setting. Following
neuronal differentiation a substantial and isolated reduction in OXPHOS CI protein is
observed in neurons with80% m.3243A>GheteroplasmyHamalaineret al, 2013)
Whilst OXPHOS CIl and CIV are distributed evenly throughout the mitochondrial
network of these neuron®XPHOS ( is instead present in perinuclear mitochondrial
foci that stain positive for mitophagy markedeural progenitor cellsvith >90%
heteroplasmy also show reductions in basal maximal OCRMa et al, 2015a; Yang

et al, 2018) As already describedNSCs can be efficiently generated fromPSG with
>90% m.3243A>G, but onlgell lines with <90% heteroplasnean therbe successfully
terminally differentiated into poshitotic neurons(Yokota et al, 2017) Terminally
differentiated neurons with 90% m.3243Anrtitation loadlo not show any impairments
in OCR, suggestinqutaion load detrimental to cellular respiration are selected against
during terminal differentiation from glycolytic favouring NPCs to more oxidative
metabolising posiitotic neuronsin line with this, heteroplasmy levels of neurospheres
differentiated fom 90% m.3243A>GhiPSG which died upon terminal neuron
differentiation were generally higher than the remaining surviving neuropgivelasta

et al, 2017) In a more recent studgifferentiated excitatoryalyer 2/3cortical neurors
with 85% m.3243A>G heteroplasndyp show reduced basal and maximal G@Rever
andthis was accompanidaly reductions in mitochondrial content at both proximal and
distal neurite processelein Gunnewieket al, 2019) This study also showed
morphological aberrations in neuronal structure, with neurons harbaurB2y3A>G
having reduced dendritic length, structure, complexity and synaptic ddnditye with
reduced synaptic densities, neurons with 85% m.3243A>G heteroplasmyeshomd
spontaneous excitatory postsynapturrent (SEPSC) firing frequencies and

accompanying reduction in network synchronicity amdrallactivity.

Cardiomyopathy is also a commdeature of patients harbouring high m.3243A>G
mutation load and for thigeasondifferentiationinto cardiomyocytes has alseceived
attention As described abovéiPSG with >90% m.3243A>@utation loadshow poor
viability during differentiation into cardiomyocyteSuccessfully differentiated myocytes

with 90% m.3243A>Gmutation load show normal sl and maximal OCRsand
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unaffectedspontaneous beating functi¢viokotaet al, 2017) suggesting m.3243A>G
loads detrimental to cellular respiration and cardiomyocyte function are selected against
during differentiation into these more oxidative demanding.deéigluctions in basal and
maximal OCR have been observed in cardiomyocytes with 80% m.3243A>G
heteroplasm however( Per al e set @l] 2016e Intdrestingly these respiratory
impairments were not also observed in the parém8 G, highlighting disease relevant

cell-type specific dysfunction.

Increased ROS and Respiration Impairments in DisBagevanthiPSCGDerived Cells
with m.8344A>G

Cardiomyopathy is also a common feature of mtDNA disease patients harbouring high
levels of m.8344A>G While OCR impairmentsare sometimes observed in
cardiomyocytes witlr80%m.3243A>Gmutation loadreductions in basand maximal
OCRareseenn differentiated cardiomyocytes wit®% m.8344A%5 heteroplasmy level
(Chouet al, 2016) This suggestsn.8344A>Gis more potent than m.3243& i.e. the
mutation loadhreshold for m.8344A>G is lower than m.3243A&8ilar reductions in
OCR measuremenggealso observeth NPCs differentiated from the sam#&SG with

40% m.8344A>G heteroplasnfZhouet al, 2016) CardiomyocytesNPCs and inner

hair cellswith 40% m.8344A>QGnutation loadalso showincreasedevels of ROSand
compensatory elevation catalase antioxidant expressi{@houet al, 2016; Chert al,
2018b) The mitochondrial dysfunction observed in cardiomyocytes and NPCs with 40%
m.8344A>G heteroplasmgauss the mitochondrial network to become much more
fragmented and globulaandis associated with an incresexpression of mitochondrial
fission proteins. A reduction in cilium length and bundlisglso observed in inndrair

cells with 40% heteroplasmy, indicating mitochondrial dysfunction is likely having a

negative impaicon cellular functionality.

Taken together these studissggest thatunctional impairments irmtDNA disease
hiPSG areinsufficient toentirely prevent their derivation, culturand differentiation.
Upon differentiation to disease relevastlswhich favour oxidative metabolisrand are
more reliant on mitochondrial functippreviously hidden celluladysfunction can be

revealeddue to a lower mtDNAnutation loadhreshold
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1.5 Metabolic Flux Changes Drive Cell-Fate Decisions Through

Metabolically Sensitive Epigenetic Modifications

As describedn 1.4.5.2 the metaboliprofile of hPSCs is crucial for maintenance of th
pluripotency state, at least partly through regulation of metabolically sensitive enzymatic
chromatin modifications. In addition to maintenance of pluripotency, there is
accumudting evidence thaswitches incell metabolism are responsible for driving
epigeneticmodificationswhich underlychanges in cell identitgluring development,
tissue repair, immune system activation and differentiation of hirB@tso.

1.5.1 Metabolic Flux Changes Necessary foineage Specific hPSC Differentiation

Until recently, corsensusin the field was that a switch from aerobic glycolysis to
oxidative favouring metabolisis necessary for driving hPSC differentiatidinis stems
from early observationoutlined in1.4.2which showedspontaneous differentiation is
accompanied by an increase in mitochondrial OXPH&fE general decrease in
glycolytic flux. Furthermoreenhancing mitochondrial OXPHQOS or inhibiting glycolysis
pushes hPSCs towards spontaneous differentiatiile it is clear aerobic glycolysis
and reduced oxidative activity isdispensabldéor maintenance of pluripotency, loss of

pluripotency does not alone define cell differentiation.

Recently, metabolic flux chages which occur early during the lineage specific
differentiation of hPSC#o the three different germ layers have bassesse(Cliff et

al., 2017) In line with general consensugycolytic flux decreasgand oxidative activity
increass during targeted differentiation towards mesoderm and definitive endoderm
lineages Glycolytic flux and oxidative activity ofcells targeted towards early
neuraectoderm (NPCs and NCCkpwever,remairs at similar levels to hPSC# line
with this, mesoderm and definitive endodedifferentiationis unaffected by glycolysis
inhibitors whereas NP@nd NCC differentiation efficiencis substantially impaired.
Furthermore, promoting glucose oxidation through PDK inhibition enisasady
mesoderm and endoderm but not early ectoderm differentidtios.maintenance of a
hiPSClike metabolic state in early neuroectodastargely driven by continuedINlyc
transcription activating activitywhereas NMyc is strongly downregulated duriregarly
mesodermal andarly endodermal transition3he subsequent developmental transition

into floor plate cellss howeveraccompanietdy a reduction in NMyc activity and switch
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from glycolytic to more oxidative favouring metaboligghenget al, 2016; Cliffet al,
2017)

In a mae recent studygxidative fluxeswereshown tabespecificallyelevated following
differentiation to early mesoderbut notearly endoderm and ectoderm lineades et

al., 2019) While glucose consumption remained high in early ectoderm, glucose
utilisation was muchower in both early endoderm and mesoddmatead anncreased
glutamine flux through oxidative glutaminolysigas observedh early mesoderm and
endoderm(less socompared to early ectoderm. In line with this metabolic flux change
being an important cdributor to lineagecommitment, withdrawal of glutamine from
media during embryoid body formation resulted in a reduction in the expredsany
mesoderm but not ectoderm markers, and specifically redededability of mesoderm

specific but not ectodenspecific differentiation

Together these studies highlight that while a switch from glycolytic to oxidative
metabolism is important for the early specification of endoderm and mesoderm lineages,
early ectodan differentiation requiresnaintenance of high glycolytic fluxes, with a
subsequent oxidative switch being important during transition to neural platdtasills.

be interesting to see whether this differential metabolism of early ectoderm compared to
early mesoderm and endoderm lineages is necessary for alternative regulation of

epigenetic marks defining this state.

1.5.2 Metabolially-Sensitive Epigenetic Modifications During Cell Identity Changes

In addition tathe contribution of metabolic flux changesvitig the loss of metabolically
sensitive epigenetic modifications underlying pluripotency describ&dib.2 there is
accumulang evidence that metabolic fluxahges are also important finiving changes

in metabolicallysensitive modifications during cdlte transition®f adult stem cells

1.5.2.1 Metabolic Control of Immunity Through Epigenetic Mechanisms

Cells of the haematopoietimeage are currently the mosiell studied in relation to
metabolic control of celfate decisionsNaive Tcellsshow minimal glycolytic activity

and instead utilise fatty acids through mitochondrial oxidation to support their energy
demands(Jung, Zeng & Horng, 2019)Following activation, glucose uptake and
utilisation increases, which is at least partly induced through upregulation of the GLUT1

glucose transportgdacobset al, 2008) This is accompanielly increaes in oxidative
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and glycolytic fluxesput overall decline in the OCR:ECAR ratio indicating a switch
towardspredominany aerobic glycolysis favouring metaboligMacintyreet al, 2014)
reminiscent of that observed in human ESCs. This metabolic seatcdesan elevation
in cellularacetytCoA levels and resultant increase Hi3K9ac deposition at enhancer and
promoter regions upstream of tHéng locus which are crucial for initimtg its

transcription duringD4" T-cell activation(Penget al, 2016)

Metabolicallydriven alterations in histone methylation modificati@ne also important
for T-cell fate transitionsActivated CD8 T-cells showactive glutaminolysis pathways
which give rise to high cellular levels off®droxyglutarat€generated from glutamine
d er i ®K@ oy LDHA) (Tyrakiset al, 2016) 2-hydroxyglutarate is a natural inhibitor
o f W&pendent enzymes including tdeiDM enzymes responsible for histone
demethylation. Elevations of-lydroxyglutarate duringcD8" T-cell activation inhibit
JHDM demethylasesesulting in global elevations dhe transcriptionally inactive
H3K27me3mark necessary for maintaining CD&emory Fcell identity. Inaddition,
CD62L is an important cell surface molecule of CD&emory T-cells, and 2
hydroxyglutarate increaselevels of the transcriptionally activel3K4me3 at the

promoter ofCD62L. Whereas DNA methylation and H3K27me3 appear to be associated

with memory Fc e | | fate, -KGidependantdenaeth@ation nof DNA and
H3K27me3 is instead associated with differentiation of Ciwl CD8 T-cells towards
an effector i dent-KGtage.muc@ bighérunl-€alls differentiatel s o f

towards an effector cell identity compared to those differentiated towards a ynegtor

fate (Chisolmet al, 2017) Thi s el evati on i n-K@lsinmpatani nol y
for JHDM and TET dependamémoval of the transcriptionally repressiH3K27me3

and DNA methylationmarks respectivelyat promoteregionsof genes associated with T
effector cell functon2-hydr oxygl ut arate i s al skG a n;
dependant TET enzymes responsible for DNA demethylaitavations in glutamine

derived 2hydroxyglutarateoccur during thedifferentiaion of CD4" cells towards a
helperTh17 cell fateand are necessary for inhibitifge T-dependantiemethylation at

the Foxp3promoter which would otherwise driveregulatoryTreg cell identity (Xu et

al., 2017)
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1.5.2.2 Metabolic Regulation of Histone Acetylation and DeacetylationderliesCell

Identity TransitionsDuring Muscle Repair and Differentiation

Of great relevance to the work presented in this thesgeralrecent studies have
indicated changes in cell metabolism are particularly important for driving epigenetic
changes underlyingyogenic differentiation anithe activation of satellite cells, the adult

stem cell niche of skeletal muscle.

In a landmark paper Ryall et al., showedtfe first time that changes in cell metabolism
could alter histone acetylation changes through modulation of NAPendant sirtuin
HDACSs (Ryall et al, 2015) Reminiscent of activated-gells and hPSCs, the activation

of murinepaired box proteif? positive (PAX7) satellite cells from a quiescenthahly
proliferative state is accompanied by a switch from oxidative metabolism to elevated
glycolytic flux. This results in a substantial decrease in NAailability due to limited
mitochondrial ETC oxidation of NADKbr NAD* regenerationAmong its magy targets,
SIRT1 is responsible for the active deacetylation of H4K16ac. H4K16ac is a mark that is
associated with active enhancers and promoters, and is enriched at the TSS of actively
transcribed genegTaylor et al, 2013) Ryall et al. showed thaturing satellite cell
activation there is a global increase in H4K1bat with particularenrichment at genes
highly expressed in activated satellite cells, includingribster regulator of myogenesis
myogenesis determination protein 1 (MyoB)RTX® promotes satellite cell activation

and MyoDexpression anthcilitates H4K16ac increases at many of the genes associated
with activated satellite celliighlighting this regulation iSIRT1 dependantPushing
satellite cells towards a more oxidative state by culturing in galactose rather than,glucose
increase the NAD":NADH ratio, reduce H4K16ac levels anattenuats satellite cell

activation and MyoDexpressiongevealingthe metabolic regulation of this process.

Elevationsin global H3K9/14achave also been shown ¢é@cur duringmurine satellite

cell activation(Daset al, 2017) In addition,H3K9/14ac and H3K27amcreaseat the
promoters ofMYODYMyoD during the early stages of human rblastand C2C12
myoblast differentiationtowards myotubesThese increases histone acetylation
modifications expression of various myogenic differentiation markers including
MYOD1/MyoD and overall myogenic potentiedn be attenuated bxCLY knockdown
highlighting the regulatory effect of nucleocytoplasrasetytCoA availability during
satellite cell activation and muscle differentiatidnterestingly, ACLY knockdown in

human myoblasts attenuates the expression of proteins associatecsvitkdletal
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muscle fibre types buicreasesslow muscle fibre typeroteins(Das et al, 2017)
highlighting an ACLY dependant regulation of later stages of myogenic differentiation
relaing to fibretype identity Elevations innucleocytoplasmicacetylCoA during
myocyte terminal differentiatiothereforehave the potential to favodifferentiation into

glycolytic fastfibre-types overoxidative slowfibre types.

Elevations in globaH3K9ac and H4K16ac following satellite cell activation have been
confirmed in a more recent studsich also showed levels of H3K18ac remain relatively
unchanged(Yucel et al, 2019) However, bllowing differentiation into myogenin
positive (MyoG") myocytes, there is a substahtieduction ingloballevels of all histone
acetylation marks assessedcluding H3K18ac H3K9a¢c H3K1l8ac H4Kl6Gac and
H2BK5ac. Assessmenbf histone acetylation status in cultured primary myoblast
comparing sefenewing M/oG with differentiating M/oG" myoblasts confirmed these
reductions inH3K9/14ac, H3K18ac, H4K16ac, and H2BK5aand showedsimilar
reductions in H3K27ac and H3K56ac levalsooccur. Both oxidative and glycolytic
fluxes decrese shortly after myoblast differentiation induction and tleiads toa
reduction inglucose flux contributing to cellular citrate levelsdable forHATs. This
decline in mitochondrial activity is regulated by enhanced mitochondria fissitm,
DRP1 irhibition resulting inncreasedhistone acetylation levels and attenuated myoblast
differentiation. In line with this, enhancinggucosederived pyruvate entry into the TCA
cycle by inhibiting PDK increases histone acetylation levels atignuates myoblast
differentiation.Assessment of locus specific chromatin immunoprecipitation sequencing
(ChIP-Seq) data comparing C2C12 myoblasts and differentiating myotubes revealed that
while the global leva of various histone acetylation marks do indeed decrease,
deposition at promoter regions of myogenic differentiation related genes irs;rease
accordance with histone acetylation marks being associated with active gene

transcription.

Together these dlies show that histone acetylation modifications transiently change
during the activation and subsequent differentiation of satellite ealisthat metabolism
is an important factor driving these histone acetylation modificatiomsg myogenic
cell-identity transitions.Satellite cell activation is accompanied by a switch towards
aerobic glycolysiand decline in mitochondrial activityhich drives the conversion of
glucose towards citrate and nucleocytoplasaeietylCoA available for HATdependant

histone acetylation modificationsyhile simultaneously limiting NAD availability for
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SIRT1-dependant deacetylatidBy comparison, the differentiation of myoblasts towards
myotubes is accompanied by decreases in histone acetylation levels which areydriven b
an overall reduction in glucose utilisation and mitochondmatabolismgenerating

citrate limiting the availability of nucleocytoplasmacetytCoA for HATS.

1.6 Myogenesis andn Vitro Myogenic Differentiation

In 1987 Lassaret al. showed thatansfection ofmouse embryonic fibroblasts (MEFS)
with cDNA encoding MyoDwassufficientto transdifferentiateomatic cellglirectly into
myoblasts(Lassar, Paterson & Weintraub, 198Bavis, Weintraub & Lassar, 1987)
representing the first description ladieage reprogramming in which one cell could be
pushed intcan alternatecell-identity. While this pioneering worlopeneda whole new
field of research intdorced cellidentity changes, theuccessfullifferentiation of hPSCs
into a myogenic lineageas proven much more difficult to estabighencomparedvith
other lineagesRecent work has taken advantage of the knowledge basis sumpund
myogenesis dung development in order toverexpress key myogenic associated
transcription factors and/oecapitulate developmental signalling gradi¢atsuccessful
differentiation of myogenic cell types from hPS@witro.

1.6.1 Myogenic Regulatory Factors

Myogenic reglatory factors (MRFs) are a family &ur transcription factors central to

the process of myogenesis: MyoD, MyoGjagenic factor §Myf5) and myogenic factor

6 (Myf6; originally designatedmyogenic regulatory factor 4, MRF4like MyoD,
overexpression ahyogenin(Wright, Sassoon & Lin, 1989Myf5 (Braunet al, 1989)

or Myf6 (Rhodes & Konieczny, 1989 sufficientfor transdifferentiatiorof somatic cells

into myoblasts, and represents the most defining feature of the MRF family. MRFs
originate from duplication of a single ancestral gene and remain structurally homologous
with all four containing highly conserved basic hdbop-helix (bHLH) domains
indispensabldor ther promyogenic activityAsfour, Allouh & Said, 2018)MRFscan
homodimerizebut preferentiallyheterodimerize with E2A proteins belonging the
ubiquitously expressedlass | bHLH familythrough interactions between heloop-

helix regions (Berkes & Tapscott, 2005)Active MRF/E2A heterodimersind to
pronmoter and enhancer regions of musspecifictargetgenes through recognition of
CANNTG sequence motifs known as enhancer boxebofes)(Davis et al, 1990;
Lassaret al, 1991) MRFscontrol the expression of distinct but overlapping setyeoie

targets, and additionallshow autoregulatory and cressgulatory mechanisn{gsfour,
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Allouh & Said, 2018) Although MyoD’ or Myf5” knockout mice do not show any
obvious impairments idevelopmentainyogenesis, simultaneoksiockout of MyoDand
Myf5 prevents the generatiorf cells from the myogenic lineage entirgRudnicki et
al., 1993) For technical reasons the MydIMyf57 double knockout mice also fail to
expressMRF4 during development, but in a folleen study which maintained MRF4
expressior{KassarDuchossoyet al, 2004) myoblasts did develop suggesting MRF4 is
also important for determining the myogenic lineafieese studies also highlight the
redundant roles of MyoD, Myf5 and MRF4 during myogenic specificatiBy.
comparison, MyoG singleknockoutmice maintain development of myobisbtit show
severdmpairments irdownstreanskeletal muscle formatiomvhich suggestsyogenin
IS more important for driving terminal myogenic differentiaticather than early
determination of the myogenic linea@idasty et al, 1993; Nabeshimat al, 1993)
MyoD, Myf5 and MRF4 are therefore considered to be serving as myogenic

determination factors whereas/ogeninfunctions as a myogenic differentiation factor.

1.6.2 MyogenesiDuring EmbryonicDevelopment

Skeletal muscle calbriginatefrom theparaxial mesoderm which forrfrem the primary
mesenchymes two bilateral strips at either side of the neural {@el & Pourquié,
2017)(Figure1-11). Formation of the paraxial mesoderm is largely drivercdoyonical
Winglessrelated integration st(\Wnt) signallingand fibroblast growth fact@ (FGR2;

basic FGF signalling which patterns the specification of Brachyury/SOX2*
neuromesodermal progenitoosiginating fromthe anterior primitive streak towards a
mesodermal rather than neuronal f@arriocket al, 2015) Bone morphogenic protein

4 (BMP4) released by theposterior primitive streak (and lateral mesoderm itself)
promotes lateral mesoderpatterning Noggin released from the notochord binds to and
inhibits BMP4 and thus prevents this mediolateral transition, maintaining the paraxial
mesoderm identity proximal to the neural t(Reshef, Maroto & Lassad998) The
paraxial mesoderm is segmented into repetitive somite structures through the periodic
release oNotch, Wht andFGR2 from proximal cells of the paraxial mesodefriubaud

& Pourquié, 2014)Somites are patterned into distinct sclerotome and dermomyotome
compartments bywnt and sonic hedgehog (Shh) signalling gradients. Sclerotome
differentiation is driven by Shh releasiedm the notochord whereas Wi@leased by the
neural tube and ectoderdrives dermomyotom@atterning(Yusuf & BrandSaberi,
2006) Cells of the dermomyotome express the PAX3 paired box transcription factor

which although not specific for the myogenic lineageexpressed in all myogenic
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precursorgBuckingham & Rigby, 2014)PAX3* cells move from the dermomyotome
and rapidly downregulate PAX3 differentiating into Myfind MyoD™ myoblastsvhich
form a structure known as the otgmewhich represents the first embryonic skeletal
muscles PAX3" cells continue to entehe myotome differentiate into Myf%/MyoD*
myoblasts and subsequentlhypregulatemyogenin which drives differentiaton into
myocytes(Chal & Pourquié, 2017Knockout mice studies suggest hepatocyte growth
factor (HGF) released byesodermal cells in developing limb buds amecial for the
delamination of PAX3cells from the dermomyotome and migration into the myotome
and developing musclebrough activatiorof tyrosineprotein kinase Mefc-Met; HGF
receptor)(Dietrich et al, 1999) Cells within the central part of the dermomyotome
coexpressg PAX3 with PAX7, migrate into the developing muscle and fuse with other
myocytes contributing to a second wave of myogenesis that gives rise to multinucleated
myofibres(Relaix et al, 2005; Hutchesoet al, 2009; Pourquié, Al Tanoury & Chal,
2018) A subset of these PAXTells alscenter aquiescenstate and form the adult stem
cell poolof skeletal musclésatellite cellsymportant for postnatal muscle growtkpair
and regeneratio(Relaix et al, 2005; Pourquié, Al Tanoury & Chal, 2018) addition
to its role in dermomyotome delamination, HGF signallimgs also been shown to
promote satellite cell activation and proliferation of myoblast progerylew
simultaneously attenuating myoblast differentiation into myodyftatsumiet al, 1998;
Miller et al, 2000) It is likely HGF is serving a similar role promoting oblast
proliferation in developing musclemsulin growth factod (IGF1) andFGR2 have also
been shown to enhance the proliferation of satellite cells and myoblast p{édjeny&
Boxhorn, 1989; Doumit, Cook & Merkel, 1993nd might play similar roles during
muscle developmentVhile FGR2 and HGFnegatively regulate myoblast differentiation
and therefore specifically enhansatellite cell activation ahmyoblast proliferation
IGF1 alsostimulates the differentiation of myoblasts into myocy#&fen & Boxhorn,
1989)through upregulation ahyogenin(Florini, Ewton & Roof, 1991)
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Figure 1-11 Schematic of skeletal myogenesis during embryonic development showing
one of the two bilateral primary mesenchyme strips. S@BXachyury
neuromesodermal progenitors (NMPs) originating from the primitive streak are
patterned into mesodermal progemitells (MPCs) through WNT and FGFsignalling.
Noggin released by the notochord inhibits BMP4 signalling which would otherwise
promote subsequent patterning towards a more lateral rather than paraxial mesoderm
(a.k.a. presomitic mesoderm; PSM) fate. BAXnd PAX7 skeletal muscle precursors
originate from the dermomyotome compartment of the somite and migrate as myoblasts
into the myotome, differentiating into myocytes and myotubes which form the first skeletal
muscles of the developing embryo. Figudaated fromPourquié, Al Tanoury & Chal,

2018

1.6.3 Differentiation of Skeletal Muscle Cell Types from hPSCs

There are currently two strategies that have been utilisbzbendently angbintly to

direct hPSC differentiation towards skeletal muscle cell typgstirect reprogramming
through overexpression of transcription factors associated with the myogenic lineage, 2.)
directed differentiation by sequentially recapitulating developmental signalling gradients

and pathways active during embryonic myogenesis.

1.6.3.1 Direct Reprogramming of hPSCs into Myogenic Cells

As one of the key transcription factors controlling myogenasidtheearly descriptios

of direct reprogramming of somatic cells to myoblastggrexpression of MyoD has
being one of the most commonlyilised strategies for differentiation of hPSCs into
myogenic cell typesUsing hPSG stably transducéttansfectedwith doxycycline
inducibleMyoD-overexpression vectsit has been shown that MyoD overexpression for
>5 daysis alonesufficient for differentiationof hPSCsinto myoblastlike cells which
express endogenous MyoD amyogeninand have the potential to form myosin heavy
chain positive(MyHC") myocytes andmultinucleated myotubegRao et al, 2012;
Tanakaet al, 2013) Due to poor transduction efficiency bPSCs grown as compact
colonies and poosurvival of hPSCs in dissociated cell culture, priming differentiation

towards mesenchymal cells before transduction antadenovirus expressing MyoD has
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also been successful for inducing hPSC myogenic differentigGaudenegeet al,
2012) Simultaneous treatment with retinoic acid duringnduction of MyoD
overexpressionwvhich presumably facilitatesiesodermal fate transitipalso improves
cell survival during early differentiation inductigRawlowskiet al,, 2017) While MyoD
can directly force undifferentiated hPSCs towards a myogenic celtiatefficiency of
this directed differentiation is much lower for hPSCs compared to fibropldstsh is at
least partly due to low expression W8SNFrelated matrixassociated actidependent
regulator of chromatin subfamily D member(SMARCD3) (Albini et al, 2013)
SMARCD3 is acomponent of the SWI/SNF chromatin remodelling complex important
for the ATP-dependantdestabilisation of histoRBNA interactions, which amongsit
many roles is necessary i@modelling chromatin to a more open conformation at MyoD
target sitegAlbini et al, 2013) Chromatin remodelling must therefore occur before
MyoD can exert its pranyogenic transcriptional activity and likely explains why
additional priming factors facilitate Myoihduceddifferentiation of hPSCs. In laion
to the importance of chromatin remodelling during myogenic differentiation,
overexpression dhe JHDMLysine demethylase 6@KDM6B), which demethylates the
repressive H3K27me3 bivalent marlalso enhance MyoD driven myogenic
differentiationof hPSCs(Akiyamaet al, 2016)

In addition to MyoD, the overexpression of Myf5 in hPSCs primed towards
differentiation through embryoid body formatiaran also successfully drive hPSC
myogenic differentiation, in line with its MRF functiglacovinoet al, 2011) In addition

to MRFs, overexpression of the myogenic precursor associated PAX7 transcription factor
in hPSC derived embryoid badi hasalso been a swgessful strategy for driving
myogenic differentiatiofiDarabiet al, 2012; Skoglundat al, 2014)

1.6.3.2 Recapitulating Devalpmental Myogenesis In Vitro

Initial myogenic differentiation strategigsok advantage of the relativelyntargeted
spontaneoudifferentiation of hPSCs towards theesenchymal lineage and subsequent
isolation of cells directing towar@smyogenic identyt. Co-culturinghPSCswith the OP9
immortalised mesenchymeell line or inducing spontaneous differentiatioim serum
containing media wheseeded at low densipromotes mesenchyme identity acquisition

of hPSCs(Barberiet al, 2005, 2007)In addition, inhibition of transforming growth
factor b (TGFb) receptor si ganadutigrowitggsod ur i |

facilitates mesenchymalidentity acquisition likely by inhibiting the spontaneous
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transition towards endoderm identitiddahmoodet al, 2010) Retinoic acid signalling
alsoenhancespontaneous embryoid body differentiation towAX3" myogenic cdl
precursorg§Ryanet al, 2012) Selecting cells expressing the CD73 aeitface marker
through FACSermits isolation of a relatively pure population of mesenchymal precursor
cells (Barberi et al, 2005, 2007) Continued culture of these CD7&esenchymal
precusors in serum containing media promotes spontaneous differentiation into
endodermal and mesodermal cell types including myogenic precursors whtbleicbe
purified through FACS for the embryonic skeletal muscle marker neural cell adhesion
molecule (NCAM) (Barberi et al, 2007) FACS for platelet derived growth factor
receptor al pha ( R&3clErRAdpthelmlogsoivth fast recepton 21
(VEGFR2)negative paraxial mesoderm cells from spontaneously differentiating hPSCs

has also been utilised to select for cells with promyogenic idd&#kuraiet al, 2012)

Following on from this work, researchers began to sequentially aupiyators and
inhibitors of sigalling pathwayso adherent hPSC culturés order to promote cell

identity transitionssimilar tothose occurringn vivo during myogenesigFigure 1-12),

significantly improwng myogenic differentiation efficiency.

Figure 1-12 Schematic showing the signalling pathways and-idelhtity transitions
which have been sequentially recapitulated for in vitro myogenic differentiation of
hPSCs. Exogenous activation of WNT and FGF2 signalling pathways drives the early
differentiation ofhPSCs into neuromesodermal precursors (NMPs) and subsequently
paraxial mesoderm (a.k.a. presomitic mesoderm; PSM). Coapplication of BMP4 receptor
antagonists has been used to prevent mediolateral transition away from the paraxial
mesoderm and enhance mywoigddentity acquisition. Promyogenic growth factors (e.g.
HGF, IGF1, FGF2) have then been added in order to facilitate the proliferation of
myobl ast progeny. Antagonists of TGFb r e
in order tofacilitate somitc commitment of paraxial mesoderm cells. Figure adapted
from Pourquié, Al Tanoury & Chal, 2018

Due to the crucial role ofcanonical Wnt signallingfor pattening cells into

neuromesodermand subsequently paraxial mesoderm in conjunction k@2 Wnt
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signalling activation through inhibition ofygogen synthase kinase 3&et ( G FakdB b
successiveapplication of FGF2has been particularly advantageous in improving
myogenic differentiation efficiencyin one of the first studies to utilise this strategy,
treatmenof undifferentiatedhPSCsvi t h  t h e G SAIBRB9021(BUM) flrdt o r
days(d0-4) followed by FGF2Z20 ng/ml)for 2 weekgd4-d18)was shown to give rise to
a much higher proportion of PAX®AX7" myogenic precursors (>18%t d35 and
MyHC™ myocytes (>8%at d35 than had been previously achiev@brchin, Chen &
Barberi, 2013) FACS purification of cells positive fo€-X-C chemokine receptor 4
(CXCR4)and/orc-MET (HGFR) was still requirechowever,in order to isolate a pure
myogenic cell populationlreatment of more sparsely seeded hPSCs with higher 10uM
CHIR99021 for 2days (d0-2) followed by FGF2 application for 8 days1220)
considerably increased the efficiendyttis myogenic differentiation strategyith >90%
of cells showing myogenic identity after prolonged culture (4B%6X7" and 47%
MyHC™ at d50) removing the requirement for FACS purificati@®heltonet al, 2014,
2015)

In order to accelerate myogenic transitions and improve the purity of differentiated
myogenic cultures, additional growth factors and signalling pathways have been
modulatedin more recent myogenic differentiation strategies in ordemaoe fully
recapitdate in vivo myogenesis.During initial Wnt signalling activation through
application of CHIR99021, the BMP4 receptor antagonist LDN193189 (inhibitor of
ALK2, ALK3 and ALK6 members of thactivin receptotike kinasefamily) has been
applied in order to imibit BMP4 signalling which would otherwise drive the
differentiation of hPSCGderived mesoderm precursors towards a lateral rather than
paraxialmesodernfate (Chal et al, 2015, 2016)While this differentiation protocol by
Chal et al. used lower CHIR99021 concentrationsMB than that of Shelton et al.
outlined above, the duration of this CHIR99021 stimulation of Wnt signalling was
extended td6 days (d66). Following on from this initial patterning towards paraxial
mesoderm and myogenic precursor cells, applicationFGF2, HGF and IGR
promyogenic growth factors in a serum containing m@dtan promotehe expansion

of myogenic precursor cellChal et al, 2015, 2016) Interestingly, a population of
MyoD- (Sheltonet al, 2019)and nonproliferative (Ki67) (Chal et al, 2015, 2016;
Sheltonet al, 2019)PAX7" cells is maintained associated with terminally differentiated
myotubes in these cultures, not dissimtlathe resident population of PAXBatellite

cellsof skeletal musclen vivo. In line with this, gene expression profiling suggests hPSC
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derived myogeniccultures with high proportions of PAX%ells are more similar to
quiescent or early activated mouse satellite cells rather tharctatated satellite cells
(Sheltonet al, 2019) More recently, inhibitingT GF b s i gn al dgénistgof usi n
TGFb receptors ( AL lkadalsobéeh ghbwn doringorove Imogenic
differentiation efficiency byenhancing somatic commitmeot hPSC derived paraxial

mesodernprecursorgXi et al, 2017; Sakailrakemuraet al, 2018; Hickset al, 2018)

1.7 Potential Impact of Disease Causing MtDNA Mutationsto the

Myogenic Differentiation of hPSCsDue to Epigenetic Aberrations

hiPSG harbouring high mtDNAnutation load sometimes show impaired diffatetion
efficiencies associated with reduced cell viabili{e=e1.4.6.7. This might be solely due

to the inability of mutant mitochondria to meet the more oilida¢nergy demands of
differentiated cell progeny. The potential impact of mitochondrial dysfunction to
metabolically sensitive epigenetic modifications underlying cell identity changes during

differentiation of mtDNA disease hPSCs haglieweverpeen reltively overlooked

Cellularmetabolic fluxes are important for determining germ layer specification during
hPSC differentiationyith oxidative mitochondrial function being particularly important

for mesodermal but not neuroectodermal specificationl($e8. In line with this, hPSCs

with high levels ofm.13513G>Ashow impairments in epithelial to mesenchymal
transition, insteadavouling aneuroectodermdineage commitment Gal er aet Mo n g
al., 2019) Mitochondrial activity ancssociated CA fluxes arecrucial for modulating
histone acetylation level@artinezReyeset al, 2016) with mtDNA disease cybrids
showing alterations to various histone acetylation modificationgsee 1.3.2.3.
Furthermore,remodelling of mitochondrial metabolic activityis central to histone
acetylation changes occurring during various stages of the myogenic programme (see
1.5.2.9. Disease causingntDNA mutationsthereforehave the potential to impact
chromatin modifications underlying mesodermal andmyogenic cell identity
acquisition/transitions ancbuldrepresent an important pathomechanism contributing to
tissuespecific dysfunction in mitochomiél disease patientshat warrants further

investigation.
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1.8 Aims and Hypothesis

The overall aims of this research project are: 1) To developiranitro model of
mitochondrial disease usintgPSGderived myogenic cedlharbouring the m.3243A>G

and m.8344A4G mttRNA mutations associated with mitochondrial disease, 2) To
investigate the functional consequences of these mutations in the developed cell model

with a particular focus on how they might impact thetabolic anepigenetic profile.

In Chapter 3he primary aim was to reprograannumber of differenimtDNA disease
patient fibroblast lines to hiPSCadathoroughly characterisbem As a more glycolytic
favouring cell type suprathreshold levels of mtDNA pathogenic variants were expected
in derived hiPSC lines. Based on previous reports in the literature, hiPSC lines with a
range of different mtDNA mutation loads, representative of the bulk fibroblast population
were expea@d from reprogramming of heteroplasmic patient fibroblast liDes. b the
importance of mitochondrial function during the reprogramming process and subsequent
proliferation of pluripotent cells, impairmentsastablishment of hiPSC linegth high
mMtDNA mutation loadsverealso hypothesised foaeprogramming opatient fbroblasts
harbouring mtDNA pathogenic variants

In Chapter 4 the primary aim was to investigate any mitochondrial aagdsociated
cellular detrimentsan the hiPSCs derived in Chapter Brimarily in orderto guide
selection of the mostppropriate hiPSC lines for downstream disease modelling purposes
upon differentiation into myogenic cell typess hiPSCs are more reliant on glycolytic
function for meeting thir energy requirements, minimal detriments in measure of
mitochondrial biophyi®logy might be expectedGiven detriments in mitochondrial
function of cybrid cell lines harbouring the majority of mtDNA pathogenic variants
investigated here have already been described in the literahpairments in steady
state levels of OXPHOS cqgtexeswere hypothesisetReductionsn steadystate levels

of OXPHOS CI and OXPHOS CV specifically were expected in MELAS2 and CMT
hiPSC lines espectivelywith suprathreshold levels of.13528A>G and m.13565C>T
MT-ND5, and m.9185T>C MT-ATP6 pathogenicvariants respectively. More global
reductions irthe entirely mitochondrial encoded OXPHOS complexe<lII, CIV and

CIV were hypothesised for MELAS1 and MERRF hiPSC lines with suprathreshold levels
of m.3243A>G MT-TL1 and m.8344A>G MT-TK mt-tRNA pathogenic variants
respectively, with OXPHOS Cinal CIV expected to be particularly vulnerable given
previous reports of theseagicular pathogenic variantsConcordant impairments in
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maintenance of thgm were hypothesise@nd pathogenic variantgusing reductions in
particular OXPHOS conlexes hypothesised to alter the sensitivity @imaintenance to
mitochondrial toxins targfing the respective OXPHOS complexegrther downstream,
alterations in levels of mitochondriderived metholic intermediates and metabolic flux
pathwayswere also hypothesised in hiPSC lines with suprathreshold levels of mtDNA

pathogeniwariants

In Chapter 5 the primary aim was to successfully bfiiate selected hiPSC lines
with/without mtDNA pathogenic variants into disease relevant skeletal muscle cell types,
and to identify anymtDNA pathogenic variantassociated mitochondrial aiod
downstream cellular phenotypds was hypothesised thatitochondrial deficitsnot
previously observed in the glycdiy favouring hiPSC progeny and/or more severe
mitochondrial deficits than the hiPSC progerwould be observed in thenore
oxidatively favouring, terminally differentiated myogenic cell cultures. This indude
more severe reductismn steadystate level®f specificOXPHOS complexes and more
severe reductisdimpairmens in ym maintenance. Given the importance of
mitochondrial metabolism and associated cellular metabolic flux changes for driving
mesodermahnd latter myogenic ceitlentity transitionsjt was also hypothesised that
impairments in myogenic differentiation efficiency and sgoest maturation of
myogenic cell cultures would also be observed for hiPSC lines with suprathreshold levels

of mtDNA pathogeniwariants.

In Chapter 6 the primary aim was to determine whether mtDNA pathogenic variants and
associated metabolic disturbaacailter levels of metabolically sensitive histone
acetylation modificationsGiven the importance of mitochondrial derivedsuhstrates

for both histone acetylation deposition (citratstytCoA) and removal (NAD),
impairments in global levels of histenacetylation were hypothesised. It was
hypothesised that histone acetylation detriments would be particularly evident during or
shortly after celidentity transitions heavily relianinochanges in the histone acetylation
landscape including pluripotenty mesodermal differentiation and terminal myogenic
differentiation.
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Chapter 2 Methods

2.1 Cell Culture

Human cells with dysfunctional OXPHOS require uridine and pyruvate supplementation
to support cell proliferatiorfKing & Attardi, 1989) In order to reduce any negative
selection pressures which might affect heteroplasmy levels, all cell culture media
formulations contained sodium pyruvgtelmM) and were additionally supplemented
with 50 eg/ ml uridine (Sigma).

2.1.1 Human DermalFibroblasts

Human dermal firoblastlines were establisheddoim explant outgrowth o$kin biopsies

taken fromone female control patient WT), a male MELAS patient withMT-TL1
m.3243A>Gpathogenic varianaffecting mt-tRNA-UYUR) (MELAS1), threeunrelated

female MERRF patients withMT-TK m.8344A>G pathogenic varianaffecting mt-
tRNAYS (MERRF13), a MELAS patient wititMT-ND5 m.13528A>G(p.T398A and
m.13565C>T(p.S41F%) missensepathogenic variastaffecting MT-ND5 (MELAS2),

and a CharceMarie-Tooth type 2 patient wittMT-ATP6 m.9185T>C(p.Leu220Prd
missens@athogenic variardffecting mtATP6 (CMT). Available clinical details of these
mitochondrial disease patierdse presented immable 2-1. Human cells were obtained

from the MRC Centre for Neuromuscular Diseases Biobank. Tissue sampling was
approved by the NHS National Research Ethics Service, Hammersmith wah Q
Charl ottebés and Chel sea Research Ethics
biological samples bank (Biobank) for research to facilitate pharmacological, gene and
cell therapy trials in neuromuscular disorders (REC reference number 06/Q0406/33) a
the use of cells as a model system to study pathogenesis and therapeutic strategies for
Neuromuscular Disorders (REC reference 13/L0O/1826), in compliance with national
guidelines regarding the use of biopsy tissue for research. All patients or tladir leg

guardians gave written informed consent.

Table2-1 Available clinical details of the patients whose cells were used in this study

mtDNA Mutation Heteroplasmy Symptoms/Observations
Syndrome

MELAS1 Male MT-TL1 17 % blood Mixed Myoclonic epilepsy
m.3243A>G 85 % urine MELAS/MERRF | Strokelike episodes
Mt-tRNALeUUR) Ataxia

Left occipital lobe
infarction detected by
MRI
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- mtDNA Mutation Heteroplasmy Symptoms/Observations
Syndrome

MERRF1 | Female | MT-TKm.8344A>G 87 % blood MERRF Myoclonic epilepsy
mt-tRNAYS 93 % urine Cerebellar Ataxia
93 % muscle Axonal peripheral
neuropathy

Hearing Impairment
RRF and motor
denervation detected on
muscle biopsy
Cerebellar atrophy
detected on MRI

MERRF2 Female | MT-TKm.8344A>G N/A MERRF N/A
mt-tRNAYS
MERRF3 | Female @ MT-TKm.8344A>G | 70 % urine MERRF Gait and limbataxia
mt-tRNALYS Proximal weakness
Myalgia
Myoclonic epilepsy
MELAS2 Female | MT-ND5 100 % blood = MELAS Myoclonic epilepsy
m.13528A>G 100 % muscle Strokelike episodes
(p.T398A) and Myopathy
m.13565C>T Peripheral Neuropathy
(p-S41F) Deafness
mt-ND5 COX fibres and RRFs

detected on muscle biops
Right occipital lobe
infarction detected by

MRI
CMT Female | MT-ATP6 100 % blood @ CMT2 Peripheral Neuropathy
m.9185T>C Migraine
p.Leu220Pro Diabetes Mellitus
mt-ATP6 Motor denervation

detected on musclaopsy
Cerebellar atrophy
detected on MRI

Fibroblasts were cultured in mouse embryonic fibroblasts (MEF) medium which
consisted of Dulbeccods Modified Eagl ebs
with Glutamax (DMEM/F12; Gibcopnd 10 % v/v fetal bwine serum (FBS; Gibco).

Cells were maintained in a humidified incubator at 37 °C, 95% air/5%g@®©mixture

and a full medium change was performed evebydays. Cells were grown until ~80 %
confluent before passaging with 0.25 % w/v trypSIDTA (Gibco) and reseeded at 1:2

split ratio.

2.1.2 Reprogramming of Human Dermal Fibroblasts t@iPSCs

Fibroblasts were reprogrammed imi®SG through nosintegrative delivery of hOCT4,
hSOX2, hKLF4 and &tMYC using theCytoTuneiPS 2.0 Sendai Reprogramming Kit
(Thermofsher). Reprogramming of control, MELAS1, MELAS2, MERRF1 and CMT

was performed under feeder conditioMERRF1, MERRF2 and MERRF3 fibroblasts
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were subsequently reprogrammed under feé@er conditions. Both methods are very
similar and any differences wibe highlighted At all stagescells were maintained in a
humidified incubator at 37 °C, 95% air/5% &£gas mixture

2.1.2.1 Transduction with Reprogramming Factors

One day prior to reprogramming inductiorl 4x1G fibroblasts at a passage number
<10 were seded into a single well of awell plate and cultured for 24 hrs in MEF
medium. The following day (d0): a transduction mixture was prepared in 2 ml of MEF
medium consisting of CytoTun2.0 Sendai vectorelKOS h ¢ 1T Mand hKLF4 at a
multiplicity of infection (MOI) ratio of 1:1:0.6. The hKOS vector encodes a polycistronic
transcript consisting of hKLF4, hOCT4 and hSOX2. MOI refers to the number of cell
infectious units (CIU) of virus to be added per individual fibroblast tedirefore4x1®

CIU of hKOS andh ¢ T Mynd 2.4x10 CIU of hKLF4 were required per well of
reprogramming. MEF medium was removed from the fibroblasts and replaced with the
prepared transduction mixture. 24 hrs later (d1): the transduction mixture was removed
and cells washed once withBBS before adding fresh MEF medium. Cells were then
cultured for 5 days without medium change. On d6 the transduced fibroblasts were split
with 0.05% w/v trypsiFEDTA (Gibco) and seeded in MEF medium onto a 10 cm dish
prepared with irradiated CF1 MEFs @BhIStem or coated with Matrigel (Corning

Preparation of feeder dishes and Matrigel coated dishes is outlinedib&ddwi

2.1.2.2 FeederDependantConditions

24 hoursafter seeding of the transduced fibroblastdo MEFs(d7), medium was
changed toa knockout serum replacement (KSR) feeder medium consisting of
DMEM/F12 supplemented with 10 % v/v KSR (Gibco),Mimum Essential Medium
Non-Essential Amino Acids (NEAA; Gb c o) , -raescaptathiand (Gibco) and 4
ng/ml human fibroblast growth fact@r(hFGF2; R&D Systems)KSR feeder medium
was changed daily untiliPSCcolonies with a diameter of -2 mm were visible 3-4

weeks).

2.1.2.3 FeederFree Conditions

24 hours aftereeding of the transduced fibroblastgo Matrigel coated dish¢d7) MEF
medium was replaced withTeSR1Imedium(STEMCELL Technologies)and changed
daily thereafter untihiPSC colonies with a diameter of ~2 mm were visible (46
weeks).
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2.1.2.4 Isolation of ClonalhiPSCLines

IsolatedhiPSC colonies(~5 mm diameter) which presumably arise from proliferation
outgrowth of a single transducedd reprogrammefibroblastwerevisualisedusing an
inverted microscope and mechanically divided into astidour equally sized clumps
usi ng a 10 Theklumps were théndransferrpd.to a single well of-avet
plate prepared with feeders or Matrigel as describe?l1.3 KSR feeder medium or
mTeSR1 was additionally S -aspopiates], mawiledoie d Wi
containing protein kinase inhibitor (ROCKIi}X7632 (Sigma) to promotke survival of
dissociated cellsMedium was replaced the following day without the addition of ROCK
inhibitor and daily thereafter until ~60 % confluendyPSG reprogrammed under
feederdependantonditions were then transferred to standard fe&der conditions
(described belowhiPSC colonies were dissociated from the feeder layer by incubation
with Img/ml collagenase IV (Gibco) andrig/ml dispase (Gibco) for approximately 30

min at 37 °ChiPSClines obtained were then cultured and expanded as desicribéd3d

2.1.3 hiPSCCulture

GeneralhiPSC maintenance was performed under feddeg conditions on Matrigel
coated éwell plates with mTeSR1 medium that was changed da®&Ccolonies were
grown until ~60 % confluent before splitting with 0.5 mNhglenediaminetetraacetic
acid(EDTA; Gibco) and seeding ~18PSCaggregates onto each well of -avéll plate.
Spontaneously differentiating regions bfPSC cultures werehighlighted using a

microsc@e objection marker @removed by aspiration prior to passaging.

2.1.3.1 Preparation of MEF Feeder Plates

Feeder plates were prepared one day prior to splitting of cells as fotawis well/dish

was coated with 0.1 % w/v gelatin at room temperature (RT) ftws3rradiated MEFs

were then seeded in MEF medium onto each gelatin coated dish at a density of
1.3x1d/cn? (i.e. 1x1G cells per 10 cm dish) and cultured overnight.

2.1.3.2 Preparation of Matrigel Coated Plates

Matrigel coated plates were prepai@a the day bsplitting e follows. Matrigel was
thawed on ice overnight at -céld BMEM/EL2.®0 di | u

e g/ ml Matrigel was then hrsed to coat pl af
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2.1.4 Myogenic Differentiation ofhiPSCs

hiPSG were differentiated into myogee cells by adapting recently published trgiene

free protocad which combines defined factors to recapitulate developmental signalling
gradients occurringn vivo during myogenesigSheltonet al, 2014, 2015; Chatt al,
2015, 2016)Figure2-1). Cells were cultured in a humidatl incubator aB7 °C, 95%
air/5% CQ mixture throughout the differentiation process.

Paraxial Myogenic Myoblasts/
hiPSC Mesoderm Progenitors Myaocytes Myotubes
ImTeSR]” 11 L1 LN 1
+ROCKi L HIFL KIH IST
NS D N D I I
T o
! I I I I | I
d-1 do d3 dé ds8 di2 d2s d35
+ ¢
split split

Figure 2-1 Schematicoverview of protocol used for thmyogenic differentiation of
hiPSG. hiPSG were platedis small cell clumps in mTeSR1 mesligpplementeavith

ROCK inhibitor (ROCK one day prior (day1l) to differentiation induction (day 0).
hiPSCs are first patternetbwards a paraxial mesoderm lineage via Wnt signalling
activation wusing the GSK3b inhibitor CHI
using the BMP4R inhibitor LDN193189 (L). The proliferation of myogenic progenitor
cells is then enhanced by culturing knockout serum replacement (K) media
supplemented with pro myogenic growth factors FGE), HGF (H) and IGF1 (I).
Terminal differentiation into multinucleated myotubes is achieved by culturing in an
insulin-seleniumtransferrin (IST) media without serusupplementation.

2.1.4.1 Seeding and Patterning Towards Myogenic Identity

hiPSG were dissociated into small clumps e6 Zells by incubation with TrypL B!
Express(Thermofisher) (~3minRT). The cell pellet was then resuspendgshtly in

mTeSR1 supplementedtwih 1 0 -2%632 RUCKi for counting. Cells were seeded
onto Matrigel coated dishes in mTeSR1 wi
seeding densities and culture dish sizes vieadled with varying succesfyut most
consistent differentiations were aehed seeding in a-&ell format at 1x160 cells/cn?

(i.e. 1x10 cells per well).

24 hours late(d0) medium was changed #& CL medium consisting of DMEMA2
supplemented with bulin-SeleniumTransferrin (IST; Gibcp |, 3 eM CHI R9
(inhibitor of glycogensynthase kinas8, GSK3; Tocris Bioscience) and 500 nM
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LDN193189 (antagonisif BMP4Rs; Miltenyi Bioteq. In cases of poor cell attachment
and/or survival following seedingresh mTeSR1 was instead added to extend the
recovery time for an additional 436 hrs. Alternatively, a slightlipwer concentration of
CHIR99021( 1 . 5 was Mged for this initial 24 hr periods it was noted that this
assisted in survival of less caméint culturesGSK-3b inhibition activatesanonicaMnt
signalling and together with inhibition of BMPR signalling promotes differentiation
towardsneuromesodermal and subsequentiadlgaxial mesodermlentities CL medium
was changed every 24 hr for thext two daysdl andd2). CL medium was additionally
supplemented with 20 ngl hFGF2 (CLF mediun) for the next three days (€8 in
order to support thgrowth and proliferation oparaxial mesoderm cell¥he medium
was then changed for the followitngo days (d6 and7) to a HIFL medium consisting
of DMEM-F12 supplemented withST, 10 ng/ml human hepatocyte growth factor
(hHGF; Peprotech 2 ng/mlhumaninsulin growth factorl (hIGF-1; R and D Systems
20 ng/ml hFGF2 and 500 nM LDN193189facilitating patterning intocells with
myogenic identityK-l1 medium consisting of DMEMF12 supplemented with 15% KSR
and 2 ng/mhiGF-1 was then adztl for the next four days (elBL). Cells were then (from
d12) cultured in K medium additionally spplemented with @ ng/ml HGF (KH
medium) The myogenic factors HGF, IGEand FGF2 promoted myogenesad the
proliferation of myogenic precursor€lH was fully changed every 24 humtil d14 at

which point KIH was changed every®days depending arultureconflueng.

2.1.4.2 Splitting and Expanding Proliferative Myogenic Cells

Differentiating myogenic cultures were dissociated by incubation witing/ml
collagenase andmg/ml dispaseén DMEM/F12 for approximately 3@0 min at 37 °C
before gently triturating with a 1 ml pipette tip. Complete dissociation of the culture was
rarely achieved and it was noted that large clumps resistantlagenasklispaseoften
expanded cells with a m®neural like morphology. For this reastamge clumps of cells
were sedimented by gravity and only cells in suspension seeded for myogenic cell
expansionMyogenic culturesvere passaged for expansion between d20 andnu3&,
commonly on d25. Cells werseeded in DMEM/F12 supplemented with 15 % KSR onto
Matrigel coated plateSeveradifferent seeding densities were trialled for this expansion
step butlx1C cells/cn? supported cell proliferation best. The next day medium was
changed to KIH and every2 days thereaftauntil cells reached very high confluency

~7-10 days later.
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2.1.4.3 Terminal Differentiation into Multinucleated Myotubes

Expanded myogenicultures were passagersing collagenase/dispased seeded as
described above. The following day afteedimg, cells were changed irfiession media
consisting oDMEM/F12 supplemented with ISBr DMEM/F12 supplemented with 3%

viv KSR, which promotal cells to exit the celtycle and fuse intanultinucleated
myotubesFusionmediawas changed every£days hereafter until cells were taken for
assays (714 days post seeding). A number of different seeding densities were trialled for
this terminal differentiation step but 4x1@ells/cnt appeared to promote terminal

differentiation most consistently.

2.1.5 Mycoplasnma Testing

Cell lines in culture were routinely tested for mycoplasma contamination @maochth

basis using thbioluminescence basély c o Al er t E Mycopl (acmzaa De't
as per thema n u f a cirtstauctiens.Briefly, a 500ul sampleof cell culture media
incubated witlcells for >24 hwas taken into a sterile Eppendorf and centrifugé&dag

for 10minin order to pellet detached cells and cell debris. 50ul of this supermaant

then transferred to avhite-bottom 96well plate alorngside wells containing 50ul

My c o Al er t (Begati®gdntfors5 Oul of MycoAl er50ukof posi
MycoAl ert E reagent wvells andt ahbaakgroand tumidescénoce e a
reading performed using tl.UOstar Omega microplate reader (BM@btech). 50ul

o f MycoAl ertE substrate wa sepetitieerradsaotl d e d
bioluminescence performeaross a >1hr period. Increasing luminescence signal towards

a plateau was observed in the positive control whereas no sucteficencesi observed

in samples without mycoplasma contamination. Particular focus was made towards
regular mycoplasma testing of hiPSC lines used for downstream experiments and
differentiation processeklo mycoplasma contamination was observed in any aféhe

cultured throughout the duration of this research project.

2.2 Molecular Biology

2.2.1 Assessment of mtDNMutation load

DNA including both gDNA and mtDNA was extracted from cells using Wizard
Genomic DNA Purification Kit (Promega).
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2.2.1.1 DyeTerminator Sequencing Quantification

Fragments of mtDNA flanking the respectpathogenic variargites were amplifieth
25 pl polymerase chain reactisffPCRs) usng M13 tailed primerpairs (uM) (Table
2-2) and FastStart Tag DNA polymerase master mix (Roche).

Table2-2 M13 Tailed mtDNA PCR Primers

Sequencep 0)Q Product Length
/ bp

MT-TL1_F TGTAAAACGACGGCMCIACGTGATCTGAGTTC 296
MT-TL1_R CAGGAAACAGCTATGARTAGTTGTATATAGCCTA
MT-TK_F TGTAAAACGACGGCHIAGTTTCATGCCCATCC 351
MT-TK_R CAGGAAACAGCTATCHIGGGCTTTGGTGAGG!
MT-ND5F TGTAAAACGACGGCOGIGCGCTATCACCACT( 487
MT-ND5R CAGGAAACAGCTATCAKGTAAGGGTGGGGAA!
MT-ATP6_F TGTAAAACGACGGC@G&TIACACCTACACCCCT 474

MT-ATP6_ R CAGGAAACAGCTATGARTETTACATCGCGCCATC
A typical PCR temperature cycl&dble2-3) was performed using a Geneamp 9700 PCR

machine (Applied Biosystems).

Table2-3 mtDNAPCR Temperature Cycle

Temperature / °C

95 15 min x1
95 30s x30
52 30s
72 45s
72 10 min x1

5 ¢ theamglifiedmtDNA productwas then cleaned enzymatically using 2 ul of Exo
Fast at 37 °C for 30 min followed by a 15 min denaturing step at 80 °EfaEoontains
1 U/ul exonuclease | (Ext; Thermo Scientifit and0.2 U/ul fast alkaline phosphatase

(fastAP; Thermo Scientifif to remove ssDNA including unused primers and unused

deoxynucleotide triphosphatédNTP9 r e s pe ct i v e-teryninatorlsequending d y e

reactions were then performed on 1 ¢l
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosysterasyl M13
sequencing primer0.33uM) (Table2-4) in both the forward and reverse directions

Table2-4 M13 Sequencing Primers

[Primer S 65 yous0 07 0
M13 F TGTAAAACGACGGCCAGT
M13 R CAGGAAACAGCTATGACC
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The recommendeBCR temperature cycld &ble2-5) was performed using a Geneamp
9700 PCR machine

Table2-5 Dye Terminator Sequencing PCR Temperature Cycle

Temperature / °C

96 | 10s
50 | 5s x25
60 4 min

Excess fluorescently labelled dideoxynucleotidehosphategddNTPs) were removed

by filtration through G50 Sephadex col um
plates (Corning) before sequencing analysis on a 3730xI DNA Analyser (Applied
Biosystems)Mutation loadwas calculated by measuring the relative chromatogram peak
heights for the WT and mutant nucleotides using Seq Scanner 2 software (Applied

Biosystems).

2.2.1.2 PCRRFLP Analysis of m.3243A>G

A 199bp fragment of the mitochondrial genome spanning the m.3243A>@nvarie
were amplified in 12.5 yl PCRs using a forward primer5 6  mo avithf 6iFAM
fluorophoreandunmodifiedreverse primer (each 1.2 uNljable2-6) and FastStart Taq
DNA polymerase master mix (Roch@lable 2-7). 4ul of this PCR product was then
restiction digestedn a 20ul reaction consisting of 1U/ul HaelRromega), 1x Buffer C
(Promega) aB7 °C for 2hr.1ul of the dgest product was then denatured with 12ul HiDi
Formamide (Thermofisher) and 0.3séneScan 500 LIZThermofisher) at 985C 3 min,
followed by snap cool on ice. Denatured digest product was then subjected to fragment
analysis ora 3730xI DNA AnalyserMutation loadvas calculated by measuring trea
under the curves of the WB-FAM product (62bp and m.3243A>G variant-BAM
product (90bp) usingeak Scanner 2 software (Applied Biosystems)

Table2-6 RFLP Primers Used for m.3243A>G Heteroplasmy Assessment

{ S1j dzSyoX®0 6 p Q | Product Length / bp

3243 RFLP_F [6FAM]JCACAAAGCGCCTTC 199
3243 RFLP_R GCGATTAGAATGGGTACAA
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Table2-7 RFLP PCR Cycle

Temperature / °C

95 10min x1
95 30s x23
59 30s
72| 30s
72 10 min x1

2.2.2 ReverseTranscription

RNA was extracted and purified using the QuRIMA Miniprep Kit as described in the
manufacturers protocol, including the optionalcmiumn DNAse treatment for removal

of contaminating gDNA(Zymo Research)RNA concentration was quantifiedy b
measuring 260 nm absorbance using a nanodrop spectrophotofnetenplementary

DNA (cDNA) library was immediately created from 500 ng of the RiNAa reverse
transcription(RT) reaction using th8uperScript I(SSIl) Reverse Transcriptase00 ng

of RNA was first denatured in 10l of HO with 0.2%g of random primers (Promega)

at 65 °C for 5 min before snap cooling on ice. The denatured RNA and random primer
mix was then made up ing 20 pl RT mix consisting of 500 ng RNA, Oighrandom
primers, 1x fist synthesis buffer, 10 mRithiothreitol (DTT), 0.5 mM dNTPs (C, G, A

and T), 1 U/ul RNAseOUT and 1.25 U/|8SlI reversetranscriptase(all Thermo
Scientific). Reverse transcription was catalysed by incubation at 42 °C for 1 hr followed
by a 15 min denating step at 70 © C. A 20 ul RTontrol reaction was also performed

for each RNA sample which lacked the SSII reverse transcriptase enzyme in order to
assess any remaining gDNA contaminatieithin the sample The cDNA was then

diluted 1:30 in HO in orcer to maintain an appropriate cycle thresholg (&@hge.

2.2.3 RT-gPCR

Reattime quantitative PCR (RGPCR) wasperformed using th€uantStudio 7 Flex
RealTime PCR SysteniiThermo Scientific) in 15 pl reactions with 5 pl 30 diluted
cDNA (as prepared i2.2.2, genespecific primer pairs (0.aM) (Table 2-8) and fast
SYBR GreenThermo Scientifig as thereporter. RT-gPCR primer pairs wergesigned
such that the annealing temperature was approximately 5§iv@g an ~106800bp
productwhich spanned across two exofimer annealing across exemon junction
was attempted wherever possiblewly desiged primer pairs were assegdger off-

target effects and/or primer interactiamsng the melting/dissociation curve. All cDNA
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samples were run in duplicate or triplicate angmfification of expression levels was

calculated using the me&i. The relatie expression for genes of interesswalculated

for each sample using tlggCt method

Relative EXpFESSiOFI 2—(CT(gene of interest) CT(housekeeping gene))

Table2-8 RT-gPCR PrimerPairs

{ Sl dzS yoXB0 6 p Q Product Length
/ bp

HMBS_F
HMBS_R

GAPDH_F
GAPDH_R
LIN28A F
LIN28A_R
REX1 F
REX1 R
DNMT3B_F
DNMT3B_R
SOX2_F
SOX2_R
OCT4_F
OCT4 R
NANOG_F
NANOG_R
DES_F
DESR
TTN_F
TTN_R
PAX7_F
PAX7 R
MYH1_F
MYH1_R
MYH2_F
MYH2_R
MYH3_F
MYH3_R
MYH7_F
MYH7_R
MYHS8_F
MYH8_R
PPARGC1A F
PPARGC1A R

TFAM_F
TFAM_R

GGAGCCATGTCTGGTAACGG
CCACGCGAATCACTCTCATCT

TGGTGCTGAGTATGTCGTGGAGT
AGTCTTCTGAGTGGCAGTGATGG
GGAAAGAGCATGCAGAAGCG
GTGGCAGCTTGCATTCCTTG
CCGAGACCACGTCTGTGCGG
AGCGCTTTCCGCACCCTTCA
ATAAGTCGAAGGTGCGTCGT
GGCAACATCTGAAGCCATTT
ATGTCCCAGCACTACCAGAG
GCACCCCTCCCATTTCCC
CCTCACTTCACTGCACTGTA
CAGGTTTTCTTTCCCTAGCT
GCTTGCCTTGCTTTGAAGCA
TTCTTGACCGGGACCTTGTC
GGACCTGCTCAACGTGAAGA
GAGGGCAGAGTAGGTCTGGA
GCCACCAATGGATCTGGACA
GCTTCCTTGTCTCACGGTCA
ACCCCTGCCTAACCACATC
GCGGCAAAGAATCTTGGAGAC
CCCTACAAGTGGTTGCCAGTG
CTTCCCTGCGCCAGATTCTC
AGAAACTTCGCATGGACCTAGA
CCAAGTGCCTGTTCATCTTCA
TTGATGCCAAGACGTATTGCT
GGGGGTTCATGGCGTACAC
ACTGCCGAGACCGAGTATG
GCGATCCTTGAGGTTGTAGAGC
CCAAAACAAGCCGTTTGATGC
AGCACTCCAGGCTCGTGTA
GTCACCACCCAAATCCTTAT
ATCTACTGCCTGGAGACCTT

ATGGCGTTTCTCCGAAGCAT
TCCGCCCTATAAGCATCTTGA

143

292

91

125

202

141

164

218

112

114

121

174

178

153

147

228

131

317
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2.2.4 RT-gPCR Measurements of mtDNA Content

DNA including both gDNA and mtDNA was extracted from cells using Wizard
Genomic DNA Purification Kit (PromegaDNA concentration was quantified by
measuring 260 nm absorbance using a nanodrop spectrophotofnBigA dilution of
5ng/ul was then prepareRT-gPCRwas performed using the QuantStudio 7 Flex Real
Time PCR System (Thermo Scientific) in 15 pl reactions wither 1ul of 5Sng/ul DNA
(nDNA targets, APP and/or B2M) or 4ul of 5ng/pl DNA (mtDNA targets, -YB
and/orMT-ND1, MT-ND4) and nDNA/mtDNA specifigorimer pairs (0.5uM)Table
2-9) and fast SYBR Green (Thermo Scientific) as the repde&ech reaction was run in
duplicate or triplicate andugntification ofrelative mtDNA content was calculated using
thegp @t method wherep C+ Ct(nDNA)T Ct(mtDNA). For experimets including both
APP and B2M nDNA primer pair targets, Ct(nDNA) represents the geometric mean of
the Ct(APP) and Ct(B2M)

Relative mtDNA content 2 (@ctcontrol)- o C mytan))

Table2-9 mtDNA Content RGPCR Primer Pairs

e PR oe
/ bp

B2M_F CACTGAAAAAGATGAGTATGCC 231
B2M_R AACATTCCCTGACAATCCC

APP_F TGTGTGCTCTCCCAGGTCTA 80
APP_R CAGTTCTGGATGGTCACTGG

MT-CYB_F GCCTGCCTGATCCTCCAAAT 132
MT-CYB_.R  AAGGTAGCGGATGATTCAGCC

MT-ND1_F ACGCCATAAAACTCTTCACCAAAG 111
MT-ND1_R GGGTTCATAGTAGAAGAGCGATGG

MT-ND4_F ACCTTGGCTATCATCACCCGAT 107

MT-ND4_R AGTGCGATGAGTAGGGGAAGG

2.2.5 RT-PCRAssessment of SeV Transgene Clearance

cDNA was prepared from hiPSC RNA extracts as describetd2r2 25 yul RT-PCR
reactionsconsisting ofFastStart Taqg DNAvolymerase master misul of hiPSC cDNA
dilution and M primer pairs(Table 2-10). A RT-PCR reaction with primer pairs

specific for the HMBS housekeeping geserved as a positive control for the reaction.
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Table2-10 Sendai Viral Transgene SpeciR3-qPCRPrimer Pairs

{ Slj dzS yoXBO 6 p Q ProductLength
/ bp

HMBS_F GGAGCCATGTCTGGTAACGG 73
HMBS_R CCACGCGAATCACTCTCATCT

Backbone_F GGATCACTAGGTGATATCGAGC 181
Backbone_ R ACCAGACAAGAGTTTAAGAGATATGTATC

hKOS_F ATGCACCGCTACGACGTGAGCGC 528
hKOS_R ACCTTGACAATCCTGATGTGG

hKLF4_F TTCCTGCATGCCAGAGGAGCCC 410
hKLF4_R AATGTATCGAAGGTGCTCAA

hcMyc_F TAACTGACTAGCAGGCTTGTCG 532

hc-Myc_R TCCACATACAGTCCTGGATGATGATG
A typical PCR cycle was performed usingganeamp 9700 PCR machifieable2-11)

Table2-11 Sendai Viral RTPCR Temperature Cycle

Temperature / °C

95 15 min x1
95 30s x30
55 30s
72 45s
72 10 min x1

RT-PCR products were separated through 2% w/v agaroseceiateEDTA (TAE) gel
electrophoresis and visualised through UV302 transillumination using the Sybr Safe

nucleic acid dyéThermofisher).

2.2.6 Cell Fixation and Immunofluorescence

Cells were fixed for immunostaining with 4% paraformaldeh§®feA; Sigma) in BPBS
(15 min, RT). Cells were then washed 3 times wHRBS before incubation in a blocking
and permeabilisation solutionmsisting of DPBS with0.1%w/v Triton X-100 and 10%
v/v serum. Theerum was obtained from the same spenieich the2°-antibodies used
were raised Cells were then incubated with -aAhtibody (in Dako antibody diluent
(Agilent) (RT, 1-2hr or 4 °C, overnight) before 5 washes with PBZlls were then
incubated with fluorophore conjugated&itibodyin antibody diluent (RT, 1hr) before
3 washes with PBS. Nuclei were then cowstained with0.1¢ g / 4n8-diamidino-2-
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phenylindole(DAPI) in PBS(RT, 15 min),followed by 5 washes witlD-PBS. Cells

stained in culture dishes were imaged ifPBS. Cells cultured on coverslips were

mounted to glass slides usibDgkofluorescence muntingmedium(Agilent).

Images were captured using an Olympus IXAlerted microscope with Hamamatsu

Orca R2 monochrome camera, or Zeiss LSM 700 upright confocal microsc@ugng

acquisition parameters including laser intensitgs;hole diametersacquisition times,

pixel resolution andjain settingsvere kept constd for each experimentmages were

processed using ImageJ FIJI softwanel alterations to brightness and/or contrast made

for image presentation purposes kept consistent between images from the same

experiment.

Table2-12 Antibodies Used for Immunofluorescence

Epitope Species Dilution | Fluorophore Company Cat. No.
Raised

OCT4

OCT4

NANOG

TRA1-60

Desmin

Titin

PAX7

PanMyHC

MyoD

Ki67

Myogenin

rabbit
polyclonal
Mouse
monoclonal
lgG2b
rabbit
monoclonal
mouse
monoclonal
IgM

mouse
monoclonal
IgG1
mouse
monoclonal
IgM

rabbit
polyclonal
mouse
monoclonal
lgG2b
mouse
monoclonal
lgG1K
rabbit
polyclonal
mouse
monoclonal
lgG1K

1:200

1:200

1:300

1:200

1:300

1:300

1:200

1:300

1:200

1:200

1:200

Abcam ab18976

Stem Cell

Technologies 3A2A20
Abcam ab109250
Santa Cruz SCG21705

Dako MO0760

DSHB 9 D10c

Thermofisher PAX117

DSHB MF 20
Dako 5.8A
abcam ab15580
Dako F5D
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mouse

MyHC monoclonal MyHC

(Embryonic) | 1gG1 1:50 Leica (Embryonic)
mouse

MyHC monoclonal

(Neonatal) | 1gG1 1:50 Leica NCEMHCn
mouse
monoclonal

MyHC (Fast) IgG1 1:100 Leica NCEMHCf
mouse

MyHC monoclonal

(Slow) IgG1 1:100 Leica NCEMHCs
rabbit

H4K16ac polyclonal 1:1000 EpiGentek 4K16A
rabbit

TOMM20 polyclonal 1:1000 abcam ab78547

mouse IgM | goat 1:1000 | Alexa Fluor 488 | Thermofisher a21042

mouse IgM

(mu chain) | goat 1:1000 @ Alexa Fluor 568 Thermofisher a21043

mouse IgG

(H+L) goat 1:1000 | Alexa Fluor 488 | Thermofisher al1029

mouse IgG1

(y1) goat 1:1000 @ Alexa Fluor 488  Thermofisher a21121

mouse

IgG2b (y2b) | goat 1:1000 | Alexa Fluor 594 | Thermofisher a21145

Rabbit IgG

(H+L) donkey 1:1000 @ Alexa Fluor 488  Thermofisher a21206

rabbit IgG

(H+L) donkey 1:1000 | Alexa Fluor 568 | Thermofisher al0042

rabbit 19G

(H+L) goat 1:1000 @ Alexa Fluor 647 @ Thermofisher a21244

2.2.7 TMRM Measurements of m

ym was assessed using live confocal imaging of thepegtheant, fluorescent dye
tetramethylrhodamine methyl ester (TMRM). TMRM is a positively charged molecule
which accumulates in the negatively charged environment of the mitochondrial matrix.
When usedtaa low concentration (25 nM) TMRM fluorescence within mitochondria is
proport imd.a aleduttion inyTMRM intensity corresponds to mitochondrial

depolarisation.

Cells were incubated with 25 nM TMRM (Thermofisher) diluted in Hank's Balanced Salt
Solution (HBSS Gibco) for 40 min at RT. Fresh HBSS with TMRM was added shortly
before imaging. Images were captured using a Zeiss LSM 700 upright confocal using the

manufacturers predefined settings for TMRMser intensity was kept to a minimum
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(<0.3%) in order to avoid photobleaching/phototoxicityigidal gain was adjusted to
increaseéhe dynamic range of detection whilst ensuring saturation of the signal was not
occurring. For mgasuacekmeinmages bdasxil styi n¢
taken. All laser and detection settings were kept constargachexperimental imaging
session.B a s anl quantification was made from a maximum intensity projection.
Quantification was performed using ImageJ FIJI softwawean pixel intensity was
quantified with a minimum intensity threshold set such that-mochondrial
fluorescence wasxcluded from the analysi$he minimum intensity threshold chosen
was kept constant between images taken during the same experimental Bessdar.
to assess the contribution of various OXPHOS complexgs toaintenancecells were
incubated with 25 nM TMRM as described abowed timecourse imagedvhilst
sequentially adding mitochondrial toxissingle 2 um focal planpositioned to include
in-focus mitochondria was imaged everyl® s. Baseline measurement was first
established (>4 timepoints with apparently stable TMRMrsity) before addition of
10ug/ml oligomycinA (Sigma) in order to inhibit OXPHOS CV. In healthy cells, CV is
normally utilising theym to synthesise ATP, thus a slight hyperpolarisatiory @fis
expected after inhibition. In diseased or stedssellularstates CV can work in reverse
(i.e. utilise ATP to pump Hfrom the mitochondrial matrixand CV inhibition would
instead causgm depolarisation. Following stabilisation of the CV inhibited state (>4
stable timepoints), M rotenone (Sigma) was addeddrder to inhibit Cl. Following
stabilisation of the CI inhibited state (>4 stable timepointgyl XCarbonyl cyanidep-
trifluoromethoxyphenylhydrazon@~CCP) protonophore was then added in order to
dissipate the mitochondrial "H gradient causing completeym depolarisation.
Quantification was performed using ImageJ FlJI software. Mean pixel intensity was
quantified with a minimum intensity threshold set such that-mdachondrial
fluorescence was not includedMRM intensity values were normalised to thesdla
TMRM intensity (set as 100%) and TMRM intensity following FCCP induged

depolarisation (set as 0%).

2.2.8 Electron Microscopy

Cells were fixed witi3% glutaraldehyde in 0.1 M sodium cacodylate buffer and 5 mM
CaCb. An equal volume of fixative was first added to the cell medium for 5 min before
replacing with 100 % fixative. Fixed cells were stored at 4 °C in fixative solution before

further processing b¥errie Venne from the National Hospital for Neurology and
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Neurosurgery (NHNN) Neuropathology diagnostic laboratémyages were captured on
aPhilips CM10transmission electron microscope.

2.2.9 Oxygen Consumption Rate Measurements.

OCR and extracellular acidification rate (ECAR) were measured usiSgaaorse
Bioscience XR4 Extracellular Flux Analyser (Seahorse Bioscience). Celbre
incubated in assay medi(MEM without sodium bicarbonate supplemented with 110

e g/ ml s o dte, 6.59mMgucosevall Sigma) and 1x Glutamax (Gibco) gH})

prior to OCR measurements (37 °C, 1 hr,4@@, incubator). Basal OCR and ECAR

was first measured before the sequential additionubf dligomycinA, 1 &€ M car bon
cyanidep-trifluoromethoyy pheny |l hydr azone ( F@@PSigma)nd 1
OCRmeasurements in the presence of these toxins allows a number of respiratory chain
functional parameters to be calculated including: ATP production, maximal respiration
and spare respiratory cayig, which will be discussed in the respective results section
OCR and ECAR measurements were normalised to total protein content measured
throughBradford Assay (BioRad).

2.2.10 Whole Cell Protein Lysatetor Western Blot

Cells were first washed with iemld D-PBS and then immediately incubated&a °C

for >1hr. Alternatively cells were enzymatically detached from the cell culture dish and

pelleted, before washing with i@®ld D-PBS and incubating aB0 °C for >1hrCells on

culture dishes were scrapedaioe side of the culture dish whilst on ice dyskd in ice

cold radioimmunoprecipitation ass@IPA) lysis buffer consisting df50 mM NacCl, 50

mM Tris-HCI (pH = 8), 1% w/v NP40, 0.5% w/v sodium deoxycholate and 0.1% w/v

sodium dodecylsulphate (all $ng). Protease and phosphatase inhibitor cocktail (1x;

Sigma) was freshly added to the lysis buffer before lugsed cellswere transferred to

ice-cold 1.5 ml Eppendorf tubes, and incubated on ice for 1 hr with intermittent vortexing

(1 min vortex every 2tnin). Cell debris was then pelleted by centrifugatia000g, 10

min, 4°C) and the supernatant containing the protein lysate transferredeargpre-

chilled Eppendorf tube. Protein concentration was quantified through a Brad&ay

(BioRad) or Perce ficinchoninic acid (BCA) assay(Thermofisher) following the

manufacturers protocol. Brieflyl pl of cell lysates were added in triplicate into

individual wells of a 96well plate. Triplicates of known bovine serum albumin (BSA,

Thermofisher) concentration were also added into theeélbplate in order to generate

a standard curve. Triplicate wells containing 1 pl of lysisdngérved as blanks. 200 pl
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of Bradford assay or Pierce BCA assay reagent were then added to each sample
Absorbance was measured at 590 nm (Bradford) or 56BQA) using a 9éwell plate
readerProtein concentration was calculated by comparing the absorbance of the protein

samples to the known BSA standard curve.

2.2.11 Histone Extraction for Western Blot

Histore extracts were prepared from selrough nuclearsolation and acid extraction
using the EpiQuik Total Histone Extraction Kit as described in the manufacturers
protocol.Briefly, cells were enzymatically detached from the cell culture dish, washed
with ice-cold D-PBS and pelleted by centrifugation. Cells were then resuspended in ice
cold prelysis buffer (a cell lysis buffer maintaining nuclear integrity) at a concentration
of 5x10’ cells / ml before incubating on ice for 10 mMuclei were then pelleteby
centrifugation (10,000g, 1 min, 4 °C) and resuspended in lysis buffer at a concentration
of 1x10 cells / ml before incubating on ice for 30 mikiuclear debris was then pelleted
by centrifugation (13,5009, 5 min, 4 °C) and the supernatant contaixtiragcted histones
transferred to an Eppendorf tube contairrg volumes of balance buffer with freshly
added DTTin order to neutralise the acid. Histone extractions were quantifyed
measuring280 nm absorbance assuming a BSA extinction coeffic{éri7) using a
nanodrop spectrophotometer

2.2.12 Polyacrylamide Gel Electrophoresis and Western Blotting

Equal amounts of protein (20ug) or histones (1j0g) were denatured in INUPAGE
LDS Sample BuffeThermofisher) with 10 mM DTT by heating at 95 °C fant. For
assessment of mitochondrial OXPHOS complexes, samples were instead heated to 37 °C
in order to maintain the detection béatlabile MT-CO1 subunit ofOXPHOS CIV.
Samples were then loaded intduPAGE 412 % BisTris polyacrylamide gls
(Invitrogen)and separated by polyacrylamide gel electrophoresis (PAGEYPAGE
MOPS SDS Running Bufferusing a Bolt mini gel tank (all Thermofisher).
Polyacrylamide gels were equilibrated by running empty at 100 V for 10 min prior to
sample loading. Saphes were first stacked into the gel by running at 70 V for 20 min,
before separating at 100 V. Separated proteins were then elecetiqdly wet
transferred to 0.22 pum nitrocellulose membranes (Biorad) using a genie blotter system
(Idea Scientific)and transfer buffer consisting of 1x tris/glycine buffer with 2094
methanol(both Sigma)(18 V, 1.5 hr, 4 °C)Gelsand nitrocellulose membranes were
washedin transfer buffer prior to electrophoretic trans{@® min, RT) Following
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transfer, membranes wewashed in trikbuffered saline (TBS0 mM TrisHCI 150 mM
HCI, pH = 7.5 with 0.1% w/vtween20 (TBST, all Sigma)(10 min, RT). Membranes
were then stained with 50% ViRonceau S solutiofbigma) diluted in TBST in order to
assess transfer efficieneynd guide cutting of membranes for simultaneassessment
of multiple proteins with differing molecular weightglembranes were themashed3
times with TBST (10 min, RT) before blocking in TB$ with 5% w/v milk (1 hr, RT)
Membranes werthenincubatel then incubatedvith 1° antibodiegTable2-13diluted in
1 % w/v milkTBS-T (4 °C, overnight)Membranes were washed 3 times WiBS-T (10
min, RT) and then incubated with horseradish peroxidase conjugated 2° antibodies
(Biorad) in 1 % wv milk TBST (1-2 hr, RT). western blots were developed using
Amersham ECL Primé&Vestern Blotting Detection Reager®E Life Sciencesand
imaged using a ChemiDdmuch imagingsystem (BioRad).
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Table2-13 Primary Antibodies Used for Immunoblotting

Species Raiec

WActin Mouse 1:5000 Sigma A2228
rabbit

TOMM20 polyclonal 1:1000 abcam ab78547

Mito OXPHOS

Cicv Mouse 1:1000 Abcam ab110413

l'at Yh rabbit 1:1000 Cell signalling #2603

Phosphe

lat Yh

(Thr172) rabbit 1:1000 Cell signalling #2535

ATRCitrate

Lyase rabbit 1:1000 Cell signalling #4332

PhospheATR

Citrate Lyase

(Ser455) rabbit 1:1000 Cellsignalling #4331
rabbit

PDK4 polyclonal 1:2000 Proteintech 129491-AP
rabbit

CIC polyclonal 1:1000 Proteintech 152351-AP

TFAM rabbit 1:1000 Cell signalling #7495
rabbit

H3K9ac polyclonal 1:2000 EpiGentek 3K9A
rabbit

H3K14ac polyclonal 1:2000 EpiGentek 3K14A
rabbit

H3K18ac polyclonal 1:4000 EpiGentek 3K18A
rabbit

H3K27ac polyclonal 1:2000 EpiGentek 3K27A
rabbit

H4K5ac polyclonal 1:2000 EpiGentek 4K5A
rabbit

H4K8ac polyclonal 1:2000 EpiGentek 4K8A
rabbit

H4K12ac polyclonal 1:2000 EpiGentek 4K12A
rabbit

H4K16ac polyclonal 1:2000 EpiGentek 4K16A

2.2.13 Native Chromatin Immunoprecipitatiorand ChiP-Seq Library Preparation

A number of different conditions were tested for native chromatin immunoprecipitation

(ChlIP) but thdollowing procedure gave the most optimal results.

Cells were enzymatically detached from the culture vessel and pelleted in a falcon tube
(500 g, 4 min, RT). Cells were then washed twice in 5 ml ofcatd D-PBS with
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centrifugation (500 g, 4 min, 4 °CG)1x10 cellswere then resuspended gentlyiml of
NBA buffer (85 mM NacCl, 5.5 % w/v sucrose, 10 mM TrisHCI (pH 7.5), 0.2 mM EDTA,
0.2 mMphenylmethane sulfonyl fluorid®MSF), ImM DTT, 1x cOmplete Mini EDTA
free protease inhibitors). 2 ml of NBA buffer with 0.1 % NRABB buffer) was then
added before incubating on ice for 3 mins to gently lyse the cells. Nuclei were pelleted
by centrifugation (1000g, 3 min, 4 °C), washed in NBR bui mM NaCl, 5.5 % w/v
sucrose, 10 mM TrisHCI (pH 7.5), 3 mM MgCL.5 mM Cad, 0.2 mM PMSF, 1 mM
DTT, 1x protease inhibitors), and centrifuged (2000g, 3 min, 4 °C). Nuclei were
resuspended in NBR buffer and DNA content quantifigdheasuring 260nm abrbance
using a nanodrop spectrophotometer. Nuclei were diluted to a DNA concentration of 0.5
eg/ ml and RNAOedgi/gnels tReNdAswei tAh (5 min, 20 AC
fragmented tanto fragments associated witkBlhucleosomes by digestionwith. 1 U/ ¢ |
micrococcal nuclease (MNase; Signiar 15 mins, 20 °C. MNase digestion was stopped
by addition of equal volume ieeold STOP buffer (215 mM NaCl, 10 mM TrisHCI (pH
8), 20 mM EDTA, 5.5 % w/v sucrose, 2 % wxiton X-100, 0.2 mM PMSF, 1mM DTT,
2x protease inhibitors). Nuclei were incubated on ice overnight to slowly release the
fragmented chromatin. Nuclei debris was pelleted by centrifugation (20 000g, 5 min, 4
°C) and the supernatant containing cleared chromatin transferred to a new Eppendorf
tube.

For each chromatin i mmunoprecipitation (|
slurry (Thermofisher) were coupled with
modi fication of i nterest as foll ows. Us i
washed twice with 500mgmliBSA)®.1 ntM RMSK).iTheg s o
protein A beads were then resuspended i
antibody and rotated (>2 hrs, 4 °@ntibody bound beads were then washed with 250

pl of blocking solution.

150 €g of released chromatin was then adc
3 hrs, 4 AC). 15 &g of chromatin was ret:
were then washed 3 times with @N OrisHCI of
(pH 8), 2 mM EDTA, 1 %w/v Triton X-100 by rotation (10 mins, 4 °C). A final wash

in TE buffer (10 mM TrisHCI (pH 8), 1 mM EDTA) was carried out at room temperature.
Chromatin was released from the beads with elution buffer (0.1 M NgHC@ SDS,;

37 ACcC, >15 mins) and t r eaadigesdthewistaneds ICO0 € g/
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overnight).ChlPand 10% inpuDNA werepurified usinga QIAquick PCR prification
kit (QiagenJa nd el ut enuclaase fredid:0.e | o f

ChIP and 10% input DNA ®re then quantified using the Qubit dsDNA high sensitivity
assay kit and Qubit 2.0 fluorometer. A next generation seque(WiG&) library was

then prepared from 100 pg of ChIP and 10% input DNA samples usirteéNGS

2S Hyb DNA Library Kitand2S Indexing Kit for Illumina(Swift Bio) following the
manufacturers protocols. Briefly, the MNase digestdaNA wasfirst repaired through

a 506 dephosphoryl ati on p h o srgphiragpblyanersatiane a ¢ t
reaction. The repaired dsDNA stdswere then ligated witlsample specific P7 index
adaptersfor multiplexing purposes. The P7 indexed dsDNA was then ligaii¢al
independent strand specific P5 adaptiéveo independent P5 adapters per dsDNA
molecule) A PCR reaction was then performedorder to amplify the indexed library

2.2.14 Glucose Flux Analysis ohiPSCs

1x1C hiPSCs were seeded onto Matrigel coated 10cm dishes in mTeSR1 culture media
(d0). 48 hours later (d2), medium was changeblasic DMEM supplementedith 5.5

mM glucose, 2nM L-glutamine, ImM sodium pruvate,IST, 1% w/v L-ascorbic acid
2-phosphate esquimagas, 25ng/ml FGF antl.74ng/ml TGF beta24 hours later (d3),

the media wathenchangedo a basic DMEM supplemented witb mMradiolabelled
[U-13C]-glucose. After 2 hoursf radidabel incorporationmetabolites were extracted in

a cold room with icecold solutions as follows. Medium was removed and cells washed 3
times with BP B S . 300 ¢l o f 20 dddHid) koatainthg $ ©tM deyllee d H
inositolinternal standardwasshen added to the centre of t
then added and cells scraped from the culture surface. The cell suspension was then
transferred to an Eppendorf tube with 30
added to the cultureigh to wash off any remaining cells and transferred to the same
Eppendorf tube before vortexing briefly. Cells were incubated for 1 hr at 4°C which
included three 8 min pulses of sonication in order to lyse the cells and release metabolites.
The extractednetabolites were stored &0 °C before being further processed and
analysed by coll aborators at the Franci ¢

through gas chromatograpiyass spectrometry.
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Chapter 3 Derivation of hiPSCs with

MtDNA Disease Mutations

3.1 Overview

The first step towards generation of a dise&bevantin vitro model of mitochondrial
disease skeletal musclequired generation ofhiPSG harbouring mtDNA disease
mutations.The reprogramming process and establighi®$G can also serve as useful
cellular models for exploring the impact of mtDNA mutations on cellular metabolism and

associated metabolically sensitive epigenetic modifications.

While hiPSG preferentially utike glycolysis in order to meet cellular energy demands
recent progress in the field highlights the crucial role of mitochondrial metabolism
towardsthe acquirement andhaintenance of the pluripotent stgee Introduction
section 1.4 for in-depth overviey Derivation of hiPSG from patients with a
mitochondrial phenotype might therefore be met with additional challenges than those
alreadyfaced during therelatively inefficient process ofreprogramming cells from
healthy control individuals and patients with pmitochondrial related diseasels
relation to the reprogramming of primary patient cell lines harbouring heteroplasmic
MtDNA disease mutations, the stoclh@stature of the mitochondriahutation load
within individual cells of the bulk population means ttativation of only a fewhiPSC
clong(s)is unlikely to be sufficient for obtainingell lineswith mutation loadappropriate

for disease modelling purposai®ngsidesimultaneous establishment of isogenic control
clones. In addition, negative selection pressures towards individual cells with high
heteroplasmior homoplasmienutation load might furthercomplexify establisiment of

hiPSClines with suprathreshold heteroplasmy le¥etsdisease modelling.

3.1.1 Reprogramming Strategy

The CytoTuneiPS 2.0Reprogramming Kitlicensed byThermofisher utilises a nen
integratingSendai viral vector in order to inttacethe four Yamanaka facto(eOCT4,
hSOX2, hKLF4 and ht/1YC; collectively OSKM) most commonlyused fordriving
somatic cell reprogramming. This Sendaiis-basedkit has a number of advantages over
otherdelivery strategiesuchas adenoviral vectorsegtroviral vectorsepisonal vectors

and mRNA transfection. These include the absence of host genome integration potential,

requirement of only one transduction and relatively high reprogramming efficiency
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(commonly reported up to 0.1%8chlaegeet al, 2015) For these reasons the CytoTune
2.0 kit was chosen to ensure a sufficiemmnber ohiPSCclones would arise faelection
andsubsequergxpansion in order tacilitatethe likelihoodcell lines with an appropriate

range ofmutation load could be selected.

3.1.2 Selectionof Fully Reprogrammed Cloneand Pluripotency Assessment

Althoughthedeliveryof reprogramming factorso somatic cells is probably an influential
factor, the inefficiencyf thereprogrammingrocess isargelydue to theunlikelinessof

cells progressing through number ofessentialepigeretic andtranscriptional phases.
Two mechanistic models seeking to explairs tmefficiency of the reprogramming

processvere originallyproposed: a elite model and stochastic mo@éamanaka, 2009)

The elite model postulates thaithin a given somatic cell population therestgionly a

few cells which are permissible to the reprogramming proeggtsrogenous somatic cell
populations do include cells with adult stem cell ident@podell, Nguyen & Shroyer,
2015)which at least isome instances appear more permissible for reprogramming to the
pluripotent statgGuo et al, 2014) However, reprogramming of a wide variety of
terminally differentiated somatic cells to a pluripotent state has been achieved and long
term pluripotency factor overexpression in clonatdlls and monocytes has bedrown

to result in successful acquisition of pluripotency by almost every clonal ceflHarea

et al, 2009) While a heterogenous cell population might contain individuds e@th
intrinsically higher susceptibilitio pluripotency acquisitiorthis evidence suggests every

cell retains a stochastic probability for reprogramming.

The stochastic model which is monadely acceptednsteadpostulates that the low
efficiency of cell reprogramming is caused by the random ram¢ chancenumerous
cellular events required for acquiring pluripotenayrrectly occur in parallel and/or
sequentially Among the necessary events occurring durihg early phaseof
reprogramming ighe silencing of somatic cell genésoughreprogramming factor
driven changes in the epigenetic lands¢apeth directy through binding of
reprogramming factors to the enhancers/promoters of somatic cell gadesdirectly
throughactivation of secondary genes and redistribution of songatietranscription
factors(Li et al, 2017; Knaippet al, 2017; Chroni®t al, 2017) Due to impermissive
heterochromatimpositionedat pluripotency genes, reprogramming factor binding at the

promoters and subsequently enhancers of these gmuessary for inducing their
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expressions a very ineficient processand likely represents one of the major roadblocks
preventing efficiensomaticcell reprogrammig (Knauppet al, 2017; Soufi, Donahue &

Zaret, 2012)Following onfromthi s r el ati vely inefficient
gene expression, a second more deterministic induction efplatripoteng genes
including endogenous SOXi&curs(Chunget al, 2014; Polcet al, 2012)

A proportion of cebwhich have silenced the somatic gene expression peofieat least
partially initiated the stochastic induction of early pluripotency genes subsequently fail to
instigatethe second phase dtdte pluripotency gene expression and are considered
partially reprogrammed cell§Takahashi & Yamanaka, 2016; Po&i al, 2012)
Following cessation of exogenous pluripotency/reprogramming factor expression,
partially reprogrammed cells will often exit thisamsientpluripotentlike state and
differentiate into cells evidently discernible from true P3&stially reprogrammed cells

can retain a PS@Gke morphology and express a number of different pluripotency
associated markers howey@hanet al, 2009; Chunegt al, 2014; Buganinet al, 2012)
Picking colonies with a typical PSlike morphology is therefore a good strategy for

exclusion of partially reprogrammed cdiist not 100% efficient.

Even with nonintegrative reprogramming strategies including Sendais-based
deliverymethodsit is important to ensure that apparently stab&Clines are no longer
expressing exogenous reprogramming factors which might otherwise be masking
incomplete cell reprogrammingn relation to thisis it also necessary to ensure that
picked coloies expressea panel ofendogenous pluripotendyanscripton factors and
pluripotency markersyith immunofluorescence staining being particularly informative

of homogenous expression across all cells with@entirepopulation.

As a consequence of the reprogramming prqcelsmal expansiorandor extended
culture of cellsin vitro, hiPSC clonescan also show geetic variations&abnormalities
which might confound the phenotypic behaviour of the cells and their differentiated
progeny(Yoshihara, Hayashizaki & Murakawa, 201Fpr this reasanit is important

that the genetic stability/integrity derivedhiPSCclones is characterised and those with
confirmednormal karyotypesrioritisedfor downstream usédmong the most common
genetic variants which have been identifietiiidSClinesare aneuploidies inatlingfull
trisomy of chromosom8 and full or partial trisomy of chromosom@ (Taapkeret al,

2011) Giemsabanding (Gbanding) is the most common method uttdiger assessing
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the genomic integrity diiPSClines and permits detection of aneuploidy &ardescale

chromosomal aberrations including duplications, translocations, inversions and deletions.

Although notconsidered to be necessary step when establishim§SC models of
diseasswith nuclear associated Mendelian inheritgrihe multicopy ad heteroplasmic
nature of the mitochondrial genome necessitates mitochondrial genotypinghiétS(l

clones established. Determining thatation load of individualhiPSCclonesas soon as
possiblefollowing stable culture permits the stgic selection of lines most appropriate

for disease modelling purposes such that complete characterisation of all established

clones is not necessary.

3.2 Aims and Hypothesis

In this chapter the overall aim was to establishd characterisesuccestilly
reprogrammed hiPSC lines harbouring disease causing mtDNA mutations at
suprathreshold heteroplasmy levetppropriate for disease modelling purposes.
Particular focus was madewardsreprogramming patient fibroblasts harbouring two of
the most common mtDNA disease mutation$:3243A>G MT-TL1 affecting mt-
tRNAUOUR) and m.8344A>GMT-TK affecting mt-tRNAYS, both of which are
commonly associated withmyopathic phenotypes. Given the importance of
mitochondrial function during the acquisition and maintenance of pluripotency it was
hypothesised that the efficiency of successful reprogramming of mitochondealsdi
patient fibroblastdarbouring suprathreshold levels mdthogenic varianmight show
impairmentsHowever, accounting for published literat@see Introduction sectidn4.6

for overview)it was anticipated thadtiPSG with a range afutation load ranging from
undetectable levels (i.e. completely WT) to higher suprathreshold lexsitd be
obtained fronteprogramming of bulk fibroblagbpulations with heteroplasmmeutation
loads.

3.3 Results

3.3.1 Sendai Virus Based Reprogramming Under Feed2ependantConditions

During a first round of reprogramming, fibroblasts frowne control individual
(designated WT)a MELAS patient with the m.3243A>®IT-TL1 pathogenic variann
mt-tRNAUUYUR) (designatedMELAS1), aMERRF patient with the m.8344A>GIT-TK
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pathogenic varianin mt-tRNAYS (designatedMERRF1) a MELAS patient with the
m.13528A>G (p.T398A) and m.13565C>T (p.S410WJ-ND5 pathogenic variants
affecting mt-ND5 (designated MELAS2and a CMT2 patient with the m.9185T>C
(p.Leu220PrdMT-ATP6pathogenic variardffectingmt-ATP6 (designated CMT) were
reprogrammed under feedéependent conditions. Available details on the clinical
phenotypes of these patients is presentedrable 2-1 (Methods Section2.1.1).
Heteroplasmy levels of the initial bulk fibroblast populatioas assessed thugh
measurement of dyeerminator sequencing electropherogramare35 % m.3243A>G
for MELAS], 55 % m.8344A>G for MERRFE1100 % homoplasmy m.13528A>G and
m.13565C>T for MELAS2and 100 % homoplasmy.9185T>Cfor CMT.

Approximately 34 weeks after reprogmming induction>5 hiPSCcolonieswith well-
defined borders;3-5 mmin diametemwereidentifiedin the majority of reprogrammed
cultures.Cells within these colonies showed typical hiPSC morphology including a high
nuclear to cytoplasmic ratio armmtonounced nucleolin total, 3colonies were picked
from WT reprogramming@ colonies from MELAS15 colonies from MELAS2 and1
colonies fromCMT. Although no quantitative measures were made, reprogramming
efficiency and the morphology of cells within the reprogrammed cultures were
comparablébetween WT, MELAS1, MELAS2 and CMT. Bgontrast reprogramming

of the MERRFL1 line appeared muafore ineficient with only threehiPSC colonies
identified all of which were picked It was also noted there appeared to be a larger
number of cells within the reprogranmg MERRF1culture that had a morphology not
typical for hiPSGs, fibroblasts or feeder cellspme of which showed high proliferative

activity and potentially resemldeartially reprogrammed cells.

Following transfer from feedatependent to feedémdependent culture conditions, all
picked clonalhiPSC lines maintained typical PSlike morpholog, but regions of
spontaneous differentiation were observed which necessitated cleaning prior to passaging
through aspiration. After-8 passages under feedere conditionsall hiPSC clones
appeared to stabilise with regions of spontaneous differamtiagging observed much

less frequentlyNo obvious detriments in the growth kinetics of any of the established

clones verenoted.
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3.3.1.1 Mitochondrial Genotyping andMutation load Quantification of ClonalhiPSC

Lines

Following stabilisationof the established clon&lPSClines under feedendependent
culture conditions, whole DNA (including mtDNA) was extracted dgédterminator
sequencing performed order to determine the heteroplasmy level of the specific patient
derivedmtDNA mutatiors. As expectedhiPSCclones derived from reprogramming of
MELAS2 and CMT patient fibroblast populations with homoplasmic levels of the
m.13528A>G (p.T398A) and m.13565C>T (p.S410F) mutations irND#, and
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m.9185T>C p.Leu220Prd pathogenic varianin mt-ATP6 respectively,also showed
homoplasmic levels of thepecificmutations(Figure3-1).

ATCATCGAAACCGCAAACA
13528A>G

\

MELAS2
Clone 3

GAGCCCTATCTATTACTCT

13565C>T
'

MELAS2
Clone 3

TAGTAAGCCTCTACCTGCA

9185T>C
{
CMT

Clone 7

Figure 3-1 Dyeterminator sequencing chromatograms showing the homoplasmic
presence of both the m.13528A>G and m.1365Qzé&thogenic variarg in a
representativehiPSC clone derived from MELASZibroblasts and homoplasmic
presence of the m.9185Txgathogenic varianin a representativiPSCclone derived
from CMT fibroblasts The WThumanmtDNA sequence (rfCRS NC_012920) is shown
abovethe respective chromatogratmaces.
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In contrastindividual hiPSCclones derived from reprogrammingtbe MELAS1 bulk
fibroblast population with heteroplasmic levels mf3243A>G in mt-tRNA-eU(VUR)
showed a range of differenhutation load (Figure 3-2). Undetectable levelof
m.3243A>G(WT homoplasmy)ere observed ith of the clonaMELASL1 lines, but the
remainingd lines all showedhutation load greater than that of the imitbulk fibroblasts,
up to levels as high @9 % m.3243A>G

AGATGGCAGAGCCCGGTAA

MELAS1
Clone 5
3243A>G
(93%)
MELAS1
Clone 2
3243A>G
(89%)
MELAS1
Clone 4

Figure 3-2 Dyeterminator sequencing chromatograms showagange of different
m.3243A>G heteroplasmy levels in hiPSC clones derived from the same heteroplasmic
bulk MELAS1 fibroblast populationThe WT human mtDNA sequence (rCRS
NC_012920) is shown above ttleomdogram traces.
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Interestingly,of the threehiPSCclones derived from reprogramming of MERRF1 bulk
fibroblass with heteroplasmic levels ofMm.8344A>G in mttRNAYS, 2 showed
undetectable levels of m.8344A>@ith the third line showig 2% heteroplasmy
similar to that of the bulk fibroblast populatiqirigure 3-3). Given the apparent
inefficiency of MERRF1 reprogramming and the low heteroplasmy levels of the
successfully derived lines when comparing to that of the initial starting fibroblast

population,m.8344A>Gappearsletrimental to the reprogramming process.

ATTAAGAGAACCAACACCT
8344A

|

MERRF1
Clone 1

8344A
MERRF1
Clone 2

8344A>G

(52%)
MERRF1
Clone 3

Figure 3-3 Dyeterminator sequencing chromatograms showtingt 2/3 of the clonal
MERRF1 hiPSC lines had undetectable leveta.8344A>G with the third line showing
heteroplasmy levels comparable to that of the initial bulk fibroblast populalioa WT
humanmtDNA sequence (rCRS NC_0129803hown above thehromatogram traces.

The mutation load of the varioushiPSC lines picked and expandddom this first

reprogramming inductiorhave been summarised Figure 3-4 below. Although a
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directed assessment of the mtDNAItation load of the hiPSC clones across time and
passage number was not conducted, repeated measurements of the mtDNA mutations
randomly throughout general maingace and prior to downstream experiments revealed
no substantial changes fimutation loadoutside of that associated with the variability of
the assessment method utilised.
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Figure 3-4 Themutation load of individual hiPSC clones (crossed markers) successfully
picked and expanded during the first reprogramming induction under felegendant

conditions shown alongside that of the corresponding initial bulk fibroblast population
(dashed line).

Whilst this research project utilised digrminator sequencing fohe relative ease and
availability of equipmenfor routine mutation load quantifition, this method is not
particularly accurate foheteroplasmy quantificatiorand is additionally insensitive to

the presence giathogenic variants at heteroplasmy levels approad#h@yan et al,

2014) For this reason, m.3243A>G heteroplasmy of selected MELAS1 hiPSC lines
which were a focus of much of the work presented in this thesis, were also measured
usingasecond more sensitive technique.
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NGS of the mitochondrial genoneeparticularly useful i clinical diagnostic setting for
patients with a mtDNA disease phenotype/history thahatdharbour any of the most
common MmtDNA pathogenic variantand additionally represents one of the most
accurate measures of mtDNA heteroplagtyeunissert al, 2018; Alstoret al, 2017)
Pyrosequencingermits proportional detection of WT or pathogeségjuence variants
through bioluminescencand represents another widely utilised method for measuring
m.3243A>G heteroplasmy with sensitivity permissible for detection of pathogenic
variants with less thabh% mutation loadéWhite et al, 2005; Yaret al, 2014)

PCR-restriction fragment length polymorphisfPCRRFLP) analysisis routinely
employed by theliagnostiomitochondrial disorders service &etUCLH Neurogenetics
Laboratoryfor detection of m.3243A>G anhas been shown to be sensitive to mutation
loads as low as 1% m.3243A>®his methods reliant on the introduction of a Haelll
restriction siteby the presence of the m.3243Ax@Griantand thus following PCR of a
199bpregion spanning this site with fluorescent conjugated prinaerd, subsequent
Haelll digestresults indifferential sizel products which can be measured via fluorescent
based fragment analysis. Using this straté@ydependent whole cell DNAreparabns
were subjected to this analysis MELAS1 CI1, MELAS1 CI2, MELAS1 CI3, MELAS1
Cl4, MELAS1 CI5 alongside the WT CI2 line (Table 3-1). Whilst the relative
heteroplasmy differences betweBMELAS1 hiPSC line as measured through dye
terminator sequencingese consistent with that observed throughRRRFLP analysis,
MELAS1 Clland MELASL1 CI2 hiPSC lines showed higher m.3243A>G mutation loads
through the lattetmethod suggesting dygerminator sequencing might incorrectly
underestimate midange m.3243A>G heteroplasn®f particular note and importance,
m.3243A>G was not deted in the MELAS1 CI5 hiPSC line, thus downstream

experiments caoonfidentlyrely on this particular line amappropriate isogenic control.

Table3-1 PCRRFLP Analysis of m.3243A>G Heteroplasmy

Clonal m.3243A>G m.3243A>G HeteroplasmPCR
hiPSC Heteroplasmy (Dye | RFLPMean +StDev N=3
Line terminator)

MELAS1 44% 57 + 9%
Cl1
MELAS1 53% 74+ 9%
Cl2
MELAS1 80% 86 + 3%
CI3
MELAS1 89% 86 + 2%
Cl4

146



O6Cal l aghan,

MELAS1 Not Detected Not Detected
CI5
WT CI2 | NotDetected Not Detected

3.3.1.2 Characterisation of Selected Subset of hiPSC Clones

Although identification of clones witbell morphologies and growth propertiggpical

for PSCsvia light microscopy is alone not sufficientdenote the derived cell line as a
true hiPSC, full characterisation of all established lines was not necessary to meet the
aims of this study. For this reas@subset of thestablished claal lineswhichdisplayed
stable growh, andmutation load most appropriate for downstream disease modelling
purposes were selectgtionsideringhe interesting range imutation load of MELAS1
hiPSC linesall clones were subjected to furthdownstream characterisatiofRurther
characterisation was also performed for all three MERRF1 hiPSCGkteslishedGiven

the homoplasmic levels of the respective mutations in all MELAS2 and CMT hIPSCs,
only a singlestably growingclone from each of tese lines wre selected fomitial
characterisatio(MELAS2 CI3 and CMT CI7)

Clearance of Sendai Viral Transgenes

Although the Sendaiirus delivery system utilised by the CytoTune 2.0 reprogramming
kit is entirely RNAbase and thus does nantegrate into the target cells gengraad
additionally lacks all of the components required for replication of further infectious viral
particles, longterm presenc€>10 passages) of viral transgenes has been desanibed
derivedhiPSC lines(Schlaegeet al, 2015; Ye & Wang, 2018)or thisreason,it is
important to confirm that the viral based transgenes have been cleared from the expanded
hiPSC lines prior to further downstream characterisatigpluripotency RT-PCR was
performed on cDNA preparations with primer pairs targesiaguences specific for the
hKOS, h c1 My cSerglai dral tiasigenéds in addition to a primer pair specific
for the Sendai virus backbone. No PCR amplicons were detected for any of these
transgenes iany of theniPSC lines assessed at early passpgesto or shortly after (1

2 passagegjitial freezing down of cryopreserved stodksgure 3-5). All subsequent
experiments were performed on hiPSC clones at agassage than confirmation of this
SeV transgene clearand®T-PCR amplification with primer pairs targeting the house
keeping genéiMBSencodingporphobilinogen deaminag®BGD) served as a positive

control for the RTPCR reaction and weseiccessfuin dl hiPSC samples assessed.
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Figure 3-5 Example images showing the absence 6PRR products targeting Sendai
Virus transgenes(hKOS, iyc, hKLF4) andvector backbone (Backbone). RCR
amplification of the HMBS housekeeping gene (HMBS+) served as a positive control.
HMBS present on some gels representsFROR for HMBS of RTtreated RNA. 100bp
ladder shown on each gel (100bp increment from 100bp).dlegp& FPCR product sizes
were: HMBS 73bp, Backbone 181bp, hKOS 528y 532bp, hKLF4 410bp.
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Positive and Homogenous Expression of Pluripotency Associated Genes

Following confirmation that Sendairus-basedransgenes are no longer enforcing the
exogenous expression of pluripotency marken®RNA expression levelsor a panel of
pluripotency associated genegr@assessed by RGPCR.POU5F], SOX2andMYC
which encode OCT4, SOX2 aneMyc respectively are not only important for driving
the reprogramming of cell$o pluripotencybut alsoform part of theendogenous
transcription factornetworkunderlyingmaintenance of pluripotency senewal(Shi &

Jin, 2010; Zhanet al, 2014; Wolffet al, 2018; Adachet al, 2010; Fagnocchi & Zippo,
2017; Guet al, 2016) Expression levels of all three of these genes were comparable to
those of SHEF ESds all hiPSC clones assessétigure 3-6), which, given the Sendai
virus-based transgenes were cleared at time of assesamesitbe due to successful

activation of endogenous expression.

OCT4 and SOX2together with NANOG encoded bMANOG constitutethe core
pluripotencynetwork considered sufficient tirive maintenance of the pluripotent state
(Boyer et al, 2005) NANOG expression was detected in all hiPSC lines assessed,
althoughvariability in therelative expression between lines was obse(t/glire 3-6).

Of particular note, MERRF1 CI1 (0% m.8344A>G) and MELAS2 CI3 (100%
m.13528A>G and m.1365C}Tshowed ~5-fold higher NANOG expression levels
relative to the SHEF ESC line, whereas all 8 MELAS1 clones showed comparably
fold lower levels of expression. Nevertheless, positive NANOG expression within a 10
fold range to that of the SHEF ESC line was detected mR8C linesaassessed, showing
successful activation of the core pluripotency network.

Although NANOG is indispensable for OSKM mediated reprogramif8epwarzet al,
2014) it can together withLin-28 Homolog A (LIN28A encoded byLIN28A), a
pluripotency associated RNBinding protein replace KLF4and eMyc aspart of the
reprogramming factor cocktail for successful derivation of hiPGGset al, 2007)
Expression levels dREX1and DNMT3B which are both genes typically expressed at
high levels in hPSCsarealso commonly used for assessing hiPSC pluripotefigh
levels of LIN28A REX1 andDNMT3Bexpression within a 14dold range to that of the
SHEF ESC line were detected in all hiPSC lines asséBgpde3-6), further confirming

successful activation of the endogenous core pluripotency network.
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Figure 3-6 mMRNA expression levels of endogenous pluripotency transcription factors
(POUSF1, SOX2, NANOG, MYC) asdveralgenes typically expressed at high levels in

the pluripotent state (REX1, DNMT3, LIN28A) of selected hiPSC clones. mRNA
expression levels are expressed relative to that of the HMBS-keeping gene and have

been shown alongside that of the SHEF human ESC line. Bars show the mean mRNA
expression level xtBev, n=3 technical replicates.

Although RTgPCR assessment of pjustency associated gene expression is
informative, it only provides a snapshot of the global expression levels within all cells of
a given population. For ith reason,immunofluorescence assessment of pluripotent
markers is often performed in order toahtan overview of pluripotenayarkerswithin

the populatiorat a more single cell levelmmunofluorescence analysis also provides
insight into the expression of pluripotency masdagrthe protein levelAll of the derived
hiPSC lines assessed showedtypical nuclear localised staining pattern for the

pluripotency transcription factor NANO@&nd more diffuse cell surface staining pattern
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for the TRA1-60 pluripotency associatexkll surface antigelfFigure 3-7). Although
high levels of cytosolic background were observed thramgiunofluorescence imaging
of the OCT4 pluripotency transcription factby epifluorescent microscopynuclear
localisation was evident in aliPSC lines assessed, and distinguishable fronmtire
diffuse staining pattern of spontaneously differentiating cells within the culkigei(e
3-7). Confocal microsgpy imaging of OCT4 immunofluorescence staining showed the
expected nuclear localisation within all hiPSCs asse@Sgdre 3-8). Importantly, the
positivestaining of these pluripotency markers was present in the large majority if not all

cells within hiPSC colonies, and across all colonies within a given hiPSC line.
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DAPI NANOG
TRA-1-60 DAPIOCTH4

MELASI1 CI2 MELAS1 CIS WT CI2 WT CI12 (s. dif)

MELAS1 Cl4

Figure 3-7 Representative epifluorescence images showing positive homogenous
immunofluorescence staining for the pluripotency markers NANOG1¥60A and
OCT4 across selected WT and MES1 hiPSC lines. Fields of view with regions of
spontaneous differentiation in the WT hiPSC culture are shown to validate the specificity
of the staining pattern for PSCs. Scale bars =500
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DAPI NANOG DAPI NANOG
TRA-1-60 OCT4 TRA-1-60 OCT4

l"

WT C12 (s. di
MERRF1 CI3

WT CI2

MELAS2 C13

SHEF

CMT C17

MERRF1 CI2

Figure 3-8 Representativenaximum intensity projection confocal microscopy images
showing positive homogenous immunofluorescence staining for the pluripataners
NANOG, TRAL-60 and OCT4 acrosselectedVT, MERRF1, MELAS2 and CMIIPSC
lines.Staining of the SHEF ESC line is shown as a positive contiéield of view with
regions of spontaneous differentiation in the WT hiPSC culture are shaxahdate the
specificity of the staining pattefor pluripotent stem cell$Scale bars =100um
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hiPSCs Show alormal Cytogenetic Karyotype

Following successful pluripotency assessmenthumber of the hiPSC linesere
subjectedd karyotype assessmeWT CI2, MELASL1 CI1 (44% m.3243A>GMELAS1
Cl2 (53% m.3243A>G), MELAS1 Cl4 (89% m.3243A>G), MELAS1 CI5 (0%
m.3243A>G), MERRF1 CP (0% m.8344A>G), MERRF1 Gl (52% m.8344A>G),
MELAS?2 CI3 (100%m.13528A>G and m.1365C3&and CMT CI7 (10% m.9185T>C).
The lines choserior karyotype characterisatiowere rationally based on previous
assessments of pluripotency amdtation loadoutlined aboveCytogenetic karyotype
analysiswas performed by TDLGenetics(London) with at leastl3 metaphase cells
assessed for each cell lindll hiPSC linesanalysedshowed a modal complement of
expected chromosomes with normal chromatid lengths ahdn@ing patternéFigure
3-9). This instils confidence that any phenotypic observations made between hiPSCs with
different mtDNA mutations and/anutation load areunlikely to be associated with any

large sale nuclear genetic abnormalities.
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Figure 3-9 Representative karyograms of hiPSC lines showing 23 pairs of chromosomes

with normallarge-scale structure and Giemsa banding patterns.

A summary of the 16 hiPSC lines subjected to more in depth characterisations from this

first reprogramming experiment is presentedaile3-2 below.
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Table3-2 A summary of the clonal hiPSC lines subjected to further downstream characterisation. hiPSC clones lsblowrene the focus of further
downstream experiments due to their complete and positive characterisation.

Patient Line

WT

MERRF1

MELASI1

MELAS2

CMT

Cl1

C12

CI3

Cl1

C12

CI3

Cl1

C12

CI3

Cl4

CIS

Clé

C17

CI8

CI3

17

N/A
N/A

N/A

m.8344A>G
(0%)
m.8344A>G
(0%)
m.8344A>G
(52%)
m.3243A>G
(44%)
m.3243A>G
(53%)
m.3243A>G
(80%)
m.3243A>G
(89%)
m.3243A>G
(0%)
m.3243A>G
(64%)
m.3243A>G
(33%)
m.3243A>G
(50%)
m.13528A>G and
m.13565C>T
(100%)
m.9185T>C
(100%)

mtDNA Mutation SeV Transg :
Tutation Load SeV Transgenes

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

Absent

RT-qPCR for Pluripotency mRNA

Expression

POUSF1,50X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,50X2, NANOG, MYC, REX1.
DNMT3B, LIN28A

POUSF1,SO0X2, NANOG, MYC, REX1,
DNMT3B, LIN28SA

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN2SA

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,50X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,80X2, NANOG, MYC, REX1,
DNMT3B, LIN28A

POUSF1,S0X2, NANOG, MYC, REX]1,
DNMT3B, LIN28A

POUSF1,S0X2,NANOG, MYC, REX1,
DNMT3B, LIN28A

IF for Pluripotency Marker

Expression

NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4
NANOG, TRA-1-60, OCT4

NANOG, TRA-1-60, OCT4

NANOG, TRA-1-60, OCT4

NANOG, TRA-1-60, OCT4

Giemsa Band
Karyotype

Not Performed
Normal

Not Performed
Not Performed
Normal
Normal
Normal
Normal

Not Performed
Normal
Normal

Not Performed
Not Performed

Not Performed

Normal

Normal
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3.3.2 Second SendaVirus Based Reprogramming Under FeedEree Conditions

Following the relatively poor efficiency of reprogramming MERRF1 fibroblasts
harbouringm.8344A>G and unsuccessful derivation of a hiPSC clone harbouring high
heteroplasmy levelofm.8344A>Gappropriate for disease modelling purposes, a second
reprogramming induction was performed under feddsr conditions. In addition to
MERRF1, fibroblasts from two unrelated MERRF patients harbounm§344A>G
(MERRF2 and MERRF3)ere also subjected to reprogrammiAgailable details on the
clinical phenotypes of these patients is present@dbie 2-1 (Methods Sectior2.1.]).
Including additional MERRF fibroblast lines with the m.8344A>G was decidedmly

to improve the likelihood of obtaining hiPSC lines with suprathreshold m.8344A>G
heteroplasmy, but also to explore whether the detriments observed in the previous
reprogramming attempt were specifically associated MERRF1 fibroblasts or might

be more generally associated with8344A>G

Interestingly, m.8344A>G heteroplasmy levels of the bulk fibroblast population
expanded from a newly thawed vial of MERRFL1 fibroblasts was considerably higher than
that which was used in thitial reprogramming attempt (86% vs 55% previously). This
highlights the importance of confirmindieteroplasmy levels regularly during
experimental procedures in order to ensure confidence in any geimigpetype
correlations observedn.8344A>G heteroplasmy levels of the bulk MERRF2 and
MERRF3 fibroblasts reprogrammed were 68% and 30% respectively.

Approximately 4 weeks after reprogramming induction colonies of cells distinguishable
from the remaining fibroblasts were observed in ak¢hof the different MERRF lings
however the morphology of these colonies and the cells within them was atypical. Cells
within the observed colonies generally appeared much flatter and less compacted than
those typically observedithin stablehiPSCcultures. Furthermoresurrounding regions

of many of the colonies showdtie presence of cells witliariable morphologies
presumably arising from spontaneous and random differentiation of fully/partially
reprogrammed cells. Nevertheless, a large number ohieslovere picked from each of

the three cell lined-6 weeks after reprogramming inducti@d from MERRF115 from
MERRF2 and 12 from MERRF3Jhe subsequent expansion of thekedhiPSC clones
proved extremely difficult, with the majority of lines shogim high propensity for
spontaneous differentiation in culture which necessitated prolonged passaging and

cleaning through aspiration.
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3.3.2.1 Mutation load Quantification of Clonal MERRF hiPSC Lines Suggest
Selection Againsm.8344A>G

Following approximately 4 weeks in culture after initial picking of colorties majority

of hiPSC clones appeared to somewhat stabilise and DNA was extractetDiNA
mutation loadneasuremenhiPSC clones from all three MERRF fibroblast lines showed

a wide range of m.8344A>G heteroplasmy level83% for MERRF1, €689% for
MERRF2 and 6/8% for MERRF3(Figure 3-10). All MERRF1 hiPSC clones had
heteroplasmy levels lower than that of the initial bulk fibroblast populatittmonly 1/25
MERRF1 hiPSC cloneshowing amutation loadgreater than that obtained previously
The remaining 24 RSC clones appeared to distribute in two distinct populations, 7/25
clonesat undetectable mutatieteroplasmy0% m.8344A>Gyand 17/25lonesat mid

range (340 £8.5%, meartStDevm.8344A>Q heteroplasmyHigure3-11). In contrast,
MERRF2 and MERRF3 hiPSC clones with heteroplasmy levels similar and slightly
higher than that of the initial bulk fibroblast population were successfully obtained
(Figure 3-10). Similar to MERRF1, a large population of hiPSC clones showed
undetectable mutant heteroplasmy: 3/15 MERRF2 and 6/12 MERBFSC clones
(Figure 3-11). The remaining 12/15 MERRH2IPSC clonesbelonged to a population
with mid-range heteroplasmy levels (6903.3%, mean +StDevn.8344A>Q. The
remaining 6/12 MERRF3 hiPSC clones did nppear to distribute into a specific
population which might simply be a consequence of the limited number of hiPSC clones
successfully obtained for this patient line, preventing patterned grouping from being

observed.
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Figure 3-10 Themutation load of individual hiPSC clongblue markers) successfully
picked and expanded during tlsecondreprogramming induction wer feedeifree
conditionsis shown alongside that afonal fibroblasts (red markers) expanded from the
same bulk population reprogrammed. Thetation loadf the bulk fibroblast population

is shown as a dashed black line. Statistical differences in heteroplasmy levels between
hiPSC clones and the corresponding fibroblast clones assessed througti®éddann
Whitney test, ***p<0.0001, *p<0.01
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Figure 3-11 Histograms showing the relative frequency distribution of hiPSC clones and
fibroblast clones derived from the three different bulk MERRF filasilpbopulations
Bars show the percentage of cell lines with a m.8344Aration loadt5% the centre

of the bin (i.e. 10% heteroplasmy bin widths).
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3.3.2.2 Heterogenous m.8344A>®\utation loads in the Bulk MERRF Fibroblast
Populations Underlie Clonal hiPSC Line Range

Consideringprevious studies have shown thatation loadange oheteroplasmitiPSC
clones is representative of thptesent in individual cells of the bulk population
reprogrammed Yokota et al, 2015; Maet al, 2015a) it is likely that the range of
m.8344A>G mutation load present in 8 MERRF hiPSC clones obtained here is
accounted for by a variable range across the bulk MERRF fibroblast populltiorger

to gain insight into the heteroplasmy of individual cells withinthidk MERRFfibroblast
populations,MERRF fibroblasts from t same stock of cells reprogrammed were
subjected to single cell clonal selection B4CS and cultured to sufficient density for
DNA extraction andntDNA mutation loadneasurementA large number of fibroblast
clones sufficient for DNA extraicin were obtained from each of the three bulk fibroblast
populations: 85 from MERRF1, 238 from MERRF2 and 31 from MERRF3. By the time
cells had been grown to sufficient density for DNA extraction (near confluersll6
vessel), the large majority of fibriast lines showed limited proliferative activity and had
presumably entered senescenpeeventing further functional characterisations from

beingconducted

Clonal fibroblasts from all three bulk MERRF populations showed a maximal range of
m.8344A>G hetmplasmy, from undetectable 0% levels (WT homoplasmy) up to 100%
(m.8344A>G homoplasmy)F{gure 3-10). Clonal fibroblasts from the bulk MERRF1
population tended towards very high >90% (57/85 MERRF1 fibroblast clones) or very
low <10% (10/85 MERRF1 fibroblast clones) m.8344Ax>Gutation load with
comparably fewer showing heteroplasmy levelsieen 10% and 90 % (18/85 MERRF1
fibroblast clones)Kigure 3-11). Clonal fibroblasts from the bulk MERRF2 population
strongly clustered towards very high >90% (128/28IERRF2 fibroblast clones)
m.8344A>Gmutation load, and a relatively high number also showed very low <10%
(25/238 MERRF2 fibroblast clones) heteroplasmy, but a much larger proportion of the
clones showed heteroplasmy levels between 1099@%(87/238 MERRF2 fibroblast
clones) than was observed for MERRF1. By comparison, the large majority of clonal
fibroblasts from the MERRF3 population strongly clustered towards very low <10%
(24/31 MERREF3 fibroblast clones), but there was also an indicédr tendency towards
very high >90% m.8344A>Gnutation load (4/31 MERRF3 fibroblast clones) with
comparably fewer clones showing heteroplasmy levels between 10% and 90% (3/31

MERRF3 fibroblast clones).
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M.8344A>Gloads of the clonal fibroblast lines does not follow a normal distribution and
therefore quoting the mean average heteroplasmy levels of these fibroblast clones is not
statistically relevantHowever, gven the heteroplasmy level of the bulk fibroblast
populaton is representative of the mean averagdation loadof the individual cells
within that population (assuming mtDNA copy number is comparable between cells), the
mean averagmutation loadof the clonal fibroblasts can serve asiseful measure for
comparison.The mean averagelonal fibroblastm.8344A>G mutation load were
comparable to that of the bulk fibroblasts for all MERRF lifTexble3-3) which suggests
the clonal fibroblast populations are collectively representative of the bulk population.
Further highlighting the apparent tendency for very high m.8344A>G heteroplasmy
within individual fibroblast clonesfrom MERRF1 and MERREZ2 the median
heteroplasmy is greater than the mean heteroplasmy for both of these patient lines.
Similarly, the median heteroplasmy of the MERRF3 clonal fibroblast lines is lower than
the mean heteroplagnhighlighting the tendencyery low mutation load in MERRF3

fibroblast clones

Table3-3 Mutation load of Clonal Cell Line&stablished from Bulk MERRF Fibroblast
Populations

Patient Li Cell T m.8344A>GMutation load Number
atient Line ell Type

Bulk @
Fibroblasts e i
(mM&I3£3R4IZZiG) Fit():r'gglaa'sts 79.7%  97.3%  32.7%  99.7% 0.1% 85
rﬂfgé's 26.4% 30.0% 20.6%  83.1% 0.0% 25
Bulk o
Eiboblass 8% N/A N/A N/A N/A N/A
MERRF2 Clonal
(m.8344A>G) | Fibroblasts 73.2% 91.9% 33.2% 99.9% 0.1% 238
ﬁ'F‘,’ggL 5520 @ 61.5% 30.9%  0.0% 89.4% 15
Bulk o
Eboplass 307 N/A N/A N/A N/A N/A
(mMéEBFZZE?;G) Figr'gggsts 17.9%  15%  34.4%  995%  0.1% 31
rﬁ:fgg's 20.3%  1.9% = 29.3%  77.6% 0.0% 12

A number of interesting observations suggestive of a negative selection pressure against
m.8344A>G can be made by comparing the heteroplasmy levels of the hiPSC and
fibroblast clones obtained from the same bulk population. Both the mean and median
heteroplasmy levels of MERRF1 and MERRF2 hiPSC clorere substantially lower

than that of the correspoind clonal fibroblastqTable 3-3), with this difference in
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heteroplasmy distributions being significant when assessed througparametric
analysigFigure3-10). In contrast, the mean and median heteroplasmy levels of MERRF3
hiPSC clones was comparable to that of the corresponding clonal fibroblasts and not
significantly dfferent. Interestingly, while a large proportion of fibroblasts within the
MERRF1 and MERRF2 populations show very high >90% m.8344Axtion load,
no hiPSC clones with such high levels of heteroplasmy were obtéfingare 3-11).
While morelimited numbers of fibroblast and hiPSC clones wsrecessfullyobtained
for MERRF3, thisalso appeared true for this patient liG@nsideringhe relative rarity
of fibroblastclones with heteroplasmy levels between 10% and Q&#gicularly for
MERRF1,it is surprising thathe majority of hiPSC clones obtained show suchrarge
heteroplasmy levels.

3.3.2.3 Characterisation of selected MERRF hiPSC Clones

Although prolonged passagingd somewhat stabilise the hiPSC clones derived from the
three different MERRF patient fibroblast lines, the large majority proved extremely
difficult to maintain in a homogenous population of colonies with typical -R&C
morphology. Spontaneous diffetéation of cell clumps seeded from apparently stable
looking cultures with homogenous PSC morphology was a common problem which made
downstream characterisation difficult. The severity of this spontaneous differentiation
phenotype showed no obvious coatedn with m.8344A>Gnutation loagd with hiPSC

lines both high and low in m.8344A>G heteroplasmy from all three patients showing this
propensity. Out of the three MERRF fibroblast lines reprogrammed, clonal hiPSC lines
derived from the MERRFIpatient line (that also used during the first round of
reprogramming) appeared most stable and a predominant effort was spent on the
characterisation of lines from this patient. MERRF2 hiPSC clones were the most difficult
to culture and minimal downstreaamaracterisation was carried out with these lines.
Taking into accounthe much larger number of hiPSC clones established during this
second reprogramming induction it was decided that the majority of the established lines
would be cryopreserved prior taafurther downstream characterisation. Preliminary
characterisations for a number of the most stable hiPSC clones with most interesting
mutation load for downstream experimental purposes wengever conducted.
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Sendai ViruLlearance

As before, determining the clearance of SeV transgenes was among one of the first
characterisations performeah gelected hiPSC clones. SeV transgene assessment was
performed approximately-8 weeks after initial picking of colonies, a time pahtvhich
clearance would have been expected. 7 of the most stable hiPSC clones derived from
MERRF1 reprogramming with a m.8344A>G heteroplasmy level ranging from
undetectable to maximal (83%) were tested for SeV transgene clearance threRGIRRT
analysis CI2 (47% m.8344A>G), CI3 (26% m.8344A>G), Cl4 (38% m.8344A>G), CI6
(0% m.8344A>G), CI10 (0% m.8344A>G), Cl12 (0% m.8344A>G), Cl14 (20%
m.8344A>G) and CI23 (83% m.8344A>G). Two of the most stable hiPSC clones from
MERRF3 which fortuitously covered thewest and highest m.8344A>@Gutation load

for this patient ling were also assessed: CI2 (0% m.8344A>G) and CI9 (78%
m.8344A>G). While MERRF2 hiPSC clones were rarely a homogenous cultures of cells
with pluripotentlike morphology, 7 of the nst stable lines covering full heteroplasmy
range were also assessed: Cl1 (61% m.8344A>G), CI3 (85% m.8344A>G), Cl4 (50%
m.8344A>G), CI5 (89% m.8344A>G), CI11 (80% m.8344A>G), Cl12 (0% m.8344A>G)
and Cl14 (74% m.8344A>G). The majority of the assessed hifd@@s showed no
evidence for remaining SeV transgenaswever amplification products were observed

in some of the linegFigure 3-12). MERRF1 CI2, MERRF2 CI3, MERRF2I€ and
MERRF2 CI11 showed amplification products for the SeV backbone, with MERRF2 CI3,
MERRF2 Cl4 and MERRF2 CI11 also showing amplification products for thdytac
vector. Given alternative hiPSC clones with similar m.8344A>G heteroplasmy were
obtained ér each of these patient linésvas decided that these lines would not be carried

forward rather than attempts made to establish clearance of the remaining transgenes.
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Figure 3-12 Example images showing theesencef RT-PCR products targeting Sendai
Virus transgenesc-Myc and vector backbone (Backbone) in some of the hiPSC clones
assessedRT-PCR amplification of the HMBS halseeping gene (HMBS+) served as a
positive control. HMBSpresent on some gels representsHOR for HMBS of RT
treated RNA. 100bp ladder shown on each gel (100bp increment from 1B@pegted
RT-PCR product sizes were: HMBS 73bp, Backbone 181bp, hR&8p sheMyc 532bp,
hKLF4 410bp.
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Failure to Initiate Expression of Full Pluripotency Network in hiPSC Clone with High
m.8344A>GMutation load

In view of the difficulties faced during the lortgrm culture of hiPSC clones derived
from MERRF2 and MERRFE3t was difficult to generate a clean and homogenous culture
of cells appropriate for RNA extraction and RIPCR analysis. For this reason, it was
decided hat further preliminary R|PCR analysis would be restricted to the most stable
hiPSC clones derived from MERRMocus was made on the expression leveREX1
andDNMT3Bin particular as these have been shown to distinguish fully reprogrammed
from partally reprogrammed hiPSQ€hanet al, 2009) RT-gPCR analysis foMYC
andDNMT3Bpluripotency associated markers revealed comparable expression levels to
that of the WT CI2 hiPSC line previously characterised as paredirgh reprogramming
induction by all MERRF1 hiPSC clones assesdadure 3-13). The large majority of
MERRF1 hiPSC clones also showed comparable expression levéte REX1gene
however there was one notable exception, with MERRF1 &&2Bouringhighest 88%
m.8344A>Gheteroplasmy showing ~156Id lower levels ofREX1expressior(Figure
3-13).

Simultaneous assessment of pluripotency marker protein via immunofluorescence
analysis revealed all hiPSC lines assessed including MERRF1 CI23 showed a typical
staining pattar for the pluripotency transcription factor NANOG and pluripotency
associated cell surface marker TRAO0 across all cells within pluripotehike colonies
throughout the culture diskrigure3-14).
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Figure 3-13 mRNA expression levels sdlected pluripotency markers in a stable subset

of MERRF1hiPSC clones. mRNA expression levels are expressed relative to that of the
HMBS hous&eeping gene and have been shown alongside that aVThe&Cl2 line
obtained during the first reprogramming inductioBars show the mean mRNA
expression level xtBev, n=2 technical replicates.
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Figure 3-14 Representative epifluorescence images showing positive homogemausofluorescence staining for the pluripotency markers NANOG
and TRA1-60 across selected MERRF1 hiPSC lines. Scale bars = 500um
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MERRF1 Cl14 and MERRF1 CI23 Show a Normal Cytogenetic Karyotype

Although MERRF1 CI23 showed d#hents in the initiation of the full endogenous
pluripotency associated transcriptional network, given its apparent stability in culture
compared with the large majority of other hiPSC lines derived during this induation
very high m.8344A>G heterommy levels likely suitable for disease modelling
purposesit was decided to determine whether this line was karyotypically normal.
Another of the mosstable ling, MERRF1 Cl14 which was also picked alongside
MERRF1 Cl23(on the same daynd showed lowelikely subthreshol®0% levels of
m.8344A>G which might be suitable as an isogenic control was also characterised. As
before, gtogenetic karyotype analysis was performed by T&dnetics(London)with

at least 1 metaphase cells assessed for eachinell All hiPSC lines analysed showed a
modal complement of expectd® chromosomes with normal chromatid lengths and G
banding patternsHgure 3-15). The apparent pluripotency detriments associated with
MERRF1 CI23 do therefore not appear to be associated with anysleatge genetic

aberrations.

m.8344A>G Heteroplasmy Shift MERRF1 CI23

Five passages after initial assessmem &344A>CGload, MERRF1 CI14 and MERRF1
CI23 heteroplasmy levels were reassessed. Whereas MERRF1 Cl14 showed similar
m.8344A>G heteroplasmy levels after five passag@% vs 20% aginally),
m.8344A>Gload of MERRF1 CI23 showedmaarkedreduction from 83% to 73%. In
order to gain insight into any segregation in m.8344A>G heteropldshgnight account

for this shiftand additionally determine whether a subsfethe bulk MERRF1 CI23
population might shownore complete initiation of the core pluripotency network,
MERRF1 CI23 hiPSCs were subjected to single cell clonal selection by FACS and
expanded for further characterisation. A total3@f stable clones withypical hiPSC
morphology were successfully obtained. m.8344An@ation loacassessment revealed

a surprisingly large range in heteroplasmy levels ranging from that of the original
MERRF1CI23 culture characterised (83% m.8344A>G) to as low % m.8344A>G,
which was broadly distributed about the heteroplasmy level of the bulk population (73%
m.8344A>G)(Figure3-16A-B). RT-gPCR analysis of MERRF1 CI23 cldlyaselected

lines with highest (83% m.8344A>G) and lowé41% m.8344A>G)mutation load
revealed that similar to the bulk populatidshty CandDNMT3Bexpression levels were

comparable to that of the WT CI2 hiPSC line, however both clones showed substantially

169



O6Call aghan,
lower levels ofREX1expressioras previously observed with the bulk MERRF1 CI23

population(Figure3-16C).
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Figure 3-15 Karyogramsof MERRF1 Cl14 and CI28iPSC lines showing 23 pairs of
chromosomes withormal largescale structure and Giemsa banding patterns
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Figure 3-16 Characterisation of clonally selected clones from the bulk MERRF1 CI23
population. (A) M.8344A>G loads of individual hiPSC clonesuccessfully expanded
from single cell clonal selection of the MERRF1 CI23 hiPSC(liee crossed markeys

is shown alongside that of the bulk population (black dashed. |{Bg)Histogram
showing the relative frequency distribution of hiPSC derived threbulk MERRF1 CI23
population Bars show the percentage of cell lines with.8344A>Gmutation loadt5%

the centre of the bin (i.e. 10% heteroplasmy bin wid{l&g)mRNA expression levels of
selected pluripotency markersMERRF1 CI23 clones with highest (83% m.8344A>G)
and lowest (41% m.8344A>Qutation load. MRNA expression levels are expressed
relative to that of the HMBS houg&eeping gene andalie been shown alongside that of
the WT CI2 line obtained during the first reprogramming induction. Bars show the mean
MRNA expression level v, n=2 technical replicates
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3.4 Discussion

The main aim of this chapter was to successfully derive hiPSC Viritbs high,
suprathreshold heteroplasmy levels of disease associated mtDNA mutations appropriate
for further downstream disease modelling purpo¥ékile hiPSC clones with either
homoplasmic or heteroplasmic levels of disease associated mtDNA mutations were
successfully obtained fronthe reprogrammingof all mitochondrial disease patient
fibroblasts subjected in this studptDNA pathogenic variargpecific detriments to the

reprogramming process and/or maintenance of the pluripotency state weeke not

3.4.1 M.3243A>Gis not Overtly Detrimental to the Reprogramming Process

Similar to previous studiewith fibroblast harbouringn.3243A>G (see Table 1-1,
Introduction1.4.6, hiPSC clones obtained from reprogramminghaf MELAS1patient
fibroblast populon showed a wide range ofutation load from undetectabj¢o very

high and presumably suprathreshold leyiguitously providing isogenic hiPSC clones
suitablefor both control and disease modelling purposé#ile the heterogeneity of
m.3243A>Gwithin individual cells of the bulk MELASL1 fibroblast population used in
this study is unknown, it is likely that the rangehPSCm.3243A>G heteroplasmy
levels obtained here is accounted for by individual fibroblasts sutth underlying
heteroplasmyIndeed, clonal expansion of fibroblast lines from other MELAS patients
harbouringm.3243A>G has revealectheterogenousnutation load across individual
fibroblastclones, which are generally representative of associated HiR&lerived
from them(Yokotaet al, 2015; Maet al, 2015a) In keeping with previouseports of
reprogramming MELAS fibroblasts, no obvious detriment in reprogramming efficiency
was noted for the MELASL1 patient line used hé&x®the majority of MELAS1 hiPSC
lines obtained showed higher hetessphy levels than that of thieulk fibroblast
population the m.3243A>G does noappear to be considerably detrimental to the
reprogramming process. There have been a number of reports of successful derivation of
hiPSC lines with homoplasmic m.3243A>@utation load (Introduction 1.4.6.
Although it has been reported that homoplasmic m.3243A>G patient fibroblasts show
similar reprogramming efficiencies to control celMizuguchi et al., 2017) clonally
expanded fibroblasts with >90% m.3243A>G show veryreprogramminggfficiencies
compared to corresponding clones with lower m.3243An@ation load (Yokotaet al,
2015) In line with this, the highest m.3243A>G level detectedny af the MELAS1

hiPSC clonedderived here was 89%However,this may simply be due to lack of
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individual fibroblasts witin the population reprogrammetiowing>90% m.3243A>G
mutation load. Subjecting the MELASL fibroblast population to dagell sorting and
clonal expansion in a similar way to that performed for the MERRF fibroblast populations

would have been informative for delineating this possibility.

3.4.2 hiPSCs with Homoplasmic Levels of mtDNA Encoded OXPHOS Complex

Subunits can be Sucasfully Derived

Successfutlerivation ofhiPSG which like the CMT hiPSC lines established here have
homoplasmic levels of the m.9185T>@athogenic varianaffecting MT-ATP6 of
OXPHOS CVhave been previously reportéidorenzet al, 2017) However,the work
presentedhere shows for the first time the successful derivation of MELAS2 hiPSC lines
with homoplasmic levels of the.13528A>G and m.1365C>Mutatiors affecting MT-

ND5 of OXPHOS CIV.No apparent detriments in either the reprogramming or
subsequent characterisatiof hiPSCs established from the clonal CMT and MELAS2
lines were noted, thus it would appear that any biochemical deficits associated with these
mutations are not limiting for the acquisition and maintenance of pluripoténcy.
important to highlighthat only one hiPSC clone from each of these patient lines was

fully characterised howevgthus potentially masking overall detriments.

3.4.3 High m.8344A>G Heteroplasmyis Detrimental to Pluripotency Acquisition

and/or Maintenance

By comparisonthere was sbng evidence for both a selection agams2344A>Gduring
pluripotency acquisition/maintenance, aaddetrimental impact of m.8344A>G on

reprogramming efficiency.

3.4.3.1 Reprogramming Inefficiency Under Feedddependant Conditions

Under feederdependant conditionseprogramming of MERRFL1 fibroblasts resulted in
the generation obnly 3 hiPSC clones2 of which showed undetectable levels of
m.8344A>G As the reprogramming of the MELAS1, MELAS2, CMT and WT fibroblast
lines performed in parallel with the same reprogramming reagents and cell culture media,
this would suggest that this relative inefficiency associatedthtMERRF1 fibroblasts
is caused bgome factor intrinsic to the MERRF1 cell lirReprogramming efficiencies
canvary for a wide variety of reasons with donor agme in cultureand associated
cellular senescencéeing well described negative correlates with reprogramming
efficiency(Banitoet al., 2009; Trokoviet al, 2015) All hiPSC lines reprogrammetuere
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were subjectetb reprogrammingt a passage number lower tharabd did not appear
to show anysigns of senescence (e.g. flattened morphology or limited proliferative
potential).Although the exact age of the MERRF patient donors whose fibroblast lines
were used in this study are unknown, | am aware from speaking with clinical colleagues
at the MRC Centre for Neuromuscular Diseases that it is unlikely the skin biopsies were
taken aftgreater than 60 years of age for these patients. Interestinghs been shown
that hiPSCs and fibroblast populations reprogrammed showesgedaccumulation of
somaticmtDNA mutations(Kang et al, 2016) although a direct link between such

mtDNA mutations and reprogramngirefficiency has not beenvestigated in any detail

3.4.3.2 Improved Reprogramming Efficiency Under Feed€&ree Conditions

Although a second reprogramming induction of the three MERRF fibroblasts lines under
feederfree conditions appeared to be much more efficient, a number of impairments not
typically observed were still noted. Among these wasrtbgphological heterogeneiof

cells within the reprogramming cultur@nd propensity towards spontaneous
differentiation both of which ar@bservation$ighly suggestive ohcompleteor partial

reprogramming.

While most optimal culture conditions were enforced for the reprogragiprocess it is
possible that a bad quality batch of mTeSRY t ot une | PS kRorbtheSe nd a
reagentsised might have accounted for thespairments in the reprogramming process.
Indeed, collaborators using the same batch of mTeSR1 did ffistalties in the routine

culture of their hiPSC lines (J. Meng, personal communicatiing).to limitations in
theamountoCyt ot une | PS 2l had a&iahlgt avas decided that thik i t
second inductiomwould be performedn patient linesnly. With hindsight it would have

been informative to have reprogrammectontrol fibroblast line alongsidsuch that
impairments associated with reagents and/or culture conditions ¢@mwe been

delineated.

Regardless a number of additional obsenats indicative of m.8344A>G being
detrimental toeprogramming and pluripotenayere made during this second feettee
induction. Among the most significant was the apparent selection against high levels of
m.8344A>G in established clones with hiPSfDaracteristicswhen comparing tdoth
the bulk fibroblasts they are reprogrammiedm and associated clonigl expanded

fibroblasts Thesedata showedhat while there arandividual cells within the bulk
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fibroblast population thahave high m.8344A>G heteroplasmyhey either fail to
successfully progress througit leastone of the stochastic stages of pluripotency
acquisition, are unstable as pluripotent cetlselectively eliminge mutant mitochondrial

genomes.

3.4.3.3 Potential Impact & High m.8344A>G on Cell Reprogramming and

Pluripotency Maintenance

Given tre large number of individual fibroblasts within the bulk MERRF1 and MERRF2
populationghat showapparently 1009n.8344A>Gmutation loadt would appear that

at least at homoplasmic levels thathogenic varians preventative to repgramming

or endogenousnaintenance of pluripotency. While it is possible these cells may have a
small number of WT mitochondrial genomes below the detection limit of the
measurement method usetiremains unlikelythat any of the MERRF hiPSC clones
sucessfully obtainedh this studyoriginate from apparently homoplasmic fibroblast cells
undergoingsucha drastic shift in m.8344A>@nutation load As discussed irdetalil
throughoutsectionsl.4.1-1.4.50f the introductionit has become increasingly clear that
mitochondrial function serves an inmpant role during the reprogramming process and a
plethora of important functions in establishbdPSCs.The underlying impairments
observed may therefore be more directly associated wi@844A>Gand associated

mitochondrial impairrents.

ROS Signalling During Reprogramming

In relation to the reprogramming processpairments in mitochondrial function caused
by mtDNA mutations would be expectedatienuatehe transient but essential burst in
oxidative mitochondrial activitypccurring shortly after reprogramming inducti@ikida
et al, 2015) that is responsiblefor the ROSdependant activation of NFE2L2
transcriptioml activityand subsequent HHawkihslet as, t2G16)i | i z a
Interestingly, studiesvith MEFs from mutator mice which contain multiple mtDNA
mutationsin factshowincreasedROS productiortaused by dysfunctional mitochondria
is detrimental to reprogrammingHamalainenet al, 2015) Application of the
antioxidants NacetytL -cysteine (NAC) and mitochondriargeted ubiquinone (MitoQ)
both increased the reprogramming efficiency of mutator MEFsery high dose of
MitoQ did however,atenuatereprogramming efficiency. It would therefore appear that
afined Go | d ibhlanceknanitochondrial OXPHOS and ROS production is necessary
during the reprogramming procesisis plausible that OXPHOS impairmerassociated
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with highm.8344A>Gheteroplasmy levels mathereforempair this fine balance in the
cellular redox staten addition to attenuating the larger transient incredsieh occurs
In line with this, elevations in ROS have been described in hiPSCs harbouring >50%
m.8344A>G hetenplasmy level§Chouet al, 2016)

Metabolically Sensitivé&Epigenetic Modificabns

Another possible explanation for the impairmewtsserved inMERRF fibroblast
reprogramming and/or pluripotency maintenance could be related to alterafions
metabolically sensitivehromatinmodifications As described in sectioh.4.5.20f the
introduction, reprogramming necessitates a vepkead alteration to the epigenetic
landscapevith a large number of the enmmgs responsible for the deposition and removal
of these chromatin modifications being dependant on intermediate metaboldes as
substratesConsideringni t ochondri a are i mportant prir
and DNA demethylatioriTeSlaaet al, 2016) citrate foracetytcoA dependant histone
acetylation(Moussaieffet al, 2015)and potentially NAD for histone deacetylation, it
can be speculated that mitochondrial dysfunction tighpair the efficiency and
completeness of the epigenetic rewiring underlying pluripotency acquiditienalidity

of this theory is further supported by the relatively high frequency of what were
presumably partially reprogrammed cells within each he# teprogramed MERRF
cultures In addition to pluripotency acquisition, similar detriments in the maintenance of
epigenetic marks necessary for pluripotency might also account for the observed
impairments. Indeed, even following the selection of coloniéh typical hiPSC
morphology,the subsequemhaintenance of the large majority MERRF hiPSCs as a
pure and homogenous cultupeoved extremely difficult, with rates of spontaneous
differentiation being considerably higher than that typically obser@d.elevance
attenuatingmitochondrial production of citrate hasbeen shown to reduckistone
acetylation modifications and increasthe propensity of hESC spontaneous
differentiation(Moussaieffet al, 2015)

Association of REX1 with Partideprogramming and Mitochondrial Function

Although this may just be a serendipitous observattomas interesting to note that the

MERRF1 CI23 hiPSC line with highest and presumably suprathreshold m.8344A>G

levelsobtained from the second reprogrammiaied to instigate expression of tREX1

gene. While this is highly suggestive of this line being partially reprograni@teahet

al., 2009)it is worthnoting thatthe functional importance of REX1 in hPSCs is strongly
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asseiated with mitochondrial function and cell metabolidm an interesting study by
Son et al., it was shown that REX1 was crucial to maintenance of the pluripotent state,
with REX1 knockdown substantially reducing the expression of pluripotency markers in
hESCs, while simultaneouslyincreasing differentiation markers and spontaneous
differentiation propensitySonet al, 2013) While the propensity fothe MERRRF1
CI23 hiPSdine to spontaneously differentiate ¢alture was high, it weano more than
that of other hiPSC lines established from this reprogramming induction which did
express normal levels of REXé&.g. MERRF1 Cl14)Son et al., linked the importance of
REX1 to its function as a transcriptional regulator of cyclin B1 and B2 and further
downstream of this, theequirementof cyclin B mediated enhancement of DRP1
dependant mitochondrial fission. This mitochondrialifiesvas shown to be important
for maintaining the typical glycolysis favouringnd low mitochondrial OXPHOS
metabolism ofhPSCs It can be speculated that this REd&pendant attenuation of
mitochondrial functiorfor pluripotency maintenands not necessy in the context of
hiPSCs with high m.8344A>G heteroplasmy and might in fact be detrimental to
pluripotency maintenance and hiPSC survival. It is therefore possible that this chance
observation highlights REX1 as a factor that typically limits successdintenance of
pluripotent cells with severe mitochondrial detrimeatdeast thosassociated withigh
levels 0fm.8344A>G

3.4.3.4 Selection against m.8344A>G During Reprogramming and hiPSC Culture

A number of observations, particulatvith MERRF1 hiPSC clones established in the
second reprogramming inductiotio suggest thatvhen at highbut subhomoplasmic
levelssome form of active selection againsB8344A>Gmightbe occurringat a cellular

or populatiorievd, during andor shortly aftempluripotency acquisitionOf note was the
differential distribution of heteroplasmy levels between clonal fibroblast and hiPSC lines.
While very few MERRF1 fibroblast clones showed sradhige m.8344A>G heteroplasmy
levels, thelarge majority of MERRF1 hiPSCs reprogrammed from themd mutation
loads of 2050%. Thiscould be caused by thrandom segregation oi¢ m.8344A>G
from thebimodally distributed fibroblast populations with low and hightation load.

If m.8344A>Gprovides a proliferative advantage of some sort when present-aanged
heteroplasmy levelsncreases imutationload from lower levels might be occurring at
a population level. Similarly, im.8344A>Gis detrimental to cell proliferation and/or
survival a shift from higher to lowemutation load could also account for the obseav

distribution in hiPSC m.8344A>G heteroplasmy. A related possibility is that
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mitochondria with greater proportion$ the m.8344A>G mitochondrial genome might
be actively selected against at the cellular level. Given the observation of the MERRF1
hiPSC clone with highest heteroplasmyMERRF1 CPR3) showing a decline in
m.8344A>Gheteroplasmy over 5 passages in culture it seems more likely that decreases
rather than increases in m.8344A>G heteroplasmy account for the observed hiPSC
mutation loa distributiors. In line with this, decreases in mtDNAutation load have
been described in the literature following extended culture of mitochondrial disease
hiPSCs (sedable1-1 in sectionl.4.6.20f the introductiol, includinga 70% to 50%
reduction in m.8344A>G containing IBEs over 20 passag@&houet al, 2016) Clonal
selection of the bulk MERRF1IZ3 hiPSC population revealed that even after a relatively
short duration in culture (13 passages since initial pickindd344A>Gwithin individual

cells had already started to becdm&er, more broadly distributed and heterogenous

Selection at a Population Level

Selection at a population level through negative proliferairagurvival pressure icells

with high heteroplasmy levels could account for the heteroplasmy shift observed in
MERRF1 CI23 during cultureand potentially e broad distribution of m.8344A>G
heteroplasmy levelsf the originally pickedMERRF1 hiPSC clonesn line with this,
oxidative mitochondrial glutaminolysis pathways are crucial to the survival and
proliferation of hPSCgZhanget al, 2016; Tohyamaet al, 2016) Similar negative
selection pressures on the proliferatsamvival ofhematopoietic stem celis thought to
account for the decline in m.3243A>G heteroplasmy observed in patient blood over time

(Rajasimha, Chinnery & Samuels, 2008)

Selection at a Cellular Level

Selection agast the m8344A>G through active targeting of mutant mitochondria for
degradation by mitophagy and/or preferential replication of WT over mutant
mitochondrial genomes areowever, also possibleexplanations. Inline with thig
fibroblasts harbouringn.8344A>Gshow increased mitophagic fl{oe la Mataet al,
2012) and evidence for an increase in mitophagy has also been described in hiPSCs
harbouringhigh levels ofm.3243A>G (Lin et al, 2019a) Interestingly a necessary
increase in mitophagic flux occurs shortly after reprogramming induéitanet al,
2015b) It could therefore be speculated that a particularly strong selection against
mitochondrial organelles with more depolarigedas a consequence of high m.8344A>G
mutation loadmight occur early during the reprogramming process and account for the
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lower mutation load in derived hiPSC clones. It is important to note however that more
recent evidence sugsgts this transient increase in mitophagic flux during reprogramming

shows no selectivity towards mitochondria with more depolagisgdianget al, 2017)

3.4.4 Summary

In conclusion, hiPSCs harbouring high and presumably suprathreshold levels of
m.3243A>G affecting mt-tRNAU VYR ' m 13528A>G (p.T398A) and m.13565C>T
(p.S410F) mutationaffecting mt-ND5, and m.9185T>C {.Leu220Prd pathogenic
variant affecting mt-ATP6 were successfully establishell.8344A>G affecting mt
tRNAYS appears particularly detrimental to pluripotency at high heteroplasmy levels
which could potentially limit the use of hiPSC lines with suprathreshold levels of this

pathogenic variarfor downstream disease modellipgrposes.
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Chapter 4 Assessment of
Mitochondrial Function and Caell
Metabolism in hiPSCs with mtDNA

Disease Mutations

4.1 Overview

Whilst guided differentiation of hiPSCs into disease relevant cell types serves as an
excellentavenue for modelling mitochondrial diseasevitro, exploring mitochondrial
dysfunction and associatemshetabolic impairmentsin hiPSCsmay at first appear
uninformative given hiPSCs favour glycolytic over mitochondrially driven oxidative
metabolic flux pathways to meet their energetic demafdaiever, thesignificanceof
mitochondrial function beyondTP synthesigs well appreciatedwith recent evidence
highlightingcrudal roles of mitochondrial functiom hPSCsamong whichncludesthe
generation of metabolic intermediat@squired for lipid, nucleotide and protein
biosynthetic pathwaysnd as cesubstrates for enzymatmroteinmodifications such as
those underlyingpigeneticsin addition to providing insight into the biochemical and
cellular deficits associated with these mtDNA mutations, assessment of mitochondrial
function and associated cellular metabolic fluxes in hiPSCs can guide the selection of the
most appopriate cell lines to carry forward®r downstream differentiation inskeletal
myogenic cells and disease relevantitro modelling purposedMutation loag which

give rise to biochemical deficits in hiPSCs are likely to persistworsen upon

differentiation towards more oxidatively demanding disease relevant cell types.

4.1.1 OXPHOS DysfunctionCaused by mtDNA Mutations

The primary consequence of disease causing mtDNA mutations is associated with
impairments in the functioand/or exprssion of the OXPHOS complex subunit encoded

by the gene affected, or in the case of mutationstRNNA genes potentially all mtDNA
encoded OXPHOS complesubunits As mtDNA encodes subunits which contribute to

all of the OXPHOS complexes except OXPHOS, @ht-tRNA mutations have the
potential to more widely impact ETC function and OXPHOS.
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Previous assessmerdn the impact of the m.13528A>G (p.T398A) and m.13565C>T
(p.S410FMT-ND5 mutationsaffecting the MTND5 subunit ofOXPHOS Clhave been
performedwith the verysamepatient fibroblasts reprogrammed heatongside cybrid
cells harbouringhomoplasmic mutanmitochondrial genomes derived from them
(McKenzie et al, 2007; Kovacet al, 2019) In line with a specific impairment of
OXPHOS CI, mutant cybrids with these mutations sholeseer levels of Cllinked
respiration (ra@énonesensitive) whereas Clinked respiration (succinatdependant)
was largely unaffecte@cKenzieet al, 2007) Specific impairments in Glinked but
not Clllinked respirationhave also been described an additional study using
fibroblasts and cybrids derived from an unrelated patient harbouring homoplasafsc lev
of the m13528A>G and m.13565C>T mutatioifBetruzzellaet al, 2012) Patient
fibroblasts harbouring these ND5 mutations also stbav more depolarisegm (as
measured through TMRM fluorescenc@yicKenzie et al, 2007) and a smaller
contribution of Cl to maintenance die ym (rotenonesensitive)(Kovac et al, 2019)
furtherevidence fora selective impairment of OXPHOS CI.

A number of previousassessment®f the m.9185T>C [.Leu220Prp MT-ATP6
pathogenic variardaffecting the MTFATP6 subunit of OXPHOS CV haw®nfirmed this
varianthas a detrimental impact on mitochondrial ATP synthase function. While ATP
synthesis rates in isolated lymphoblast mitochondria from a patient with very high levels
of m.9185T>C (>91%)were largely unaffectedCV ATPase activitywas modestly
reducedCastagnat al, 2007) In line with this, bluenative PAGE analysis of OXPHOS

CV in muscle tissues taken from patientth homoplasmic levels om.9185T>C
revealed impairments in both OXPHOS CV assembly and ATPasea@Hitceathlyet

al., 2012) In fibroblasts with homoplsmic levels 0fm.9185T>Cand homoplasmic
cybrids derived from them, reductions in ATP synthesis rates have been shown alongside
a knockon reduction in overall cellular respiration rates (both Cl andd€plendant)
(Auré et al, 2013) More recentlysimilar impairments in ATP synthesis rates have also
been shown in hiRS derived neural progenitor cells with homoplasmic levels of
m.9185T>C (Lorenz et al, 2017) In addition, neural progenitor cells and neurons
harbouringm.9185T>Calso showed more hyperpolarisgéh which is presumably
caused by impairments in CV function aatienuation of theitilisation and associated

dissipationof the mitochondrial Helectrochemical gradiefdr ATP synthesis
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As alreadyalluded to, mutations in MIRNA genes can potentially impact the translation
and consequentially the assembly and function of all OXPHOS complexes except the
entirely nuclear encoded OXPHOS Ctlowever, significant impairments in the protein
expression iad function of all assembled OXPHOS complexes is not observed in patient
derived cells or tissues, likely because such detrinpmetdude survival. In relation to
the m.3243A>GVIT-TL1 and m.8344A>GMT-TK mutations affectingnt-tRNA-eU(VUR)
and mitRNAYS respectively, detriments in OXPHOS ClI expression levels and function
are commonly reportedvith OXPHOS CIV detriments caused by.8344A>Galso
commonly observed. For example, CI activity was shown to be reduced in mitochondrial
extracts from heteroplasmic fibroblasts with the m.3243A>G or m.8344A>G mutation,
with CIV activity also being reduced in m8344A>G fibroblagt¥ameset al, 1996)
Although steadystate levels of certain OXPHOS complexes might be maintained,
assessment of mitochondrial protein synthesis rates in near homoplasmic m.3243A>G
cybrids through raditabel trachg experiments do reveal more global detriments in
mitochondrial translation produdt€homynet al, 1992) Similar experiments on clonal
myoblasts with high m.8344A>G heteroplasmy levels also reveal simgitaral
detriments in mitochondrial translatiqgilannaet al, 1995) It is interesting to note
however, thaparticular mitochondrial encoded proteins are more vulnerable to specific
mt-tRNA mutations with the studies discussed here suggestvigubunits (MFCOXI
and MT-COXII/IIl) are severelyaffected bym.8344A>G(Hannaet al, 1995) whereas
m.3243A>G severely affected Cl subunits (particularly NND2) in addition to
impacting CIV(Chomynet al, 1992) Although it remains unclear exactly why certain
OXPHOS complexes are differtgily vulnerable to specific miRNA mutationsmodest
correlations have been madeth the number of amino acids within a specific
mitochondrialprotein that arencodedy the mutatedht-tRNA (Antonio Enriquezt al,
1995; Chomyret al, 1992)

4.1.2 DownstreamMetabolic Impacts of OXPHOS Dysfunction

Due to the itrinsic link of mitochondrial function with key catabolic and anabolic
biochemical pathways, OXPHOS dysfunction has the potential to impadeaange of
downstream cellular processésnong these, the mitochondrlalcalised TCA cycle is
tightly co-ordinated with OXPHOSunction through the reliance afeveralTCA cycle
enzymes on oxidised NADand FAD ceenzymesgenerated by OXPHOS Complexes |
and Il as part of a functional ET@s discussed thoroughly in the context of hiPSCs (see

Introductionl.4.5for in-depth overview), the TCA cycle serves as an important source
182



O6Cal l aghan,
of numerous metabolic intermediates necessary for downstream biosynthetic and cell
signalling patlways. Of particular significance, citrate derived from glucose flux through
the TCA-cycle has been shown to be important as both a substrate for lipid biosynthetic
pathways necessary for hPSC growth and prolifergdtianget al, 2016 Tohyamaet
al., 2016) and as a source of nucleocytoplasmetytCoA necessary for HAT
dependant histone acetylation modifications contributing to pluripot@vioyssaieffet
al., 2015) Whilst it is possible chronic mitochondrial dysfunction might lead t
detriments in TCAcycle and other important mitochondrial metabolism derived products
such as citratecells maintain effective mechanisms for maintaining such fluxes and/or
alternative pathways for generation of these products. In relation to mitochondrial
dysfunction one of the most commonly describeampensatory mechanisnssa shift
towards aerobic glycgsis whereincreasedconversion of pyruvate to lactalbg lactate
dehydrogenase (LDH}an serve to replenish NAOrom NADH (Kami et al, 2012;
Mullen et al, 2012) It is through this mechanism that pyruvate supplementation is
supportive to the survival of cells with mitochondrial dysfunctlmnmaintaining NAD-
dependant enzymatic reactions such as those involved in aspartate biosynth&$i8 and
generation through glycolys{®Vilkins, Carl & Swerdlow, 2014; Sullivaet al, 2015;
Birsoyet al, 2015)

In addition to theregeneration of oxidised NADcoenzyme, cells also have effective
compensatory flux pathways for regeneration of TCA cycle intermediates (process known
as anaplerosis)n addition to the predominant source of T€ycle influx through
acetylCoA reaction vith oxaloacetateatalysedy citrate synthase, two of the other most
important mechanisms are the conversion of pyruvate into oxaloacetate by pyruvate
decarboxylase and glutaminolysis conversion of glutamine into glutamate by
glutaminase and subsequenii<G by glutamate dehydrogenasedeed, glutaminolysis
serves as the predominant source of late stage TCA cycle metabolites in hiPSCs and this
flux is among themain reasons hiPSCs necessitate a functional mitochondrial ETC
(Zhanget al., 2016; Tohyamaet al, 2016) Interestingly, cells with both chronic and
acute mitochondrial dysfunctionitiate a metabolic switckowards glutaminelependant
reductive carboxylationn order to compensate fatetriments inthe mitochondrial
geneation of citrate from glucoséMullen et al, 2012). In this study by Mulle et al.,

cybrid cells harbouring a homoplasnmt14787_14790delTTAAMT-CYTBframeshift
variantassociatedvith severe CIII dysfunctionlisplayedincreasedylucose utilisation

that was concordant with a substantial increase in lactate productigereased flux of
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glucose derived carbons towards T-Cycle derived citrate was observed however,
suggestingthe elevatedglucose uptake was primarily used foraarobic glycolysis
purposesinstead mitochondrial derived citrate was maintained through a compensatory
flux of gl uiKa mwandecitrdte idADR/NADBH dependant isocitrate
dehydrogenase enzymé&sien though Cll dependant oxidation of FAR FAD is very
likely impactedby CllI dysfunctionas well an increase in the oxidative metabolism of
gl ut ami neKGdesudcivatety slitcinyd)CoA synthetase) and subsequently
malate (by succinate dehydrogenase, i.e. OXPHOS CIl) wasladsred Thisis most
l i kely accounted for by-KG bemg gon@mnpimerderived o f
rather than glucosderived in these cells with impaired OXPHOS function. Indeed,
cybrid cells with homoplasmic levels of tha.8993T>G p.Leul56Arg MT-ATP6
pathogenic variardr heteroplasmic (50%) levels of the m.6930G>/A@E13*) MT-CO1
pathogenic varianthat display more modest impairments in ETC functioshow
considerableincreases in oxidative glutaminolysis pathwdyg comparably smaller
increases irglutaminedependant reductive carboxylatifinxes (Chenet al, 2018a)

This more recent studgid replicate the substantial reases in glutamindependant
reductive carboxylation fluxes in cybrids with more sevEfF function however,
including homoplasmic cybrids with the sarframeshiftMT-CYTB pathogenic variant
used previouslyin addition to cybrids homoplasmic for the6930G>A (p.G343*MT-
CO2l1mutation.

4.1.3 Methods to Assess Biochemical aiMetabolicimpact of mtDNA Mutations in
hiPSCs

To study the impact of mtDNA mutations on the function of hiPSC mitochondria a
number of diffeent techniques can be employed. At the primary level, denaturing PAGE
and western blot analysis canusedio delineate whether the mtDN#athogenic variant

at the specific heteroplasmy levelgguestion has any impact on the functional assgmbl
and/or stability of specific OXPHOS complexésorder to gain insight intong impact

the mtDNA mutations have on ETC function, measuremengs,@fin be madérough
live-cell imaging of fluorescent dyes that accumulate in mitochondria idependat
mannersuch as TMRM. Finally, to gain insight into any impact ofghthogenic variant

on downstream metabolic pathways, metabolomic flux analysis of heatope labelled

metabolic substrates can be used.
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4.2 Aims and Hypothesis

In this chapterthe overall aim was to characterise the mitochondrial and cellular
phenotypes of stable hiPSC lirtemrbouring mtDNA mutations described in the previous
chapter. Particular focus was made on MELAS1 hiPSC lines due to the interesting range
of m.3243A>Gloads that were successfully obtainettluding isogenic controlgnd

the stability of these cells during hiPSC cultdfanctionalcharacterisations dhe most
stableMERRF hiPSC lineharbouringm.8344A>G at mid-range heteroplasmy levels
derived during the first reprogramming inductioalongsidean associated isogenic
control were also madelue to the apparent severity of tlpathogenic varianbn
reprogramming and pluripotency maintenanClaracterisations dfiPSC lines with
homoplasmic levels of the .dB528A>G and m.13565CXMELAS2) andm.9185T>C
(CMT) mtDNA mutations specifically affecting individual subunits of particular
OXPHOS complexes were also performéidwas predicted that th&#/ELAS1 and
MERRF1 hiPSC lines with high levels ai.3243A>Gaffecting mt-tRNA-'UR) and
m.8344A>G affecting mt-tRNAYS, would show widespread impairmentsin
mitochondrial OXPHOS By comparison, specific impairments asstsza with
OXPHOS CI were predicted for thRlELAS2 hiPSCs withthe m.13528A>G and
m.13565C>Tmutations affecting the ND5 subunit of OXPHOS CI. Similarly, specific
impairments associated with OXPHOS CV were expected in CMT hiPSCs with
m.9185T>C affecting the ATP6 subunit of OXPHOS CW. was hypothesised that
hiPSCs with high mtDNAmutation load would show deficits in the expression of
specific assembled OXPHOS complexes, and that this would be associated with

downstream impairments in maintenance ofythend cellular metabolic fluxes.
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4.3 Results

4.3.1 Western Blot Assessment of Assemb@¥PHOS Complexes

In order to gain insight into the primary consequence of the various mtDNA mutations
within the specific mitochondrial disead@PSC lines, western blot assessraenere
performedfor levels of OXPHOS complex subunits whiahe among the last of the
necessary subunits assembled as partthef five different functional OXPHOS
compleses thus reasonably good measures of overall stetatg levels of the 5 ddrent
OXPHOS complges (Figure 4-1). Detriments in the transcription, translation and/or
assembly of specific mitochondrial encoded proteins caused kgileesmitochondrial
mutationsof interest would therefore expectedo result in reductions ithe cellular

levels of these associated protein subunAs. a downstream consequence of
mitochondrial dysfunction, increases or decreases in mitochondrial mass might be
expected due to eahced mitophagic flux clearance of damaged mitochondria or through
a compensatory increase in mitochondrial biogenesis respectively. Measurements of
TOM20 protein which is a component of thartslocase of the outenitochondrial
membraneomplexwere also performed as an indirect measure of mitochondrial mass
(Figure4-1).
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Figure 4-1 Representative immunoblot showing the protein leve®X?HOS complex
protein subunitsvhich arerepresentative of overall steagyate levels of the five different
OXPHOS omplexesimmunoblotting for TOM20 was used as an indirect measurement
of mit oc hon d-actinavhs usedas a protea foadindcontrol. The percentage
in brackets indicated theutation loadof the respective mitochondrial disease hiPSC
line (see text for details on the specific mtDNA mutations).
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A high degree ovariability in the levels o$teadystateOXPHOS complex subunitsese
observed across blof@gigure 4-2), which is likely associated with both biological
fluctuations in the levels of these protearsd/or associated assembled compleand,
technical variability of the immunoblotting detectiomethod used. No consistent
differences in the levels afteadystateprotein subunits contributing to OXPHOS CII
(SDHB), CIII (UQCRC2), CIV (MFCOL1) or CV (ATP5A) were observed between any
of the mitochondrial disease hiPSC lines assegseubdestbut consistenteduction in
the level of theNDUFB8 subunit contributing to OXPHOS CI was observed in the
MELAS1 CI4 hiPSC line with highest heteroplasmy level (89%h&243A>Gaffecting
mt-tRNAUURR) and MELAS2 CI3 hiPSCine with homoplasmic levels of the
m.13528A% and m.13565C>Tmutations affecting the MMND5 subunit of OXPHOS
Cl. No differences in the levels of assembled OXPHOS complexes or mitochondrial mass
(TOM20) survived statistical significance following correatior multiple comparisons
between lines (twavay ANOVA with Tukey posthoc correction). However, rational
comparison of control hiPSC lines (WT CI1, MERRF1 CI2, MELAS1 CI5) with
MELAS1 Cl4 (89% m.3243A>G) and MELAS2 CI8100% m.13528A>G and
m.1365C>T)xshavedsignificantly lower levels of assembled OXPHOS CI when multiple
comparisonsvere not accounted f@p<0.05, twetailed unpaired-test).
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Figure 4-2 Steadystatelevels oOXPHOS complex subunits contributing to OXPHOS CI (NDURBBJSDHB), Clll (UQCRC?2), CIV (MICO1)and

CV (ATP5A) and | evels of TOM2O in hiPSC |lines. Bars repr esend-dctt dné mea
expressed relative to that of the WT CI2 hiPSC line which was present on all blots quantified. Error bars repreteat tte@&numbers in the bars
represent the number of independent protein lysates assessed.
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4.3.2 MtDNA Copy Number is Unaltered in MELAS1 hIPSCs

In addition to assessment of mitochondrial maasneasurements of cellular levels of
mitochondrial proteins such as TOM20, quantifications of mitochondrial genome copy
number can also serve as mformativemeasure of mitochondrial contertn initial
assessment of mtDNA copy humiieroughRT-gPCR measurements of relative mtDNA
vs NnDNA copynumber using primer pairs targeting the 4¢¥B gene and APP gene
respectivelyshowed a trend towards a modest reduction in mtDNA copy number in
hiPSCs with high m.3243A>G heteroplasmy level (MELAS1 CI3 8©%8243A>G,
MELAS1 Cl4 89% m.3243A>GJFigure4-3A). While the rational comparison of the
MELAS1 Cl4 hiPSC line with highest heteroplasmy (89% m.3243A>dm)
corresponding isogenic control MELAS1 CIB°SC Ine (0% m.3243A>G)evealed this
reduction inmtDNA copy numberwas statistically significan{p<0.05, twetailed
unpaired {test), this significance did not surviwgtatistical testing witrcorrection for

multiple comparisons (oreay ANOVA with Tukey posthoc correction

In order to provide greater sensitivity and exclude any effeainaiccountedSNP
variations within the sequences targeted by the pringeybsequent assessment of
MtDNA copy numberbetween MELAS1 hiPSC lines with varying m.3243A>G
heteroplasmy was performagsingprimer pairs targeting three differerggions ofthe
mitochondrial genoméMT-CYB, MT-ND1, MT-ND4) and normalisation performed
against two nuclear genomic regions (APP and BgNQure 4-3B). Unlike the initial
experimentno consistentreductions in mtDNA copy number were observed in the
MELAS1 Cl4 hiPSC line with highes€t9% m.3243A>G heteroplasmysing this more
sensitive method (note tiexperiment wasalso performed using different DNA

extractiondrom that of the initial experiment).
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Figure4-3 RT-gPCR assessment of mtDNA copy number in MELAS1 hIPSCs harbouring
m.3243A>G (A) mtDNA content quantified through measurement of the levels -of MT
CYB mtDNA genomic region relative to the APP nDNA genomic region. Bars represent
the nean mtDNA copy number relative to that of WT CI2 with error bars £StDev (n=3
independent DNA extractions). (B) mtDNA content quantified through measurement of
the levels of MICYB, MEND1 and MFND4 mtDNA genomic regions relative to the
geometric mean ohe APP and B2M nDNA genomic regions. Bars represent the mean
MtDNA copy number relative to that of MELAS1 CI5 with error bars +StDev (n=3
independent DNA extractions, different from that used in the initial experiment described
for A).
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4.3.3 Basaly mand Relative Contribution of OXPHOS Complexesyte Maintenance
in hiPSCs is Unaffectedhy mtDNA Mutations

In order to gain insight into grdownstream consequences the mtDNA mutations might
have on the biochemical function of hiPSC mitochondria, measnmsnofym were

performed through liveell imaging of TMRM.

4.3.3.1 Assessments of Basgh and Mitochondrial Morphology

hiPSC mitochondria showed a globular and punctate TMRM staining pattérh was
densely compacted within the small cytoplasnareas surrauding the nuclear
compartmen{Figure4-4A). While the compact nature of hiPSCs makes it difficult make
conclusive observations of mitochondrial morphology obvious differences were
observed indicating the mtDNA mutations assessed have substantialimpact on

mitochondrial network dynamics.

TMRM staining intensity appeared most pronounced at the edges of hiPSC colonies
which potentially indicates cells at the periphery of colonies have a more polgrised
One potential explanation of this might &gsociated with better nutrient availability to
cells at the periphery, with the cells more compacted towards the centre oP8@ hi
colonies havingedued surface area for nutrient uptake. This observation might also be
associated more technically with loading of he cells with TMRM. Just as the greater
compactness might restrict nutrient uptake, accumulation of the TMRM dye ahsght

be negatively impacted/Vhilst comparable colony sizes and seeding densities were
achieved between lines compared within an individual experiment, and no notable
differences in proliferation of the various cell lines used notedneasuremas made

from these cells here may be confounded by any slight differences unaccounted for.
Future experiments might benefit from seeding hiPSCs supplemented with ROCKi for
imaging the next day, in order to achieve more comparable cell seeding distributions

limiting the poential of such confounding factors.

Measurements ofmean mitochondrial basal TMRM fluorescence intensity from
thresholded maximum intensityarojectionsof confocal microscopymagesevealecto
obvious differences between hiPSC liflegure4-4B) suggesting the mtDNA mutations

assessed also do not appear to impg$Cbasaly m.
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Figure 4-4 Assessment gfn through livecell imaging of hiPSCs stained with 25nM
TMRM. (A) Representativeaximumintensity projections of hiPSCs stained with 25nM
TMRM. Images shown were all taken during one experimental imagirigrsassl the
same manipulations to brightness and contrast made to each imagdmamey FlJI
software. Scale bars = 100um. (B) Basal mitochondrial TMRM intensities quantified
from thresholdednaximumntensity projections as a measure of basal Bars dsplay
the mean mitochondrial TMRM fluorescence intensity normalised to that of the WT CI2
hiPSC line imaged during the same experimental imaging session with error bars
+StDev. Numbers in the bars display the number of replicate images used for analysis,
which were taken across at least two independent imaging sessions for each hiPSC line.
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To provide greater sensitivity for detection of any subtle differences inaseld
better account for the variation in mitochondrial TMRM staining intensities aix$erv
between individual microscopy fields of view, further experiments taking advantage of
the highthroughput Opera Phenix spinnidgsc confocal imaging platform were
performed. This permitted large numbers of individuatark confocal images to be
takenfrom different hiPSC lines within a short duration of time, limiting any variations
in TMRM measurements which might be associated with slight differences in TMRM
dye loading durations and/or microscopy imaging conditions. During a first experiment
aimingto distinguish any potential differences between hiPSCs lemesenting a
range of different mtDNA mutations, >12 independent 323x323 um fields of view were
sequentially imaged for each hiPSC I{(Régure4-5). This experiment was replicated
across 23 wells for each hiPSC line with normalisation performed to the mean basal
TMRM intensity of the WT CI2 hiPSC line in each instance. This experiment
highlighted a relatigly large variation in mean basal TMRM intensity between
individual images analysed from the same hiPSC line. While there appeared to be
consistent but subtle differences between hiPSC lines, there was no biologically
relevant associations between TMRMeimsity and any of the mtDNA mutations which
was beyond the variability observed between the various control hiPSC lines used in
this experiment (WT CI2, MELAS1 CI5 and MERRF1 CI2). This would further indicate
the mtDNA mutations assessed do substantiallimpact basay m maintenancén
hiPSCs.
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Figure4-5High-t hr oughput meas ur enassaesdedthraufh cénfodalS C
imaging of TMRMfluorescence using the Opera Phenix spinning disc confocal
microscopy platform. (A) Column scatter graph showing the variability in mean
mitochondrial TMRM fluorescence pixel intensity from thresholdedimumintensity
projections of multiple 323x323um fields of view normalised to the mean of WT CI2 (cross
markers, >12 fields of view per welk2wells per cell line). Lines show the mean TMRM
fluorescence intensity of analysed images +StDev. Numbers belgeatter show the
total number of fields of view analysed for eduRSC line. (B) TMRM intensity
measurements from multiple fields of view within an individual experimental well were
averaged and normalised to that of the WT CI2 hiPSC line. Bars shove#ireaverage

well TMRM intensity with error bars £StDev. Numbers in the bars show the number of
individual experimental wells analysed for each hiPSC I@gtistical significance
assessed by orveay ANOVA with Tukey pelbc correction for multiple compesons
indicated by *p<0.05.
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It was decided that a final experiment foeden comparing basal TMRM intensities of
MELAS1 hiPSC lines would be performed, given the interesting range of m.3243A>G
mutation load of these lines, and the consisteatluction in OXPHOS CI that was
observed in the MELAS1 Cl4 hiPSC line through western blot assessment. In this
experiment 25ndependent 323x323 um fields of view were sequentially imaged for each
hiPSC linewhich as before wengormalised to the mean TRM intensity of the WT CI2
control hiPSC line. Thisxperiment was replicated across 4 wells for each hiPSC line to
give a total of 100 independent fields of view for analyBigure4-6A). Calculation of
the mean TMRM intensity per well revealed all hiPSC lines assessed showed comparable
basalTMRM fluorescencé€Figure4-6B). This eyperimenitogether with thasperformed
previously strongly suggesin.3243A>Gdoesnot significantly altely m maintenancen
hiPSCs

4.3.3.2 Sensitivity of hiPSGy m to Mitochondrial Toxins

While none of the mtDNA mutations assessed appeared to substantially altey.hasal
compensatory increases or decreases in the activity of specific OXPHOS complexes
might occur in order to maintain tlge. Electron flow into the mitochondrial ETC occurs
through NADH oxidation at OXPHOS CI and FARBixidation at OXPHOS CII. Given
OXPHOS Cll is constituted by subunits entirely encoded by nDNA it might be expected
that Cll function is spared and might in fact show an increased contributigm to
maintenancen the setting of mtDNA mutations. On the other hand, contribution of
OXPHOS CI which includes mtDNA encoded subunits might show reduced contribution
to ym maintenance in hiPSCs harbouring particular mtDNA mutations. Indeed, western
blot analysis suggestsigh levels of m.3243A>G affecting m#tRNAMUURR) gnd
homoplasmic levels of the m.13528A>G and m.13565T>C mutagidesting MT-ND5
subunit negatively impact the levels of assembled OXPHOS CI. For this relson
sensitivity of hiP&€ ym maintenance to inhibition of OXPHOS CI (and associated
electron flux from CI) was investigated through addition of the CI inhibitor rotenone.
Another potential compensatory mechanismyf@maintenance is reversal of OXPHOS
CV activity such that ATPsi hydrolysed in order to pump‘téut of the mitochondrial

and contribute tg m polarisation, rather than dissipating the electrochemicgratdient

for ATP synthesis. For this reasdhe sensitivity ofy m maintenance to the CV inhibitor
OligomycinA wasalso investigated. This also permitted further insight into the impact
of m.9185T>Caffecting the MTATP6 subunit of OXPHOS CV.
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Figure 4-6 Focused kgh-throughput measurementsMELAS1h i PSC b as al
assessed through confocal imaging of TMRM fluorescence using the Opera Phenix
spinning disc confocal microscopy platform. (A) Column scatter graph showing the
variability in mean mitochondrial TMRM fluorescence pixel intensity from thresholded
maximumintensity projections of multiple 323x323um fields of view normalised to the
mean of WT CI2 (cross markef fields of view per well wells per cell line). Lines
show the mean TMRM fluorescence intensity of analysed images +StDev. Numbers
below the scatter show the total number of fields of view analysed for each hiPSC line.
(B) TMRM intensity measurements from multiple fields of vignaan individual
experimental well were averaged and normalised to that of the WT CI2 hiPSC line. Bars
show the mean average well TMRM intensity with error bars £StDev. Numbers in the
bars show the number of individual experimental wells analysed ¢brl@&SC line.
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Live imaging of hiPSC mitochondrialTMRM fluorescencewas performedwhilst
sequentially addinglOpg/ml oligomycirA to inhibit CV, followed by 5uM rotenone to
inhibit CI and finally 1uM FCCP to completely dissipagtochondrial electroatmical
gradiens (Figure 4-7A). Following addition of oligomycimfA a modest increase in
mitochondrial TMRM fluorescence was generally observed, indicatiye pblarisdion
following prevention of Hiflux through CV, as normally occurring healthy cellgluring
CV dependant ATP synthesis. Following rotenaddition,a reduction irmitochondrial
TMRM fluorescence was observeaddicative ofy m depolarisatiorcaused bynhibition
of Cl-dependant Htransport from the mitochondrial matrix, and associated reduction in
Clll and CIV H' pumping activity due to prevention of Cl derived electron entry into the
ETC. FCCP addition caused a substantial reduction in mitochondriaRM M
fluorescenceto background levelsdue to complete dissipation ofmitochondrial
electrochemical gradients. LivéMRM fluorescencdéime-course analysisf the different
hiPSC linegevealed no obvious differences in the kinetics ofytheesponse to addition
of any of theoxins(Figure4-7B). Furthemore assessment of thielative mitochondrial
TMRM fluorescence intensity following stabilisation aftdéigomycin-A and rotenone
addition werecomparable between all hiPSC lifésgure4-8). The relative contribtion
of OXPHOS CIl and associated -@épendant electron transfer therefore appears
unaffected by the mtDNA mutations assessed. In addition, none of the mtDNA mutations

assessed cause a compensatory reversal of OXPHOS CV.
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Figure 4-7 Live imaging of hiPSCs incubated with 25nM TMRM during the sequential addition of mitochondrial toxins as indicatedack terl

10pg/ml oligomycimA (Olig), 5uM rotenone (Rot) and 1uM FCCP. (A) Representative confocal images of a single hiPSC field of view showing TMRM
fluorescence following the sequential addition of oligomycinotenone and FCCP. Scale bars = 50um. (B) Remtasige traces showing the kinetic
changes in mitochondrial TMRM fluorescence following the sequential addition of mitochondrial toxins. TMRM fluorescemae pdosted relative

to the basal fluorescence intensity prior to toxin addition (100%) anoWolly addition of FCCP (0%).
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Figure 4-8 Relative TMRM fluorescence intensity in the presence of 10ug/ml oligomycin
-A and 5uM rotenondBars display the meamitochondrialTMRMfluorescencéntensity
normalised to that of theame field of viewnagedprior to mitochondrial toxiraddition
with error bars £StDev. Numbers in the bars display the number of replicate images used
for analysiswhich were taken across at least two independent imaging sessions for each
hiPSC line.
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4.3.4 NAD*/NADH Redox Index is Unaffected in hiPSCs with mtDNAWAtions

Taking into consideratiorthe plethora of mitochondrial metabolic fluxes reliant on
NAD*/NADH co-enzymes and importancethe mitochondrial ETC for maintenance of
the NAD":NADH ratio, bioluminescent based measurements of NINIDDH were
made usinghe NAD/NADH-G| o E  Afrera Brgmega. By taking advantage of the
specific lability of NAD" and NADH to heating under basic and acidic conditions
respectively, it was possible to obtain independent measurements of aINADH
which could then be used talculate the NADNADH ratio.

While significant differences in cellular NADwere observed between the different
hiPSC lines, the magnitude of these differences was generally modesithaimdthe
variability observed between control hiPSC lines (comp#ieCl2 vs MELAS1 CI5),
thus potentially of minimal biological relevan@&gure4-9). There was one exception
however with MELAS1 CI2 harbouring 53% m.3243A>G heteraginy showing
approximately 2higher cellular NAD levelsthan that observed in the other hiPSC lines
assessed\ similar pattern was also observed for cellular NADH lemglth much higher
levels observed in MELAS1 Cl2vhereas theother hiPSC lines assesssbowed
comparable levelsot beyond the variability observed between control I{Rregure4-9).
These data would suggest tlila¢ overall NAD/NADH pool is substantially higher in
the MELAS1 CI2 hiPSC line, potentially due to a compensatory upregulatadmnovo
NAD biosynthesis pathways. Indeed, calculation of the total NAD cofactor(pal of
cellular NAD" and NADH) exemplified thd potential increase ide novobiosynthetic
flux (Figure4-9).

Interestingly, while a substantial increase in the N&actor pool was observed in the
MELAS1 CI2 hiPSC line, the NADNADH ratio wasmaintained at comparable levels

to that of the other hiPSC lin€Bigure 4-9). While independent measurements of the
NAD*:NADH ratio remained consistently between 5 and 8 for WT CI2, MELAS1 CI2
and MELAS1 Cl4, that of MELAS1 CI5, MELAS2 CI3 and ATP6 CI7 were highly
variable and ofteshowed higher (>10) raspmostly associated witthe lower cellular

NADH levels observed in these hiPSC lines. Together these data suggest that there are
no substantial differences in the levels of NAD cofactors and/or the'RWDH redox

state between hiPSCs which exceeds that of experimental véyiabith the exception

of MELAS1 CI2 in which elevated NAD cofactor levels welsserved.
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Figure 4-9 Cellular levels of NAD coenzymes in hiP3@sbouring mtDNA mutations.
Cellular levels of NAD and NADH were measured from aliquots of cell lysates heated
under acidic and basic conditions respectively. NANADH pool calculated from the

sum of NAD and NADH levels measured from aliquots of the saathelysate.
NAD":NADH ratio calculated as the relative ratio between cellular levels of Nl

NADH measured from the same cell lysate. Bars show the mean amount/ratio with error
bars + StDev, n = 4 independent cell lysates. Statistical significasessed by twaay
ANOVA with Tukey pos$toc correction for multiple comparisons indicated by
***n<0.001, **p<0.01, *p<0.05, ###p<0.001 vs all other hiPSC lines.

4.3.5 MELAS1 hiPSCs with high m.3243A>®Autation load Show Impairments in
Glucose Utilsation

Whilst detriments inym maintenancenight be expectedsa primary consequence of
mitochondrial dysfunction associated with mtDNA mutatiausprisingly no substantial
impairmentswere observed through TMRM fluorescence measurements. It is possible
however that any mitochondrial dysfunctions caused by the mMtDNA mutations
investigated here are somehow masked through compensaitoighondrial or more
global cellular metabolic flux changes. While no obvious alterations in relative OXPHOS
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CV utilisation of the ym (measured through oligomycin sensitivitwere observed
between the different hiPSC lines, it is possible that other biochemical pathways not
explored in this study that also utilise thges may have been decreased in order to
compensate for mtDNA associated mitochondrial impairments.also pasible that
cellular metabolic fluxes may have been rewired in order to be less reliant on
mitochondrial function.To this end it was decided to conduct glucose flux analysis of
isogenic MELAS1 hiPSCs with undetectable (CI5: control) -naiiige (CI2: 8%
m.3243A>G) and higlpresumably suprathreshdidteroplasmyCl4: 89% m.3243A>E
in order to explore the potential possibility of masked impairments in gho=sendant

metabolic flux pathway@~igure4-10).
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Figure 4-10 Schematic showing the formation of 13C heavy isotope labelled isotopomers
from metabolic flux of [U13C]Glucose through glycolysis and a single oxidative TCA
cycle. 13C labelled carbons are indicated by blue circles and unlabelled carbons by black
circles. Abbreviations: F16P, fructose ih&phosphate; DHAP, idydroxyacetone
phosphte; GA3P, glyceraldehyde phosphate 3PG, 3-phosphoglyceric acid PEP,
phosphoenolpyruvate
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4.3.5.1 m.3243A>GMutation load Dependant Changes inntracellular Levels of

Cellular Metabolites

Although the absolute number of hiPSCs present on the eulessel at the time of
incubation with heawysotope labelled glucose and metabolite extraction were not
measured, no obvious detriments in cell proliferation were noted at the time of this
experiment nor during routine hiPSC culture. Assuming comparabigers of cells
successfully attached during seeding, and proliferation rates were not substantially
different between thelates ofhiPSC lines, measurements of relativéracellular
metabolite abundancen a plate basisan be informativeneasures foidentifying
potential differences in cellular metabolic flux pathways. In total, 22 different
intermediatemetabolitesand biosyntheticproducts belonging tglycolytic, TCA cycle
andamino acidmetabolic flux pathways at sufficient levels for detectiomenanalysed
(Figure 4-11). Through this analysis a humber of interesting observations were made.
Cellular metabolite levels described in this section are quoted as a percentage of that
observed in the isogenic conttdlELAS1 CI5 hiPSC line with undetectable levels of
mM.3243A>G

While relative cellular glucose levels of MELAS1 CIB00 + 16% n=4 and MELAS

Cl2 (107 £ 29% n=5 were comparable, MELAS1 Cl4 with highest 89% m.3243A>G
levels showedsignificantly higher cellular glucoseoncentrationg167 + 21% n=4,
p<0.05 two-way ANOVA with Tukey posthoc correctior) suggestive of either an
increase in glucose uptake and/or decrease in subsequent glepeselant metabolic
fluxes. While levels oftte glycolytic intermediate DHAP weraso trending towards
higher levels ilMELAS1 Cl4 hiPSCs (CI5 100 = 16%CI4 152 + 4% n=4), glycolytic
intermediates further downstream including 3@ 100 + 14%Cl4 95 + 9% n=4),
PEP(CI5 100 £ 5%Cl4 97 + 15% n=4) andpyruvate(CI5 100 +28%; Cl4 113 + 21%
n=4) were comparabldt is interesting to note that whiteeglycolytic reactions upstream

of DHAP are not reliant on oxidized coenzymes (e.g. NADFAD), downstream of
DHAP the catalyticconversion of GA3P to 3PG by the GAPDH dehydrogenase
necessitates NACfor its catalytic functionUnlike the elevated levels of DHAP observed
in MELAS1 ClI4 with highest m.3243A>G heteroplasmy, MELAS2 CI2 hiPSCs with
mid-range53% m.3243A>G heteroplasnshowed slightly lower levels of DHAP (CI5
100 + 16% CI2 65 + 7% n O 4nd modest reduction in downstream 3PG (CI5 100 +
14% CI2 69% + 14%n O 4although this difference was not significantly differéfttis

might suggest that the different m.3243A>G hapdaismy levels and associatesl/erity
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of mitochondrial dysfunction may initiate alternate glycolyticxes. Cellular levels of
glucose6-phosphate derivatives including glyce®phosphate, mymositol 3
phosphate and downstream rpositol were lowein MELAS1 hiPSCs with migdange
and high m.3243A>G heteroplasmy levels, which might be suggestive of a compensatory
downregulation in these alternative glucose metabolic pathviayetall increases in
glycolytic flux and concomitant production of lactdtave been described fibbroblass
with highm.3243A>Gmutation load (Yokotaet al, 2015), presumably as a mechanism
through which NAD" can be regenerated to maintain reductive NABpendant
enzymatic reactionand cellular redox state. In line with thiactate is o awell
described clinicabiomarker of mitochondrial diseases irdig MELAS (Gormaret al,

2016) Intracellular levels of lactate@a MELAS1 CI2 and Cl4 hiPSCs with midrange and
high m.3243A>G heteroplasmy respectivelgre in fact slightly decreased compared to
that of MELAS1 CI5 (CI5 100 + 28%CI2 61 + 11%Cl4 83 + 8% n O 4M.3243A>G

and associated mitochondrial impairments therefore do not appear to a&ause
compensatorypregulation opyruvate fermentation to lactate by lactate dehydrogenase
(LDH) in hiPSCs.

While levels of intracellular pyruvate, the terminal product of glyco)ysipeared to be
largely maintained in MELASCI2 and Cl4hiPSCs (CI5 100 28%; CI2 78 + 13%Cl4

83 + 8% n O4levels of early stage TCA cycle intermediates were generally Jower

line with predicted impairments in TCA cycle fluxes duatt@nuationsn mitochondrial
OXPHOS activity While no differences in the intracellular levels of TCA cycle
intermediates survived statistical testing following correction the comparisonof
multiple metabolitegtwo-way ANOVA with Tukey posthoc correctiol rationaltesting

of differences in levels of citrat€(5 100 + 16%CI2 54 + 8% Cl4 65 + 2% n O 4nd

UKG (CI5 100 + 21%CI2 50 + 8% Cl4 65 + 2% n O 4uggest these reductions are
significant (p<0.001 for both citrate anélKG, CI5 vs CI2 and ClI5vs Cl4, oneway
ANOVA with Tukey posthoc correctioh In hiPSCs, TCA cycle intermediates upstream

o f -K@J are predominantly generated from glucose derived carbons whereas those
downstream f r oG ara dgenerated from dlitamine deérived carbons
(Tohyamaet al, 2016) Thesedata would therefore suggest titae mitochondrial
dysfunction associated witm.3243A>Gin MELAS1 CI2 and Cl4 is affecting both
glutamineand glucose oxidative mitochondrial metabolism. Unlike levels ofearly

TCA cycle intermediates, levels of latter stage TCA cycle metabolites including succinate
(CI5 100 + 39 %CI2 76 + 15 % Cl4 75 + 2% n OQ4fumarate (CI5 100 + 20912 80
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+ 7% Cl4 94 + 4% n O 4nd malate (CI5 100 + %6 CI2 78 + 106; Cl4 94 + 4%) were
| argely unaffected. WhiKG ® sucdinate islependgehoy t i ¢
mitochondrial NAD, the subsequent reactions of the TCA cycle up to oxaloacetate
(undetectale through thegas chromatography mass spectrophotometry method used

here)do not require NAD.

As already alluded to, mitochondrial metabolism and the generation of TCA cycle
intermediatesare not only important for the generation ATP through OXPHOS, but
also serve as necessary substrates for a number of further caaabl@lii@abolic cellular
pathways(see Introductiorl.4.5. Alanine is a noressential amino acidnd another
downstream product of pyruvate metabolishat is often elevated in the blood of
mitochondrial disease patient&ormanet al, 2016)presumably s aconsequence of
reduced mitochondrial pyruvate oxidatidn line withthe normal pyruvate and lactate
levels observedMELAS1 hiPSC lines withm.3243A>Galso showed comparable levels

of alanine to that of the isogeMdELAS1 control line absent of m.3243A>GI5 100 +

12%; CI2135 + 24%; Cl4 106 + 12%)A trend towards reduced levels of severthler
amino acids and amino acid derivasweere observed in MELAS1 RECs with both
midr ange and higher | ev e-blaninegCl5 100 +25% CI368X> G | r
+ 9% Cl4 69 + 799, asparagindCI5 100 +16% CI2 54 + 8% Cl4 62 + 9%, 5
oxoproline (CI5 100 8%; CI268 + 8% Cl4 74 + 13%), GABA (CI5 100 + 34%; CI2 48

+ 8%; Cl4 45 + 6%)and glutamate (CI5 100 + 14%; CI2 65 +29; Cl4 47 + 28%)
supporting the important role of mitochondimeamino acid catabolism and generation
of intermediates for amino acid anabolidReductions in cellular leleof aspartate were
also observed in the MELAS1 hiPSC line with highest m.3243A>G heteroplasmy (CI5
100 + 11%; CI2 96 + IB; Cl4 53 £ 23%) in agreementwith previous studies
highlighting theimportance of mitochondrial ETC function for aspartate bio®gith
(Birsoy et al, 2015; Sullivaret al, 2015)
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Figure 4-11 Relative abundance of glycolysis, TCA cycle, amino acid and G6P derivative metabolites in MELAS1 hiPSCs with differé&mGn.3243
mutation loag. Measurementsiade 3 days post seeding of 1%d€lls.Bars show the mean cellular metabolite abundance expressed relative to that of
MELAS1 CI5from n @ replicate experimentsyith error bars + StDevStatistical significance assessed tio-way ANOVA with Tukey pekbc
correction for multiple comparisons indicated by *p<0.08bbreviations: dinydroxyacetone phosphat®HAP; 3-phosphoglyceric acid3PG

phosphoenolpyruvai®EP.
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4.3.5.2 Heavylsotope [U3C]-Glucose Tracing Experiments Reveal Impairments in

GlucoseMetabolic Fluxes in hiPSCs with High m.3243A>G Heteroplasmy

In order to gainnsight into the impact ah.3243A>Gspecifically on glucose metabolic

flux pathways of hiPSCs, heaisotope [U'3C]-glucose tracing experiments were
performed (Figure 4-12). Heavyisotopeglucose derived carbon incorporation and
metabolic flux analysis are also independénotal cells within the measured culture and
thus unaffected by any slight variations in hiPSC seeding densities and/or proliferation
rates which could therwise confound the measurements of intracellular metabolites
described aboveHeavyisotope label incorporations described in this section are
expressed as a percentage of the cellular metabolite which includedi$eape
glucosederived**C-carbons.

Whilst levels of cellular glucose were higher in MELAS1 Cl4 hiPSCs wiB9%
m.3243A>Gmutation loagthe proportion of intracellular glucosentaining theheavy
isotope label aftetwo-hourincubationwascomparable between each of the tFBes
assesse(CI5 36 + 4%; CI2 35 + 6%; Cl4 37 + 3%l)his wouldsuggest that an increase
in glucoseuptake at least partially accounts for the higher levels of intracellular glucose
observed in MELAS1 Cl4 hiPSCs described abdVeilst MELAS1 Cl4 showed higher
cellular levels of DHAP, the proportion of cellular DHA&belledwith heavyisotope
glucosederived carbons wasignificantly lower in this hiPSC line whereas that of
MELAS1 CI2 with midrange m.3243A>@nutation loadvas comparabl& that of the
MELASL1 CI5 control(CI5 68 + 3%; CI2 68 + 2%, Cl4 51 #£2 p<0.001CI5 vs Cl4and
CI2 vs Cl4,two-way ANOVA with Tukey posthoc correctioh Thissuggest that there

is a reduction in the rate of early glycolytic stejpsthe hiPSC linewith highest
m.3243A>G heteroplasmy levehus reduced glycolytic flux is also contributing to the
elevated intracellular glucose levels observadifLAS1 Cl4. In line with this reductin

in glycolytic flux of MELAS1 Cl4, the relative incorporation of gluceserived heavy
isotope carbons was significantly lowell downstream glycolytic metabolites assessed
including: 3PG, PEP and pyruvate (p<0.001 CI5 vs Cl4 and CI2 vén@i4dyay ANOVA
with Tukey posthoc correction  h @ &ignificant reduction in heavigotope label
incorporation into lactate was also observed in MELAS1 (p+D.001 CI5 vs Cl4 and
Cl2 vs Cl4 two-way ANOVA with Tukey posthoc correction ) With the magnitude
of this reduction being comparable to that observed for pyruvhtes, no compensatory
increase in pyruvate fermentation towards lactate is observed in MELASiIndide

with measurements of total cellular lactate levdisscribed above. Furthermore
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cdculation of the*C-labelled pyruvate to lactate ratio (calculated frisra product of
intracellular metabolite levels and percentatflabelled), which is a crude measure of
pyruvate to lactate fermentation flux, revealed compambbotentially lowe ratios for
the MELAS1 CL2 and Cl4iPSClinescompared withthe MELAS1 CI5 isogenic control
(CI5 0.92 + 0.35; CI2 0.67 + 0.10; Cl4 0.61 = Q.11 O4Interestingly, similar
measurements of th&C-labelled pyruvate tcalanine ratio revealed flux rates for
MELASL1 Cl4 were comparable to that of the isogenic MELAS1 CI5 linettbsitflux
pathway was potentially elevated in MELAS1 CI2 with mashge m.3243A>G
heteroplasmy (CI5 0.65 + 0.21; CI2 1.30 + 0.45; Cl4 0.41 +,0.0% O 4

As a consequence oéttenuatedglycolytic flux and associated reduction in glucose
derived heawjisotope incorporation into pyruvateyels of heawisotope incorporation

into all downstream TCA cycle intermediates were also significantly lower including:
citra t eKG, succinate, fumarate and malapx@.001 CI5 vs Cl4 an@<0.05CI2 vs

Cl4, twoway ANOVA with Tukey poshoc correction ) Other metabolites for
which glucosederived carbons contribute mbtable levelsvithin thetwo-hourlabelling

time frane showed similarly reduced incorporation in MELAS1 Cl4 compared to
MELAS1 CI2 and CI5 including: alanine, aspartate and glutapet0.001 CI5 vs Cl4

and CI2 vs Cl4, twavay ANOVA with Tukeyposh o ¢ c o r r kelaling witmthe n O4
uncoupling of TCA cgle oxidationof glucosed er i ved car bonkGinf r om
hiPSCglescribed previousl{Tohyameet al,, 2016) the proportion of citrate with heavy

isotopes incorporated was almostddu et K@ in alldhfee IPSC lines assessed.

Unfortunately, the data obtained here do not allow causation to be confidently
determined: i.e. whether TCA cycle impairments feedback to ingaarall glucose
utilisation or whether reduced glycolytic ratesdforward to account for reduced heavy
isotope incorporation into TCA cycle intermediat€slculations of:*C-labelled TCA
cycle metabolite ratios like that performed above fotactate and alanie, are
inappropriate due to the cyclimtermediaterather than engoint nature of these

metaboliteqi.e. levels of these metabolites are also dependathteoncatabolic fluxes).
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Figure 4-12 Percentage incorporation of heavy isotope-1t€]-glucose derived carbons into various glycolytic, TCA cycle, amino acid and G6P
derivative intermediate metaboliteSleasurements made froMELAS1hiPSCs incubated with [l13C]-glucose for 2 hrs.Bars show the mean
percentage of metabolite pools incorporating hesogope’C , as a proporti on difeplicate expecireehts, with arror baro# a |
StDev. Statistical significance assessed by way ANOVA with Tukey pebbc correction for multiple comparisons indicated 1yp<0.001,
**p<0.01, *p<0.05. Abbreviations: dihydroxyacetone phosphate, DHABh8sphoglyceric acid, 3PG; phosphoenolpyruvate? PE
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4.3.5.3 [U-13C]-Glucose Derived Isotopologue Analysis Hints Towards Impaired TCA
Cycle Fluxes in hiPSCs with High m.3243A>G Heteroplasmy

The elevated levels of intracellular glucose and depleted incorporatiwaweyisotope
glucose derived®C-carbons into downstream glycolytic intermediapesvide strong
evidence for attenuated glycolytic fluxes in MELAS1 Cl4 hiPSCs with high m.3243A>G
heteroplasmy. As already mentioned, both of these observations coulddiatagswith
impairments in one or many of the downstream metabolic reacth@sessment of
specific [U-*C]-Glucosederived metabolite isotopologues not only providesher
information about the specific metabolic flux pathways active but can alsotipdte
reveal downstream impairments otherwise maskatidgubstantial reduction in overall
glucose utilisation observed for MELAS1 QHBigure4-13).

As expectedthe large majority of glucoseerived carbons enter the TCA cycle through
oxidation intoacetytCoA and subsequently citrate (which gives m+2 isotopolognes)

all three hiPSC lines assessedther than reductive carboxylation into oxaloacetate
(which gives m+3 isotopologueshhe fractional abundance wf+2 citrate isotopologues
(which arise from the condensation of a{tC]-glucose derivedcetytCoA molecule

with unlabelled oxaloacetgtevere comparable between the thkELAS1 hiPSC lines,
however a mch larger proportion of citrate remained unlabelled (i.e m0) in MELAS1
Cl4. Thispotentially points towards redution in thecyclic oxidative TCA flux in the
MELAS1 Cl4 hiPSC line with highest m.3243A>G heteroplasmy. Indeed, the fractional
abundance aih+4 citrate isotopologues which arise from the sequential incorporation of
two [U-13C}glucose derived acet#oA moleculethrough two rotations of the TCA
cycle were lower in MELASL1 Cl4. This reduction in TCA cycle flux is further supported
by the reducedractional abundance ah+2 and m+4 isotopologuder downstream

i nter medi atK&ssuccimte bnd thalaeg U

Together with previous observations these data would suggest that hiPSCs harbouring
high levels of m.3243A>G show reduced metabolic fluxes which utilise glugose
potentially caused by a compensatory decreasidative TCA cycle fluxes normally
contribuing to the metabolism of glucoskerivedsubstrates.
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Figure 4-13 Mass isotopomer distributions for selected glycolytic and TCA cycle metabolic intermediedssirements made from MELAS1 hiPSCs
incubated with [J13C]-glucose for 2 hrsTypical pyruvate and lactafe) -13C]-glucosederived isotopomers incorporate threegpsederived'*C (i.e.
m+3), and one rotation dfJ-1*C]-glucosethrough the TCA cycle results in intermediate metabolite isotopomers incorporatigiusesederived*C

(i.e. m+2). Bars show the mean isotopomer abundance expressed as a fractioisofaglbmersfrom n @ replicate experiments, with error bars +
StDev.
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4.3.6 MELAS1 hiPSCs Show Normal Expression Levels and Phosphorylation Status

of Proteins Involved in Mitochondrial Metabolism and Biogenesis

In order to gain further insight into any potential compensatory changes in mitochondrial
functionwhich might havenitiatedin order to maintain metabolic fluxes in the presence
of m.3243A>G a number of different proteins involvéd mitochondrial metabolism
and/or signalling mitochondrial biogenesis weationally chosen forassessent by
western blot analysigFigure 4-14). AMPKU i s | kinase ieavolged it i a
maintaining cellular energy homeostasis, and phosphorylation of #&7thresidue by
upstream kinases &ssential for its activation A MP K allbbsterically regulated via

the ATP to ADP/AMP rati@nd Thrl72 phosphorylatioappeas to be facilitated when
cellular AMP levels rise (i.e. the ATP:ADP/AMP ratio fal{f§TEINet al, 2000) ACLY

is responsible for the conversion of mitochondria derived citrate into nucleocytoplasmic
Acetyl-CoA available forde novolipid synthesis pathways and protein acetylation
reactions. Phosphorylation of ACIaY Ser455 residue by PKBimong other upstream
kinasesenhances greatly its activity and is often associatedelgtatedglycolytic and

de novdipid biosynthetic pathway@erwicket al, 2002) The tricarboxylate transporter
protein (citrate carrier: CIC) expressed on the IMM is responsible for the transport of
citrate and malate between the mitochondria and cytoplasm (generally fcaratéhe
mitochondrial matrix to the cytoplasnand malate into thenitochondria from the
cytoplasnm), and is essential for downstream generation of nucleocytoplasetyd CoA.
Finally, TFAM is important for both the compaction of mtDNA into nucleoids and
MtDNA trangription. TFAM has been showto be directly involved in regulating
MtDNA copy number(Kanki et al, 2004) and its overexpression ameliorates
mitochondrial deficits associated with mtDNA mutatighysr et al, 2009; Filogranat

al., 2019)

While protein bands of correct molecular weight were detected for all other proteins
discussed above, none of them showed substantial deviation fromelsedepressed by

the WT CI2 hiPSC lin€Figure4-15). The Th,rl 72 phosphoryl ati on s
showed very high intra line variability, with this being very appabgntooking at the

blot presented inFigure 4-14, whi ch shows hi gh-172 el at
phosphorylation in WT CI2, MELAS1 CI3 and MELAS1 Cl4 compared to MELAS1 CI5

and MELAS1 CI2 in one simultaneously prepared batch of cell lysates, whereas the
opposite appeared true from a second batch of cell lysates. Nevertheless, there did not

appear to be any association with3243A>Ggiven lysates from themo control lines
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(WT Cl 2 and MELAS1 CI5) simultaneously pr
phosphorylation status. This variabilisunlikely to be associated with lysate preparation
errors given ACL phosphorylation was maintained in the same$ysateac ki ng AM

phosphorylation.
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Figure 4-14 Representative immunoblot showing the levelgrofeins associated with
mitochondrial function and cellular metabolism in MELAS1 hiPSCs. Two individual
lysate preparations have been shown alongside one another to highlight the consistent
expression of most proteins assessdth the exception of AMPKU phosphor vyl
(Pi-AMPKA). Immunoblotting for TOM20 was performed used as an indirect
measurement of mi t-aothlvasniskd as a protem doadsg cordrol.d b
The percentage in brackets indicain.3243A>Goad of the respectielELAS1hiPSC

line. PrAMP K U i mmunobl oThrl172 phosphofylaton ahd PACL
immunoblot specific for S&t55 phosphorylation.
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4.4 Discussion

In this chapterthe main aim was tprobe the downstream consequences of mtDNA
mutations onthe mitochondrial function and cellular metabolism ofiiPSCs using
selected lines successfully established in Chapt@ihi3. was not only to gain further
insight into the biochemical consequences of the specific mtDNA mutations and
vulnerability of hiPSCs to mitochondrial dysfunction, but also in ordeutdegational
selection of specific lines for targeted differentiation into disease releednypes for

downstreamn vitro disease modelling purposes.

4.4.1 mtDNA PathogenicVariant AssociatedDXPHOS Complex Deficitdlasked in
Glycolytic FavouringhiPSCs

4.4.1.1 OXPHOS Subunit Translation Largely Unaffected

On one handijt might be expected that a cell typmuch ashiPSCs,less reliant on
mitochondrial function might be more likely to show impairments in OXPHOS subunit
trandation and/or assemblAssessments dfiPSC lines derived from mtDNA disease
patients revealed minimal differenchewever,in the levels of assembled OXPHOS
complex expression.This suggests that at least under basal conditions, the mtDNA
mutations invetigated here have little impact on the translation and/or subsequent
assembly of OXPHOS complexes in hiPSKadine with a specific impairment towards
OXPHOS CI, the MELAS2 CI3 hiPSC line harbourihgmoplasmicm.13528A>G
(p.T398A) and m.13565C>T (p.S410missense mutations affectitige OXPHOS CI
subunit MT-ND5, showed a modest reduction levels of assembled OXPHOS .ClI
Modest reductions in levels of assembled OXPHOS CI were also noted in the MELAS1
Cl4 hiPSC line harbouring high 88% m.3243A>G hetersipig whichis a common
observation forcells harbouringthis specific mtDNA pathogenic variantat sub
homoplasmic levelgDunbaret al, 1996) andin line with previous reportsfdiPSCs

with 85% m.3243A>G heteroplasnilyin et al, 2019a) Impairments in the assembly and
activity of OXPHOS CV have been previously described in muscle tissue samples from
CMT2 patients with homoplasmic levels mf9185T>C(Pitceathlyet al, 2012) While
assessment of tETP5A subunit of OXPHOS CV did not appeardiffer in any of the

lines assessed, it is possible thatels of the ATP5A subunit might not be readily
impacted in this settinggivenlevels of ATP5A are maintained in rhoO cells lacking
MtDNA encoded OXPHOS subunits entirépplebyet al, 1999)

220



O6Cal l aghan,
No obvious alterations were observed in the MERRF1 CI3 hiPSC line with 52%
m.8344A>G heteroplasmyor which impairments in OXPHOS CI and CIV might be
expected asuprathreshold levelgiannaet al, 1995; Jamest al, 1996) In light of the
severe impact of thigpathogenic varianton reprogrammingefficiency at higher
heteroplasmy levels, as explored in detaChapter 3it would appear that m.8344A>G
heteroplasmy levsl sufficiently low to maintain levels of mitochondrial protein
translation hae been selected for during the reprogrammprgcess.Of note, the
OXPHOS CIV subunit probed for here (MJIO1) is encoded by the mitochondrial
genomeand has previously been shown to be a particularly vulnerable subunit in cells
with suprathreshold levels ai.8344A>G(Hannaet al, 1995; Pereirat al, 2018)

4.4.1.2 Normalym Maintenance

While only slight reductions in thé&evels of assembled OXPHOS complexes were
observed,downstreammitochondrial function could potentially be impacted more
severely. It is possible that instead affecting the levels of assembled OXPHOS
complexesthrough impairments itranslation, stabity and/or assembly of OXPHOS
complex subunits, the mtDNA mutations instead alter OXPHE®Bnplex subunits
conformational structures armbnsequentlyenzymatic functionAlthough ym is not a
direct measure of OXPHOS complaativity and additionally affecttby nonrOXPHOS
dependant dissipators and generators of thgreldient, it can nevertheless serve as a
useful indicator oD XPHOS function and overathitochondrial healthNo impairments

in ym maintenance were observed in any of the hiPSC lines assesgeder including

the MELAS1 Cl4 and MELAS2 CI3 linesvhich showedreductions in assembled
OXPHOS Cl.This is in contrasto a previous report of hiPSCs wi#8% m.3243A>G
which showed more defarised ym (Lin et al, 2019a) and well describedym
depolarisations in othecell types harbouring high levels of many of the mtDNA
mutations investigated here including: m.3243A>G, m.8344ArtGm.13528A>G and
m.13565C>T(McKenzieet al, 2007; Kovacet al,, 2019)

This would suggesthat even though levels of Glre reduced in MELAS1 Cl4 and
MELAS2 CI3, the conserved CI activity is sufficient fps maintenanceAs hiPSCs
favour glycolytic over oxidative metabolism in order to meet the majority of cellular ATP
demand (Varum et al., 2011}, is likely that molecuhr mechanisms which typically
utilise they m (most notably OXPHOS CV) are less active, reducing reliance on&idC

Cl) for ym maintenance. In line with this redundancy in OXPHOS@Iltribution toy m,
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all hiPSC lines assessed showed a similar sensitwityhibition with rotenone whereas
a smaller depolarisation would be expected if OXPHOS CI dysfunction was sufficiently
severesuch that compensatory changesy i maintenance fluxes were requirdd a
similar mannerthere was no evidence for a com@osy reversal of OXPHOS CV
hydrolysing ATP in order to maintain thgm (as tested through oligomyehk
application) This is in contrast to observations made in patient fibroblasts with the
m.3243A>G, m.8344A>G anan.13528A>G and m.13565C>Mutations, wkre CV
reversal and reduced CI contributionytqa maintenance were both obser(&bvac et
al., 2019)

Patient lymphoblastsharbouring the m.8993T>@athogenic variant irMT-ATP6
(Sgarbiet al, 2006; Baraccat al, 2007) and more recently hiPSC derived neural
progenitors and terminally differentiated neurons harbounr@85T>C(Lorenzet al,
2017) both which affect the MFATP6 subunit of OXPHOS CV, haugeen shown to
have a slighty hyperpolarisedym, presumably due tampaired utilisation of the H
gradient for ATP synthesi®No such hyperpolarisation of tlye, was observed in CMT
CI7 hiPSCs homoplasmic fon.9185T>Chowever, whichis likely due to the limited
generation of ATP through OXPHOS inighcell type.Supporting this addition of
oligomycin only caused a very subtle hyperpolarisation ofythen all hiPSC lines

assessed

4.4.1.3 Are hiPSC Culture Conditions Contributing to the Masking of OXPHOS

Deficits

Whilst celttype specific differences imitochondrial activity likely explain why ngm
impairments were observed in this studspecifically the glycolytic favouring
metabolism of hiPSCdjifferences with a previouseport investigating hiPSCs with
comparable m.3243A>@utation load (Lin et al, 2019a)are more difficult to explain.

It has become cleathat hiPSC metabolism is particularly sensitive to cell culture
conditions and nutrient availability, with the presence of endogenous lipids in cell culture
media being a particulariynportant facto(Zhanget al, 2016) BothmTeSR1 (used in
this study) and Essential 8 (E8sed by Lin et al 20193 media formulationgontain
limiting amounts of lipids which promotes fat@gid synthesis pathwayhkat are less
dependent on oxidative mitochondrial functi@hanget al, 2016) mTeSR1 contains
more lipid supplements compared to E8 and thpuemotes higher oxidative

mitochondrialfluxes. It is therefore possible that théferent media formulations used
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here account for théifferentobservations of mitochondrial function observiedhe Lin
et al., 2019a studythey showed increased mitophagic flux in hiPSCs with high
m.3243A>Gand thus it isalsopossible that the apparent reductiory ithey described
is instead accounted for by a reduction in hiPSC mitochondrial content. Of note, the
analysis method performed on confocal imaging stacks here accounts for variations in
mitochordrial content, and no obvious changes in mitochondrial content were noted by
imaging western blobr mtDNA contentenalysis.

Although prolongedinvestigations were not performeshrly comparisonshortly after

hiPSC line establishmewere made between the growth characteristics of MERRR2L

and CI3 from first reprogrammingnd MELAS1 hiPSCs in E8 and mTeSRithilst no
substantial detriments were noted in cells cultured in E8, hiPSCs growieSRi
appeared more stable in our hands (i.e. propensity for spontaneous differentiation was
les9. While no substantial change in mtDNWAutation loadvas observed during routine
culture in mTeSR1, a possible but very modest reduction in 13/%3 mutation load

was observed after culturing MELAS1 Cl4 for two passages in E8, however this 2% fall
from 89% to 87% was within the rangerofitation loadluctuations observed across the
three years of this research projggsh i PSC cul ture &éstabilitydé
overall cellular fitness, it is possible the rationally chosen mTeSR1 formulation is in fact
maskingmtDNA pathogenic variarassociated phenotypes in these cell typks might

also explairwhy no drops in mtDNAmutation load were observed, unlikbat which

has been described in previous studies (s&@®duction sectiori.4.6.9. It would be
interesting to explore further the potential impact of different culture conditions and

media formulations on hiPSCs with mtDNvathogenic variarassociated impairments.

In relation to previous observations mad€imapter 3this lipid-dependant alteration of

cell metabolism might at least partially explain impaired reprogramming efficiencies of
cells harbouring high levels of.8344A>G Whilst initial reprogramming of MERRF1
fibroblasts gave rise to stable hiPSC lines which passed pluripotency assessments, the
highest m.8344A>QGnutation loadsuccessfully obtained in a clonal line was only 52%
(MERRF1 CI3),and overall reprogramming efficiency was very low. By contrast much
highermutation load were successfully obtained in a subsequent reprogramming under
feederindependent conditions using mTeSR1 culture medidoverallreprogramming
efficiencies were much higheZonsiderindipid availability is much more limited under

feederindependent conditions can be speculated that a reduced reliance on oxidative
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metabolism facilitated the reprogramming of MERRF fibrolslastder these culture

conditions.

4.4.2 MELAS1 hiPSCs with m.3243A>G Show a ComplieleteroplasmyPhenotype

Relationship

MELAS1 CI2 hiPSCs with migdange 53% m.3243A>G heteroplasmy levels showed
comparable measures of mitochondrial health to that of control (WT and isogenic) hiPSC
linesin mostof theassessments perform@dis includel an apparently negligible impact

of the pathogenic varianat such miedrange mutation load on levels ofassembled
OXPHOS CI, whereas reductiorts this OXPHOS complexvere observed in the
MELAS1 Cl4 hiPSC line with higher 89% m.3243A>G heteroplasmy level. Sensitive
measures of hiPS@etabolites via mass spectrometrydideal a number of downstream
impacts 0fm.3243A>Gat md-rangem.3243A>G heteroplasmigvels which in some
instances differed from those observed in hiPSCs with highé&ation load.

Whilst heavyisotope glucose flux tracing suggests MELAS1 CI2 hiPSCs show normal
flux of glucose carbonas a poportion of the cellular totageveraldifferences in levels

of cellular metabolite pools were noted. Among these, MELAS1 CI2 hiPSCs showed
reduced levels of the glycolytimtermediates DHAP and 3PG which could indicate
reductions in the activity of maolic fluxes upstream of these produantsl/or increased
activity of metabolic fluxes downstream of these produ@isiote upstream catalysis of
glucose to these products necessitates ATPRoaitisedNAD ", both of which might be
potentially reduced iniRSCs with mitochondrial impairments, whereas downstream
conversion to pyruvate in fact results in the net generation of ATP. By comparison,
MELAS1 Cl4hiPSCs showed elevated levels of both cellular glucose and DHAP whereas
levels of 3PG were comparable tioat of the control line. This might suggest that
MELAS1 Cl4 hiPSCs havenore severe reductions itytosolic ATP available for
catalysing the sequential conversion to DHAR sufficientoxidised NAD available for

the subsequent conversion to 3M&leed heavy isotope glucose flux tracing analysis
highlights early impairments in transiegiyycolytic metabolic fluesin MELAS1 Cl4
hiPSCs whereas those of MELAS1 CI2 hiPSCs were highly comparatitattof the
MELAS1 CI5 isogenic control lindn relation to this, MELAS1 CI2 hiPSCs showed an
elevated cellular pool of NAD/NADH which might be caused by compensatory feedback
mechanisms being initiated in responselimited cytosolic NAD availability. By
comparisonthe NAD/NADH pool of MELAS1 C# hiPSCs was comparable to that of
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the isogenic control linelnterestingly, similar increases e novoNAD synthesis
pathways has been described in cybrid cells harbouring heteroplasmic levels of
m.3243A>G whereas cybrids homoplag for m.3243A>G showed comparable levels
to that of the isogenic control lingopinski et al, 2019) Downstream of glycolysis,
MELAS1 CI2 and MELAS1 CI4 hiPSC lines both shoveemnparableeductions in total
cellular |l evels of the e-E®adngsuctiGakeThisigic | e m
line with predictedimpairments imrmitochondrial NAD/NADH recyclingnecessary for
TCA cycle flux associated withthe mtDNA pathogenic variantand OXPHOS

dysfunction.

4.4.3 Metabolic Perturbations Cause Distinct Compensatory Cellular Phempets

Together these data show that while impairments in glycolytic and downstream
mitochondrial metabolic pathways are observed in MELAS1 hiPSCs with botrange

and higher m.3243A>G heteroplasmy levels, the severity of the biochemical deficit
associated with eacH thesemutation load differs, leading to alternate compensatory
pathways being activated. In line with this, cybrid cells with severe mitochondrial
impairments associated wita homoplasmic m.14787_14790delTTAMT-CYTB
frameshift pahogenic variantor homoplasmic n6930G>A (p.G343*) MTCO1
pathogenic variarttave been shown to switch towards reductive and oxidative glutamine
rather than oxidative glucose mitochondrial metabolic flux path\idydien et al, 2012;
Chenet al, 2018a) Cybrids with less severe mitochondrial dysfunction associated with
homoplasmic levels of the m.8993T>@.l(eul56Arg MT-ATP6 pathogenic varianbr
heteroplasmic (50%) levels of the m.6930G>A (p.G34d7}CO1 pathogenic variant

also showed a switch towards glutaminolysis favouring rather than glucose utilising
mitochondrial metabolism, but without initiating reductive glutamine metabolic fluxes
(Chenet al, 2018a)

It would therefore appear that the cellular level, a number of distinct compensatory
metabolic anghenotypic states can be entered, each of which has its own biochemical
threshold for initiationIn line with this, isogenic cybrid cells harbouring iresmg levels

of m.3243A>G show abrupt rather than staggered or continuous changes in gene
expression profilegPicardet al, 2014) This adlitional layer of complexity might help
explain a number of the heterogenous clinical phenotypes associated with mitochondrial
disease. Among theselktype specific differences in mtDN#Autation loadiochemical

thresholds arékely accompanied by distinct transcriptional profjleach of which has
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itself a specific biochemical threshold. These discrete and independent cellular
phenotypesould partially explain the distinct clinical phenotypes tha¢ observed in
mitochondrial disease patients harbouring sometimes highly compamnaBi=3A>G
(and other mtDNA mutations) heteroplasmy le@egganet al, 2019; Altmanret al,

2016) The additionalayer of complexityassociated with thesaetabolically sensitive
transcriptional statasightfacilitate bettercorrelation between thepecific vulnerability
of certain tisues and organs to particular mitochondrial mutations and associated
metabolic perturbationditochondrial diseases commonly presant/or irreversibly
exacerbate following exposure to environmental stressors (e.g. infection). It is possible
that increasd metabolic demands during these periods of environmental stress cause
initiation of these detrimental transcriptional states which are subsequently maintained

underlying the chronic mitochondrial disease state

4.4.4 Summary

To summarise this chaptenen & high or homoplasmic levels of a variety of mtDNA
mutations, biochemical mitochondrial deficits assessed through numerous methods were
relatively modest if at all detectable. Downstream impairments in cellular metabolism
were observetlowever following more indepth and focused investigations of MELAS1
hiPSCs harbouringn.3243A>G As heteroplasmy level dependant mitochondrial and
cellular impairments were observed in MELAS1 hiPSCs, these lines appear most
appropriate for downstreamfférentiation forin vitro disease modelling purposess

hiPSCs are a glycolytic favouring cell type and culture conditions potentially mask
mitochondrial impairments, other hiPSC lines harbouring mtDNA mutations might also
be useful upon differentiation into more disease relevant and oxidative metabolising

myogenic cell types.
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Chapter 5 Myogenic Differentiation of
hiPSCs Harbouring MtDNA

Mutations

5.1 Overview

Skeletal muscle is among the most commonly affected organ systems in mitochondrial
disease patients, with patients commonly repommugculoskeletadymptoms including
exercise intolerance, muscle weakness and fatigue, and respiratory diffiBidtggsn

et al, 2019; Ng & Turnbull, 2016)Myopathy and the presence of ragged red fibres in
patient muscle biopsies remain key diagnostic indicatadna mitochondrial disease
phenotypgDiMauro & Paradas, 2014)

Despite thisskeletal myogenic cells have been largely overlookedtaggatcell type
for differentiation ofhiPSCs harbouring mtDNA disease associated mutatieith
investigators instead focusing largely differentiationinto cardiomyocytes andortical
neurors (see Introductiorsection1.4.6. This is understandablaking into account
myogenicdifferentiation protocolseplicatingdevelopmental signalling cuese in their
infancy @mparedo those giving rise to these othmitochondrialdisease relevant cell

types.

Upon the onset of this research projgmiblicatiors from the StanfordSkerjancand
Pourquiéesearch groupdescrbedsignificant advancementsimyogenic differentiation
protocok utilising small molecules and growth factors to recapitulate developmental
signalling gradients occurring during myogengisiat appeared to efficiently give rise to
skeletal myogenic cefirogeny(Sheltonet al, 2014; Chakt al, 2015) In view of this
progress,andthe currently unexplored effect of mtDNA mutations i?&C derived
skeletal muscle cell type# was decided that this research project woladldus on
differentiation into skeletal myogenic cells. Evidensgpporting a role of cellular
metabolism driving myogeniccell identity transitions also began accumulating
throughout the duration of this projg&yall et al, 2015; Dast al, 2017; Yucekt al,
2019) highlighting skeletal yogenic cell types as a particularly relevant model for
exploring the impact of mitochondrial dysfunction on metabolically sensitive epigenetic
modifications and cell identity transitions.
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5.1.1 Myogenic Differentiation Strategy

As already mentioned, the protdégdescribed in Sheltaet al, 2014 and Chadt al, 2015

were used as initial starting points for the differentiation protocol beeeduring he
development ofhein vitro myogenic model of mitochondrial disease. These protocols
both built on previos work surrounding patterning of PSCs towards a paraxial mesoderm
lineage througiwWnts i gnal |l i ng activation via inhibi
signalling activation(Borchin, Chen & Barberi, 2013; see also Introduction section
1.6.3.2for in-depth overview) The protocol by Chadt al. 2015 also included BMP4R
antagonists during initial mesoderm patterniimgorder to prevent lateral over paraxial
transitionsof mesoderm precursors, and additional promyogenic growth factors (HGF,
IGF, FGF) at latter stages in order to enhance the survival/proliferation of myogenic cell
types. Both rational additions likely facilitate overall differentiation efficieneyd
expansion ofthe desiredmyogeniccells, reducing contamination of exqbint cultures

with undesired cell types, and were therefore included in the differentiation protocol
optimised here.

5.1.2 TransgeneFree Myogenic Differentiation Permits Exploration of Impairents

in Metabolically SensitiveCell Identity Transitions

Whilst overexpression of myogenic regulatory factors such as MyoD might aidijrsar

to be thanost technically feasible and efficient wiay driving differentiation of hiPSCs
towards myogenic cell typegiven its expression efficiently transdifferentiates somatic
cells, there are a number of reasons why pushing hiPSCs through sequential cell identity
transitions occurring during théevelopmentamyogenic programme is the preferred
strategy for this project. Some of these are technical and include the difficulty of
transfecting hiPSCs, and the resultant requirement of more complex inducible viral
vectors and adjuvants for efficient myogenic converqiGoudenegeet al, 2012;
Pawlowskiet al, 2017)

As explored in Introduction sectiof.5 cell metabolism and celate decisions ra
bidirectionally linked, with changes in cell metabolism being important for driving both
the early differentiation of hiPSCs, and downstream myogenigdsgitity changesOf
note, a switch towards more oxidative cellular metabolism is crucial for ma@&doderm
differentiation (Cliff et al, 2017; Luet al, 2019)and transient changes in oatt/e
metabolic fluxes are essential for satellite cell activation, myoblast differentiation and
myotube formatiorfRyall et al, 2015; Daset al, 2017; Yucekt al, 2019)
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Overexpression of myogenic regulatory factors, elgansient, will bypass many of the
metabolic and epigenetic transitions underlythgsecell identity changes occurring
during the myogenic differentiation process, potentially masking disease relevant
impairments in the metaboloepigenetic axis whilhie primary focus of this research
project. In contrast recapitulating the developmental myogenesis programme
sequentially pushes the differentiating cells through each of these metabolic and
epigenetic barriers, and thus serves as a much better noo@edpioring the impact of

mitochondrial dysfunction on metabolically sensitive epigenetic transitions.

In addition, hiPSC derived myogenic califferentiated in this wagan be maintained in

a proliferative myoblast like state by culturing in serumtaming media, with serum
withdrawal promoting terminal differentiation into multinucleated myotytdmlet al,

2015, 2016) comparable tahe culture sensitivigs of primary human and murine
myoblasts, and the commonly used C2C12 immortalised murine myoblast cell line
(Owens, Moreira & Bain, 2013; Saini, Ahanti & Stewart2010) This robust myogenic
cell-identity change not only permits the exploration of mitochondrial and cellular
phenotypes in two distinct myogenic cell types, but also the metabolic and epigenetic
rewiring underscoring thisellular transitior(Yucelet al, 2019) The fusion of myoblasts

into myotubes ispart ofthe physiological process underlying muscle répageneration
andthis transition istherefore of great relevance to the mitochondrial disease setting,

given the strong myopathic phenotypes which are often observed in these patients.

5.1.3 Characterisation ofMyogenicity in Differentiated Cultures

As with the hiPSC lines harbouring mtDNA mdians established irChapter 3
characterisation ofthe differentiated progeny is crucial for ensuring phenotypic
observations made agssociated with the correchédesired cell type. This can be
conducted in much the same way as done previously for the hiPSCs, rhroatyh
visual assessments of cell morphologies, mMRNA expression througiPRR and
protein expression through immunofluorescentaking into congleration previous
evidence highlighting cell identitghangesbeing dependent on changes in cellular
metabolism, and the detrimental impact of mtDNA disease associated dysfunction
observed during reprogramming of patient fibroblasts harbount8344A>G (see
Chapter 3, such characterisation can also revieghairments in the differentiation of

target cell types.
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5.1.3.1 Core Transcription Factors for Asessment of Myogenic Differentiation and

Maturation

With the sizeable amount of research which has been conducted towards understanding
developmental myogenesia,wide rangeof key myogenic markersave been well
defined.

The expression of core regulatory transcription fadeoasnong some of the most useful
markers for defininglifferentiatingcell populations and this remains true of myogenic
cells and their precursor8s the master regulator of myogenesis, MyoD is fanaey
marker of skeletal myogenic ceB including activatedsatellite cells,myoblass and
myocytegHernandezHernandezt al, 2017) and thus serves as an important marker to
show positive expressiowithin a true myogenic cell populationin addition to
expression in myogenic precursors during development, PAX7 is also a defining
transcription factor expressed by the residskletalmuscle stem cell nichésatellite

cells) (Pourquié, Al Tanoury & Chal, 2018and cartherforeserve as a useful marker

of skeletalmyogenic precursors and potentially provide insight into the maintenance of
satellitelike cell population in the differentiating myogenic cultures, as has been
previously describedSheltonet al, 2015; Chalet al, 2015) Myogenin (MyoG) is a
transcription factor expressed later in gheletalmyogenic programmeéhat is crucial to

the differentiation of proliferating myoblasts intayocytes and subsequently myotubes
(Chal & Pourquié, 20173jhus representing another useful transcriglomarker of
myogenesisAs these transcription factorare expressed at different staghsing
developmental myogenesis, assessment of these markers can provide insight into the

relative maturity of the differentiated myogenic cell culture.

5.1.3.2 Myosin Heavy Chain Isoforms as a Marker of Muscle Fibre Type and

Maturity

In additionto expression ofmyogenictranscription factors, assessmenfurictionally
important skeletal muscle gefa®oteinscan also provide information on myogenicity
and maturity of diffeentiated cultures. Desmin is a mussjeecificintermediate filament
protein important for the structural organisation of myofibrils, which although not
specific for skeletal muscle (also expressed in cardiac muscle) can serve as a useful
marker of both leeletalmyoblasts and myotubéliniaet al, 2015) In a similar manner,
assessments of proteins such as titin and MyHC which contribute to the sarcomeric
contractile apparatu@Granzier & Labeit, 2005¢an additionally be usea tidentify
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myotubes. In relation to thiassessments of spontaneous cellular contractions within the

culture dish would also be highly indicative of functionally active skeletal myotubes.

Interestingly, mammals including humans express a humber ofadistyiHC isoforms

in skeletal muscle, each of which can shfferenttemporal expression during skeletal
muscle development and/or a specific defining expression in different muscle fibre
subtypes(Schiaffino et al, 2015) The MYH3 gene encoding embryonic MyHGs
expressedh early developing muscle fibréscluding those during primary myogenesis,
and is downregulated postnataflfyho, Webster & Blau, 1993; Schiaffire al, 2015)
TheMYH8gene encoding neonatal MyHEassociated with secondary myogenesis and
thus shows a similar but slightly delayed temporal expression compavdHa (Cho,
Webster & Blau, 1993; Schiaffinet al, 2015) TheMYH7 gene encoding sloMyHC

is also expressed in embryonic and fetal mu&he, Webster & Blau, 1993; Schiaffino

et al, 2015) but in adults is specifically expressed by slow skeletal muscle fibre subtypes
(note it is also expressed in cardiac musdegtte & Staron, 2000By comparison,
embryonic and fetadkeletalmuscle express limited amasrof MYH1encoding fast 2X
MyHC andMYH2encoding fast 2AMMyHC (Schiaffinoet al, 2015) InsteadMYH1and
MYH2arepreferentiallyexpressed in adult fast 2X and fast 2A muscle fibres cisply

(Pette & Staron, 2000)

Muscle fibre types not only differ in their MyHC expression profile but also show distinct
cellular metabolisms and contractile properties. As their names would suggest, fast
muscle fibre ypes show much quicker shortening velocities compared to slow muscle
fibre types.In association with the differing energy demands offitwe types fast 2X

fibre types predominantlfavour glycolytic metabolic fluxesfast 2A fibre types being
more oxiditive but also showing glycolytienetabolicactivity, and slow fibre types
predominantlyfavouringoxidativemetabolic fluxegSchiaffino & Reggiani, 2011)

Consideringslow muscle fibre types are more reliant on mitoxh@l function, it might

be expected that slow rather than fast muscle fibres of mtDNA disease patients might be
more vulnerablg¢o associated mitochondrial deficid/hile studies investigating fibre

type predominance in mitochondrial disease are limmeasscle biopsies from patients

with suspected mitochondrial disease and MELAS patients harboori@g43A>G
generally show an increased proportion of type 1 muscle fikmeset al, 1993; Enn®t

al., 2005) Reduced proportions of type 1 muscle fibres have been reported in a rat model

of mitochondrial myopathyzf{dovudineinduced mtDNA depletion]Venhoff et 4d.,
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2012) andmore recently in a cohort of individuals with large scale mtDNA deletions
(Gehriget al, 2016)

Muscle fibre type is not static and can dynamically change in response to a number of
different stimuli includingstimulation (neuromuscular activity), hormones and aging
(Schiaffino & Reggiani2011) In line with the more oxidative metabolism of slow fibre
types, PGC1U, the master regulator of bi
with high proportions of slow fibre typg&in et al, 2002) I nterestingly,
expression appears to be not only responsible for promoting oxidative metahaliem

muscle fibresbut also drives tha switch inexpression ofunctionally important pr@ins
(including MyHC isoforms) from fast to slow fibre defining isoforfhén et al, 2002;
Mortensen et al, 2006) Additionally, more recent evidencéhas shown that
nucleocytoplasmi@cetytCoA availability might also be a contribuig factor to fibre

type identity, with impairments in the generation of nucleocytoplasmic aoetyl
associated with an increased expressimiat muscle fibre type proteins and a decrease

in fast fibre type proteingYucel et al, 2019) Mitochondrial dysfunction caused by
mtDNA mutations couldtherefore be potentially impacting downstream myogenic
differentiation pathwayassociated with fibre type switching, representing an additional

cell identity transition warranting exploration.

5.2 Aims and Hypothesis

The first aim of this chapter was to optimise a skeletal myogenic differentiation protocol
that would permit the efficient and reproducible differentiation of hiPSCs harbouring

MtDNA mutations into disease relevant skeletal muscleygais.

The differentiated cells were then characterised for myogenicity through
immunofluorescence and gPCR analyisiorder to gain insight into any detrimental
impacts on myogenic differentiation efficiencies and/or subsequent cellular maturation
Mitochondrialfunction of the myogenic cell cultures wexresessed through western blot
analysis live cell imaging of TMRM fluorescencand cellular respiraion analysis, in
order to gain insight into diseaselevant mitochondrial deficits, and permit coatedns

to be made with any myogenicity impairments observed.

As more oxidatively demanding cell typgsnhiPSCs, mitochondrial impairments were
predicted to be more severe in the differentiated myogenic culturdgght of the

importance of mitochondl function for cell fate identity transitions, particularly those
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of myogenic cells, impairments in overall myogenicity and cell maturation were predicted

in lines with suprathreshold levels of mtDNA mutations.

5.3 Results

5.3.1 Optimisation of Myogenic Differentition

The directed differentiation of hiPSCs towards myogenic cells necessitated a considerable
amount of optimisation in orddo efficiently obtain myogenic cultures with minimal
amountf contaminating cell typeJ.he optimisation phase was restrictieduse of a 6

well plate format with 10cisurface areas in order to avoid variations associated with
scaling up/down of differentiation inductioasd was largely maintained throughout the
duration of this projechiPSC geding media was supplementealhatimes with 1M
Y-27632 ROCKI, in order to enhance reproducible cell survival and attachment.
Optimisation of the differentiation process was iteratively continued throughout the
entirety of this research projeeind thus the observations made belowards optimal
conditions were basedff all of the differentiation inductions performeBigure 5-1
shows a schematic of the optimised differentiation protocol alongside representative

images of a differentiating WT CI2 hiPSC line using these optimised conditions.
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Paraxial Myogenic Myoblasts/
hiPSC Mesoderm Progenitors Myocytes Myotubes
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X e d s BT 1€ >4
S ] I I I I
d-1 do d3 deé ds d12 d2s d3s
1x10* cells/cm? 1x10°  4x10*
(3-8 cell clumps) lcells/cm2 cells/cmzl
Sediment neural
contaminants

D3 (ICL)

Figure 5-1 Schematic of theptimisedskeletal myogenic differentiation protoc8ee
Methods sectio.1.4for CL, CLF, HIFL, KI, KIH AND IST media formulation&lso
shown are representative phase contrast images during the initial sthgesuccessful
myogenic differentiation induction performed of the WT CI2 hiPSCHinighlights the
derse colonies surviving ICLF stimulation, from which cells proliferate and mignass/
from. Arrows on the d28 phase contrast image highlight dense colonies of cells with small
somaswhich can give rise to neurdike contaminants in end stage cultures. Scale bars
= 500um
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5.3.1.1 hIPSCLine Specific Impairments in Myogac Differentiation

A number of different hiPSC lines were subjected to the myogenic differentiation
protocol with varying success. As already mentiorseralMERRF1 hiPSC lines
established as part of the second reprogramrfailgd to differentiate ird desired
myogenic cell type®n multiple occasionsincluding lines which had both high 73%
m.8344A>G heteroplasmyMERRF1 CI23), lower 20% m.8344A>G heteroplasmy
(MERRF1 CI14) and undetectable levels of m.8344ANEERRF1 CI6). @ltures
instead teneddtowards a very heterogenqgospulation of cell types unsuitable for further
downstream useTaking into accounthe difficulties faced during the establishment,
maintenance and downstream characterisation of these and other MERRF lines
estalished during the second reprogramming induction, it is likely this is associated with
the quality of these apparent hiPSC linedeed the differentiation impairment observed
with MERRF1 CI6, which lacksn.8344A>G entirely highlighis that this is not an
associated phenotype of.8344A>G

Several unsuccessful attempts were also made to differentiate the MELAS2 CI3 hiPSC
line with homoplasmic levels of then.13528A>G (p.T398A) and m.13565C>T
(p.S410F) missense utations affecting MIND5. Cells typically failed to survive
following ICLF stimulation, even upon increases in initial cell seeding densities. Any
cells which did remain following ICLF stimulation showed limited proliferation activity
which preceded theirse in downstream assagonsideringhe impact these mutations

had on levels of OXPHOS Cl in hiPSCs, it is possible this could be a phenotype associated
with theMT-ND5 mutatiors. It is important to notboweverthat similar difficulties were

faced diferentiating the WT CI2 hiPSC line on several occasidvBilst preliminary

tests differentiating the CMT CI7 hiPSC line with homoplasmic levels afit8&85T>C
(p.Leu220Prd pathogenic variantwere reasonably successful, cultures typically
maintained a high contamination of nediké cells, even after passaging, which

preceded their suitability for downstream analysis.

Given the successful inductions performed on MERRF1 hiPSCs with/withalnange
levels of m.8344A>G and MELAS1hiPSCs with a range of different m.3243A>G
mutations established as part of the first reprogramming induction)ldse described
below, it was decided that these lines would be focused ondamstreamin vitro

mitochondrial diseasmodelling purposes.
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5.3.2 Differentiation and Characterisation of Myogenic Cells Harbouring
m.8344A>G

Whilst MERRF1 hiPSC lines obtained from the second reprogramming induction failed
to differentiate into myogenic cell types, MERRF1 CI2 and MERRF1 CI3 hiPSC lines
from the first reprogramming induction with undetectable and-nage levels of
m.8344A>Grespectively could be successfully differentiaf€lde kinetics of myogenic
differentiation was comparable between the two MERRF1 hiPSC lines and did not differ
from that of the WT CI2 hiPSC linén all instances, m.8344A>G heteroplasmy of the
starting MERRF1 CI3 hiPSC population was®b6, and maintained in the terminally

differentiated myogenic cultureas assessed through dye terminator sequencing

5.3.2.1 MERRF1 hiPSCs Can Be Terminally Differentiated into Multinucleated
Myotubes

After 35 days in culture, WT CI2, MERRF1 CI2 (0% m.8344A>G) and MERRF1 CI3
(52% m.8344A>G) were seeded feerum withdrawal and terminal differentiation.
Characterisation of the terminally differentiated cultures after 1 week of serum
withdrawal was performed through immunofluorescence staining and confocal
microscopy forseveralkey myogenic marker@~igure 5-2). No obvious differences in
overall myogenicity were observed between the WT and two MERRF], Viigsthis

being evident in the lowgower magnification images takenkigure5-2E.

Terminally differentiated, multinucleated myotubes were observed in cultures
differentiatedfrom all three hiPSC linesA typical staining pattern was observed for
desmin(Figure5-2A), with longitudinal fibre structures being evident along the length of
myotubes Myotubes also showedopitive staining for MyHC (note MF20 stains all
MyHC isoforms), which upon close inspection showed a striated staining pattern,
expected for this sarcomeric prot¢iigure5-2B, C and E) A similar, but more obvious
striated staining pattern was also obserfigedhe sarcomeric protein titifFigure 5-2A

and D) In line with theformation of functional sarcomeric structures, spontaneous
contractios within regions of high cell density were observed within the terminally
differentiated MERRF1 CI3 and WT CI2 myogenic cultures prior to assessment for
assays.Spontaneous contractionsere uncommon events and the lack of such
observations in MERRF1 CI2 did not phetde the possibility that they also shed

spontaneousontractile activitywhich was simply not detected
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Assessmenof the essentiaimyogenic regulatory factor, MyoD, reded an expected
nuclear localised staining pattern within the nuclei of myotuffégure 5-2B).
Mononucleated cells interspersed between the myotalsesshowed positerMyoD
staining in line with the presence of myoblaatsd/or myocytewithin the differentiating
culture (Figure 5-2B). Nuclei of myotubes also showed a strong andeetqal nuclear
localised staining pattern for the myogenic differentiation factor, myogenin, which
similar to MyoD, was also observed surroundingmonmucleated cells further
supporting the presence bnterminally differentiatedmyocytes within the nggenic
cultures (Figure 5-2C). Of particular interest, a proportion of mononucleated cells
expressing the satellite cell marker PAX7 were also obsgntedspersednd sometimes
in extremely close proximity to the differentiated myotuffégure5-2A, C, D and E)
Co-staining with the proliferation associated markeé67 revealed a subset dfiese
PAXT7* cells showed low/no expression of Ki67 which could indicate they are in a
quiescent state, not dissimilar from the resident satellite cell population of adult muscle
(Figure5-2D).
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Figure 5-2 Representativanmunofluorescence images of MERRF1 CI2 and CI3 with/without 52% m.834#te@on loadandWT Cl2terminally
differentiated myogenic cultures after 7 days of serum withdradidhiPSC lines successfully formed multinucleated myotubies wtained positive
for desminMyHC, andtitin. Positive nuclear staining for the crucial myogenic regulatory factors, MymdDmyogenimvas also observed. A population
of mononucleated cell staining positive for PAX7 was also observed interspersed between the fused angaipbeson of which showed minimal
staining for the proliferative marker K indicative of aquiescenstate. Arrowsnark PAX7 nuclei in order to better observe the localisation of these

cells in relation to the differentiated myotubes, and other nuclear cos&sake bars = 100m
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