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Abstract

Mitochondria are organelles present in all nuckatells and are the only location of
extra-chromosomal DNA within mammalian cells. Tlaag responsible for the generation
of ATP by oxidative phosphorylation (OXPHOS). Antenxsive range of molecular defects
have been identified in the human mitochondrialoge®, many associated with well-
characterised, progressive neurological syndroniBseases due to mutations in the

mitochondrial genome (MtDNA) are clinically, gemally and biochemically diverse.

| have investigated the molecular genetic basisnabchondrial disease in a cohort of
patients with biochemical deficiencies, using agearof histochemical, biochemical,
molecular genetic and cell biological techniquesholg genome sequencing results
revealed the identification of novel and recurrgrathogenic mutations in different
subunits of complex | (m.11453G>A, m.11777C>A, nD3BG>A, m.13513G>A and
m.14453G>A). To assign pathogenicity of these idfiedt mutations, several approaches
were carried out to distinguish between pathogesnd neutral mtDNA changes.
Investigation of different tissues from patientsdatheir relatives explored mtDNA
heteroplasmy, and determined whether mutations &adsen sporadically or been
maternally-inheritedTransmitochondrial cybrids were established asramitro model to
assess the functional consequences of the m.11 /A ftation, revealing significant
defects in these cells supporting the role of thigation in causing disease in patient. The
m.11777C>A and m.13051G>A mutations were associatddincreased reactive oxygen
species (ROS) production as a consequence of tbet ef these mutations on complex |
function. Moreover, the expression of several ntitowrial complex | subunits was

differentially affected in fibroblasts from patisrbased on western blotting analysis.

In addition, 3 novel, pathogenic mt-tRNA mutationsre identified; m.618T>GITTF
gene mutation, a m.12261T>@TTS2 gene mutation and a m.12283GMVITL2 gene
mutation. These mutations were shown to be pathoges they segregated with the
biochemical defect within individual cytochrome oxidase (COX)-deficient fibres.
Interestingly, the m.12283G>A mutation was presgntery low levels in mature muscle
as compared to other mt-tRNA mutations, and extib#an unusual pattern of segregation

in single muscle fibres.



The MitoChip (V2.0) is an oligonucleotide tilingray for the resequencing of the human
mitochondrial genome, which has been proposed aftenmative diagnostic screening tool
given it is rapid and relatively cheap. A compamtstudy between conventional dideoxy
Sanger sequencing and MitoChip (V2.0) analysisakexkan inability of this technology

to detect single nucleotide insertion and deletd®NA mutations.
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Chapter 1

Introduction and review of the literature



Chapter 1: Introduction and review of the literature

This chapter will present an introduction and revdd the literature for mammalian
mitochondria unless otherwise stated.

1.1 Origin of mitochondria

Mitochondria are ubiquitous cellular organellesser in all nucleated human cells and
they are the only location of extra-chromosomal DiWAhin mammalian cells [1]. The
prokaryotic character of the mitochondria suggéisés they evolved from bacteria long
time ago [2]. According to the endosymbiont hypsthgeukaryotic cells started out as
anaerobic organisms without mitochondria or chl@asis and then established a stable
endosymbiotic relationship with bacteria, which &dkeir own oxidative phosphorylation
system [3-5]. Sequence similarity suggests thabchibtndria may have descended from a
particular type of purple photosynthetic bacterithmt had previously lost its ability to
perform photosynthesis but had a respiratory cfijiB].

Hydrogenosomes and mitosomes are mitochondriasliganelles of eukaryotic organisms
originated through endosymbiotic relationship watkcteria [6-8] long time ago [9]. They
have some features similar to mitochondria sucth@slouble membrane and pathway of

proteins import [10]. However, they lacked mitocioal DNA [11-14].

1.2 Mitochondrial morphology and structure

Human mitochondria have no fixed size, but typicall hepatocytes and fibroblasts they

have a sausage-like shape with dimensions qfr3-#h length and ~1m in diameter. The

number of mitochondria is different in each cefiéyand tissues according to the metabolic
requirements, so it may range from a single largeahondrion to thousands of organelles
[15]. For example, there are ~800 mitochondria pepatocyte [16], >100,000
mitochondria in oocytes [17], but only a few in spatozoa [18].

Mitochondria are found in the cytoplasm of all reated mammalian cells [19]. Each
mitochondrion contains an inner membrane, outer lonane and matrix (Figure 1-1). The
two membranes separate the mitochondrion into texspthe internal matrix and the
intermembrane space [20]. The outer membrane ecmntaiany copies of a transport

protein named porin, which forms channels throdghlipid bilayer [21]. This membrane
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functions as a sieve that allows entrance andoéxitolecules of 5000 Daltons or l¢[20,

22, 23]. The inner membrane, which surrounds the matrixjghly specializec[23]. It is

composed of a lipid bilayer with a high proportiointhe phospholipid cardiolipi[24, 25],

which contains four fatty acic[26] instead of two and may help to make the memb
especially impermeable to ion[27]. In addition, this membrane containifferent

transport proteins, which make it selectively peabie to small molecule[23, 28] that are
metabolised or required by the matrix enzymes. @haszymes include enzymes t

metabolize pyruvate and fatty acids to produceya€aA as well as enzyme that oxid
acetyl CoA in the Krebs’ cycle. In addition, allzmes required for respiratory che
reactions are embedded in this membi[22, 29-32].

inner Sspace outer

membrane membrane

Figurel-1 The general organisation of a mitochondrion.

Electron microscope image JAnd schematic representation (B) showing the gés&ucture o
mitochondria: outer membrane, intermembrane spaser membrane, cristae, and matraken from
http://academic.brooklyn.cuny.edu/biology/bio4f\gpémito.gi).

In addition to the above, the inner membrane islls@iound in a highly convoluted for
creating a series of ialdings known as cristae which project into the nRai increase
the surface area of the inner membr{33]. The number of cristae differs from o
mitochondrion to another and may depend on thelleellemand for ATP. For examp
the number of cristae isgh in the mitochondrion of heart muscle (15, 34. The matrix
is a large internal space that contains a mixtdréumdreds of enzymes required

oxidation of pyruvate and fatty acids and for tlteiccacid cycle[35]. It also contains th



mitochondrial DNA, mitochondrial ribosomes, mitociaial tRNAs, and further proteir

required for the expression of mitochondrial gesigsh a polymerasey [36].

Moreover, nitochondria are dynamic organellwith dynamic network(Figure 1-2) [37,
38]. The balance betweefusion and fission events, which are mediated bgcific

proteins [39, 40]¢ontrols the shape of mitochond[41] (more details in section 1.1.

Figure1-2 The dynamic mitochondrial network.

A 2D image of JClstained NIH 3T3 cell (mice fibroblas, that wasexcited with the 488 nm line of ¢
Argon laser, shows the mitochondrial network organisation a dempin contact with other ce
compartments such as nucleus (black circle in &mtre).JC1 undergoes a reversible change in fluoresc
emission from green to red as mitochondrial mentrpatential increas. Red and green fluorescer

emissions were separately recorded and me(taken from http://www.med.unipg.it/imagelab/mitdatml).

1.3 Functions of mitochondrie

Mitochondria are the main site for ATP generatioithim most tissues by oxidati
phosphorylation (OXPHOS Without mitochondria, cells would bedependent on
anaerobic glycolysis for all of their adenosinghosphate (ATF [1, 38]. In addition,
mitochondria participate iother cellularactivities including intracellular ¢* regulation,
thermogenesiand control of apopsis. Mitochondria are also the primary sitereactive

oxygen species (ROpyoduction[42]. Functions will be discussed more bel



1.3.1 Mitochondria and thermogenesis

Newborn, cold adapted and hibernating mammals naag lthe ability to maintain their

body temperature in a manner independent of shigebut secondary to an adrenergic
stimulated increase in respiration [43]. This pro@socan increase in blood flow to brown
adipose tissue which is responsible for non-shigethermogenesis [44]. Mitochondria
within brown adipose tissue behave differently thiaose in other tissues in terms of
limited ATP synthesis, reduced membrane potentidliacreased rates of respiration [45,
46]. This suggests that inner membranes in thegechandria have a higher rate of proton
permeability. The increase in permeability to pnst@llows part of the energy stored as
membrane potential, generated by the mitochondeggiratory chain, to be released in the

form of heat when protons return to the mitochaaldnatrix.

1.3.2 Mitochondria and C&*homeostasis

Cytosolic C&" levels are maintained at concentrations approxityat0,000 times lower
than the C& concentrations in the extracellular medium [47]. 4Bhis process is
controlled mainly by the plasma membrane, endoglasaticulum C&" ATPases, and by
C&* exchanges in a process that requires energy. Mitwiria themselves are responsible
for providing such energy. They provide cation®tiygh the membrane potential to drive
the force for C& uptake. For C4d efflux, they have a GArelease system composed of

two transporters: the €42H" exchange and the €&2Na’ exchange [42].

1.3.3 Mitochondria and generation of ROS

Under normal conditions, the mitochondrial respiratchain produces reactive oxygen
species as by-products of electron transport [4Bhese radicals in the form of either
superoxide or hydroxyl radicals are thought to bedpced by interaction of molecular

oxygen with semi-quinone or -flavone species rasglfrom transient one electron transfer
reactions with the respiratory chain complexes f(, Because of the antioxidant systems
within mitochondria, ROS are removed [52] and d¢ ceuse any permanent damage to
mitochondria. However, under non-physiological dtods or due to vicious cycles,

mitochondrial ROS may lead to both mitochondriad acellular damage [42]. Both

respiratory complexes | and IIl in mitochondria #ne major sources of superoxide and
H,0O, in mitochondria [53-55]. However, it has been mgd that complex | produces most

of the ROS generated in intact mammalian mitochiandrvitro [56-58] suggesting that
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ROS generation by complex Il is of limited physigical importance [59, 60]. However,
the exact sites for ROS production within compler Vivo or in intact cells are still not
fully determined [61]In vitro studies from isolated complex | suggested that¢eced
flavin is the source of ROS production [62]. In &ibeh, both NADH and quinone-binding
sites are thought to be sites for ROS productidghiwicomplex | inThermus thermophilus
[62].

1.3.4 Mitochondria and apoptosis

Mitochondria play an important role in the reguwatiof cell death. Two mitochondrial
intermembrane-space proteins, cytochrana@d the apoptosis inducing factor (AIF), have
been shown to migrate from a mitochondrial to aosgtic location shortly before
apoptosis [63, 64]. In addition, mitochondria camgaro-caspase 9, pro-caspase 3 and pro-
caspase 2 [65, 66], which initiate the apoptotiscede. The Bcl-2 family proteins are
known to be involved in both anti- and pro-apopmt@tctivities [42]. Also Smac/DIABLO
was identified as a mitochondria-derived pro-apbptéactor [67]. In addition, other
mitochondrial proteins were identified to be inwadlvin apoptosis regulation such as
Omi/HtrA2 and EndoG [68].

1.4 Mitochondrial oxidative phosphorylation and repiratory
chain

Oxidative phosphorylation (OXPHOS) is so named bseathis process donates the
removal of hydrogen ions from one molecule and giphosphate molecules to another
molecule. Embedded in the inner membranes of th®chondria are proteins and
complexes of molecules that are involved in thiscpss (Figure 1-3). Hydrogen ions or
electrons are donated to the two carriers nicagitenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD) in the Kreb's cycle. BRaztl NAD, NADH, carries energy to
complex | and reduced FAD, FADH, carries energgdmplex Il. As these hydrogens are
transferred from one complex to another, the hyeinogrotons separate from their
electrons and protons are pumped out. NADH bindsatmplex | through a prosthetic
group called flavin mononucleotide (FMN) and is iegrately reduced to NAD, which
can be recycled, thereby acting as an energy cabdigon binding, FMN receives the
hydrogen from the NADH and two electrons and alegup a proton from the matrix.

FMN passes the electrons to iron-sulphur clustersch are part of complex | and also



pumps two protons into the intermembrane space&trons cannot travel from comple»
without concomitant proton translocati, the two eventsnust happen together or not
all. Electrons pass from comx | to a carrier, Coenzyme Q, which passes thereles to
complex lll, which is associated with &her proton translocation event. From comg
lll, electrons are passed to complex IV throughoclftomec and more protons a
translocated into the intermembrane space. Finadlynplex IV passes two electrons to

oxygen molecule the last electron eptor within the respiratory chai

Complex I Complex IT Complex IIT Complex IV Complex V
H" H'

+ +
H*H' H* H*H* . H* H H3H H* H*H"H'H H H HH
e-
> CoQ »
H*
H*H+ H*

@ NADH ? @ FADH2

/

NADH
from Cytosol

Intermembrane
space

Inner
membrane

Matrix

0, —-H,D ADP—p ATP

Citric Acid
Cycle

Figure1-3 Electron transport and oxidative phosphoryla

The electron transport chain the mitochondrionis the site of oxidative phosphorylation. The NARHAd
FADH2, which are generated froicitric acid cycle are oxidized to initiate electron transport thgh!
respiratory chain complexes I{fJ. NADH binds to complex | and FADHRinds to complex IIElectrons
pass from complex | teomplex Il through Coenzyme Q and from complex tdl complex IV througt
cytochromec. Complex IV passes two electrons oxygen, which is thdast electron accegr within the
respiratory chain. During electrons transpmore protons are translocated inte timtermembranspace
generatingan electrochemical gradient across the inner mema. This drivespumping of protons in th
matrix through the ATP syntha complex (complex V)and initiates the energy production
phosphorylating ADP molecules to become A

Proton tanslocation during electron transfer along the iragpy chain generates
electrochemical gradient across the inner membrvenieh becomes polarized and t
~180mV with negative polarity on the matrix sides & result, this drives the pumping
protans in the intermembrane space through the ATP agn(F,F, complex and initiates
the energy production by phosphorylating ADP mdlesuo become ATP. Finally, tt
electrons reunite with protons to form hydrogen #mal chemical union of the hydrog
ard oxygen produces water. The energy carried by ASTkhen used for all cellul
functions like movement, transport, entry and exitnolecules out of the cytoplasm, &
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cell division. Thus, oxygen is the final acceptarthe electron transport system which
explains why organisms which respire aerobically. the absence of oxygen four
molecules of ATP energy are produced for each gkeignolecule, however, the presence
of oxygen makes the Kreb’s cycle running to prodow@ny more hydrogen ions which
drive the ATP pump and eventually produces 24-2® Afolecules. In addition, absence
of oxygen,which accepts electrons, results in tleeumulation of electrons in the
respiratory chain complexes therefore blocking Asféduction [69].Furthermore, a defect
in one or more of these complexes changes the toxidaate of NADH to NAD (or
FADH2 to FAD), which results in an increase in NARAd a decrease in NAD levels.
The increased NADH/NAD levels inhibit the conversiof pyruvate to acetyl-CoA
leading to an increase in pyruvate levels in botitochondria and the cytosol. The
accumulated pyruvate in the cytosol is metabolized lactate or converted to alanine.
The final result of a complex | deficiency is anratellular increase of lactate, pyruvate,
and alanine as well in the body fluids: blood, arand in cerebrospinal fluid (CSF) [70].

1.5 Respiratory chain complexes

Mitochondria are the main site for energy productio eukaryotic cells [71]. Within the
inner mitochondrial membrane there are five comgdeare essential for electron transport
and energy transduction. These complexes are: NADlgdinone oxidoreductase
(complex 1), succinate—ubiquinone oxidoreductasemfmex II), ubiquinol-cytochrome
oxidoreductase (cytochrome jbcomplex or complex lll), cytochrome oxidoreductase
(complex 1IV), and FF—ATP synthase (complex V) [71]. Some of these cexgd were
found to interact with each other to form superctaxgs [71, 72] (more details in section
1.7).

1.5.1 Complex | (NADH: ubiquinone oxidoreductase)

The mammalian complex | is the largest and leaderstood component of the respiratory
chain. It consists of at least 45 different sutmigitigure 1.4) that assemble together into a
structure of ~1 MDa [72, 73]. Seven subunits outtlé 45 are encoded by the
mitochondrial DNA and the other 38 subunits areoeled by nuclear genes, which are
imported into the mitochondria after translatiom.addition, it initiates the first step in the

mitochondrial respiratory chain through the oxidatof NADH as described above.



Despitethe availability of th crystal structures for the other OXPHOS complexedy
low resolution 3D structures of complex | are aafdlik [74-76]. Electron microscop
revealed that the 45 subunits within complex | adde together to forranL-shaped [77]
structure witha hydrophilic peripheral arm and a hydrophobic meméembedded arm
(Figure 1-4).Studies fromE. coli showed that complexit maintainecin a native lipid
bilayer as aractive enzym{78]. Howeverthe recent identification of the atomic struct
of the hydrophilicperipheral arm of complex | from the thermophili@cberiumThermus

thermophilus using X+say crystallography provided the best current modet
mitochondrial complex | structu[79, 80].

NOUFVY
NDUFVZ
NDUFV3
NDUFS1
NOUFS2
NDUFS3
NDUFS4
NOUFS§
NOUFS?
NDUFS8
NDUFAZ
NDUFAS
NDUFAT
NDUFA12
NDUFA13

NDUFSS

NOUFAT 1 fatyix
NDUFA3
NOUFAG
NDUFAS

NDUFBT
NOUFB2
NDUFB3
NDUFBS

NOUFA9 NDUFB6
NDUFBTY
NOUFA10
Inner NOUFBS
NOUFATT NOUF89
ND# membrane
NOUFB10
NOUFC1 NOUFB11
D NDUFC2
ND2
=]
N it

Intenmembrans space

Figure 1-4Schematic structure shovg subunitcomposition of human comple>

The mammalian complex | has L-shapedstructure with two arms, a peripheral arm towalgsrhatrix anc
membrane-embedded arithe highlighted boxes are tseven mitochondrial encoded subunits of compl

(ND1-6 and NDA4L) and the rest are the nuclear encodednits (taken and modified fro[82]).

The seven mitochondrially encoded subunits of cemplare ND-6 and ND4L. They ar
all hydrophobic and in association with ~ 20 otlitegral membrane proteins thform
the membrane arm of the enzy [81]. Because ND1 has a quinine binding site,
proposed to be involved in ubiquinone bind[82] as well ND6 [83] Sequence similarit
between ND2, ND4, ND5 and other antiporters sulsusiiich as + or Ne+/H+ suggests
these subunits may be part of the proton transtwtahachinery[84]. In addition, ND4

and ND5 may also have ubiquinone binding <[85]. Finally, the ND3 subunit is thoug
to be involved in proton translocati[83].



1.5.1.1 Assembly of complex

Although complex | is composed of ~ 45 subunitsjolwhassemble together to form i
whole complex. Iwas reported thenuclear DNA-enoded subunits ci integrate rapidly
into complex | while mtDNsencoded subunits firstssemble into intermediate comple
that require significant time f their integration into the holoenzyn#6, 87. The current
model for the assembly in mammalian mitochonis best described by Lazaret al.
[72] (Figure 15). This model shows the assembly via dynamic cyclinetween
intermediates and fullassembled comple); however, the exact order of subassen
integration is still not fully understoc

The first step in assembly starts with the subabgenf subunits NDUFS2 and NDUF
which is one of the first complex | assembly intetates formed and additione
containssubunits NDUFS3 and NDUF. [88-90].

B17.2L

"~ CIA30

CIA30 Ecsit

| 8 =

ND4
o (5] Complex |

~460 kDa
ND2
ND3

Q ND&

Figure1-5 Model of human complex | assembly.

Step 1 of complex | assembly involves subassembly of IFS2 and NDUFS7 which anchored to
membrane by ND1 and other subunits forming ~ 408.KD ster2, CIA30, Ecsit, ND2, ND3 and ND6 a
assembled forming a ~460 kDa subcomplex. 3 involves the combination between the previouslyrfed
~400 kDa and ~4BkDa intermediates to form a stable~830 kDa inégliate that is associated with B17..
C60RF66, complexes Il and 1V, and other nuc-encoded subunits. Stépinvolves the addition of othe
nuclearencoded subunits, ND4 and ND5. In the last s5), assembly of subunits into the matrix arm
complex | results in theelease of CIA30/Ecsit and B17.2L forming the halpgme. (Taken fror[72]).

Then, the mtDNAencoded subunit ND1, possibly in conjunction withes subunits, ma

anchor the subassembly to the inner membrane fgriam~400 kDa intermedia[86].
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Secondly, a membrane subcomplex, which contains, N3 and ND6 (as well as other
subunits), is assembled to form a separate ~460 «kibegomplex via CIA30 [91] in
conjunction with Ecsit. Thirdthe membrane arm intermediates come together o &
~830 kDa intermediate that is associated with Bll7ahd perhaps C60ORF66 then
complexes lll and IV combine with a complex | imtexdiate to form a supercomplex.
Additionally, subunits such as NDUFA9, NDUFA10 aNB®UFB8 are added to the ~830
kDa [86, 92]. Subsequentlythe ‘cap’, which consists of subunidDUFV1, NDUFV2,
NDUFV3, NDUFS1, NDUFS4, NDUFS6 and other subungsadded to the complex in
addition to ND4 and ND5 subunits [86, 91]. Finaltiie assembly of subunits into the
matrix arm of complex | is associated with the aske of CIA30/Ecsit and B17.2L forming

the holoenzyme.

1.5.2 Complex Il (succinate-ubiquinone oxidoreductse)

Complex Il is the simplest complex of all electtwansport chain (ETC) complexes since
in vertebrates and many bacteria it contains oaolyr fsubunits [93]: a matrix-exposed
FAD-containing subunit that oxidizes succinate umérate and an iron-sulfur-containing
subunit that is also largely exposed to the matlgp two integral membrane subunits
which provide the binding site, a b-type cytochroamel the quinone-reducing site of the
enzyme [94]. This complex is known to be entirehc@ded by the nuclear genome and
functions to link the Kreb’s cycle with the respoey chain [95-97]. However, this

complex does not pump protons across the inner meemalj98].

1.5.3 Complex Il (cytochromec reductase)

Complex 1l is composed of 11 subunits in mammal: subunits are encoded by the
nuclear genome, and only one subunit is encodethdynitochondrial genome which is
cytochromeb. The most important subunits of this complex aggochromeb, cytochrome

cl and the Rieske iron-sulfur protein since they atanvolved in electron transport. In
addition, this complex contains two reaction cenfer ubiquinone, Q and @, which are
required for proton pumping through Q cycle meckamio generate a proton gradient and
membrane potential for ATP synthesis (Figure 1) ( or quinone reduction centre,
located on the matrix side of the inner membramé)iolved in the recycling of half of the
electrons back into the quinine pool and the uptakeroton from the matrix. The Q

center, which is located near the outer face ofiither membrane, accepts electrons from
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reduced ubiquinone and half of them are recyclebithe others are transferred through
iron-sulfur center and cyc; to cytochromec. Thereby, protons are released in
intermembrane space [93].

Figure 1-6The structure of complex Il and electrons trangifieough the Q cyc.

Complex Il is composed of cytochroncl and iron-sulpur protein, which are located on one side of
membrane. Cvtochromie, with the b-566 heme and thb-560 hemejs located on the otr side of the
membrane. The ubiquinol (@QHoxidation site, cnter P, is between the iron-sulplprotein and cytochron
b. Q,at centre N is a stable semiqumone radical whgehromeb reduces ubiquinone to isemiquinone
and ubisemiquinone to utnqumol. Proton uptake abelase takes place at centres N and P and ele
transfer from cytochromel to cytochrom c (taken and modified from [99]).

1.5.4 Complex IV (cytochromec oxidase)

Complex IV is the final enzyme of the electron sport chain and belongs to the family
heme copper enzymg$00]. It catalyses the fouglectron reduction of oxygen to wa
[101]. Mammalian cytochromc oxidase (COX) is composed of 13 subunits: thregel
subunits are encoded by the mitochondrial genoroglCCox2 and Cox3, and all otr
sukunits are encoded by the nuclear gen{102, 103] (Figure I7). The Cox1l subun
coordinates heme and a fusedinuclear heme3-CuB redox center and ligates a sodi
ion by a site that also possesses affinity fo** ions [104-106] In addition, it is the mo:
important subunit both for assembly afunction of COX and is involved in protc
pumping [100] Cox2 is the smallest subunit with tw@ansmembrane domains and
function is to dock cytochromc via the CuA center [102]Cox2 is also involved in tt
binding of hemea3 in association with Cox1p in huma[107]. The Cox3 subunit i
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involved in the folding, action and/or stability @OX [108, 109] but not in proton
translocation102, 110, 111. The nuclear eraded subunits are involved in the catal

function of COX in addition to formation of the gmze[100].

IMS

AN NN

4

matrix

Figurel-7 A schematic representation of mammalian COX.

This figure shows only the three lar¢ mitochondrial-encoded subunits of C@&ox1p, Cox2p and Cox3|
and other nuclearencoded subuni, which are involved in earlgssembly steps of the enzy. IMS: inner

membrane space (taken fr¢h®0]).

1.5.6 Complex V (ATP synthast¢

Mammalian complex V is composed of 16 differentusuts, two of which are encoded

the mitochondrial genome (subunits 6 and 8) whike test are encoded by the nucl
genome [112] Together these subunits form two opposing rotactors [113]. The F1
motor is composed of the subunitB§3ydes) and catalyses ATP synthesis or hydrolysis
a rotary mechanism. The FO motor catalyses iorslocation across the membrane the
coupled to rotation of the c ring versus the staabounitsa and b2. Both motors a
connected by two stalks, a central one contairtieg- ande-subunits and a peripheral o
involving thed- and bsubunits (Figle 1-8) [113] The function of this complex is to u
the transmembrane proton motive force generateithdoyelectron transport chain to dr
the synthesis oATP from ADP and inorganic phosphate. This is aokieby the flow o
protons through the peripheral and central stalkgchvinitiates the -subunit of FO to
rotate and the energy produced by this rotatiarsexd by F1 to drive ATP synthesis. Ei
molecue of ATP requires three protons to initiate ATRduction, one proton for eau
active site [114]In addition, the rotation of the central stallhigh proceeds through 12(

changes the through cycles of ‘open’, ‘loose’ andhti states. Three 120° steps in a 3
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cycle take each subunit through all three stated,three molecules of ATP are produr
[115, 116].

F hlatrix
1

Inner mitochondrial
F 0 membrane

Figure 18 Schematic representation of the structure of coxnyl

The mammalian complex V is composed of 16 subuwnitéch assemble together to form the F1FO ATF
complex. The F1 motor, which catalyses ATP synthesihydrolysis, is composed the subunitso3p3yde)
and located in the matrix side. The FO motor, whieltalyses ion translocation across the membrar
composed of ¢ subunits embedded in the inner maerab&oth motors are connected by two stalks, aak
one containing the- and e-subunits and a peripheral one involving 8- and bsubunits. Protons (9
pumping intiates the rotation of the two motorsaimopposing direction resulting in the productiérAdP

from ADP and inorganic phosphate (taken fthttp://www.atpsynthase.info/images/ATP_synthegix).

1.6 Control of the OXPHOS

The permeability of tb outer mitochondrial membrarand the inne mitochondrial
membraneallows entrance ometabolites, such as ADP and ATP. Adenine nucles
translocase (ANT) has been reported to be invoinetie exchange of ADP and ATP «
the inner mitochondriamembran [117]. Generally, the OXPHO& controlled by twc
events, the state Il and state IV respiration. Wbencentrations of ADP in the matrix ¢
high and oxygen is consumed by the electron tramgpain, ATP is synthesised to rest
the electrochemical gradients, this is known ate Ill respiration. Export of the new
synthesised ATP from the matrix to cytoplasm ispted with the import of ADP an
inorganic phosphate from the cytoplasm into thermaHowever, when the matrix AD
concentrations are low, oxygen consumption iduced to maintain electrochemic

gradients; this is known as state IV respiratione Tatio of state Il respiration (maximt
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respiration) to state IV respiration (lower respon) is known as the respiratory control
ratio, which indicates the tightness of the couplirbetween respiration and
phosphorylation [15, 118, 119].

1.7 Supercomplexes structure

The respiratory chain complexes as described (secti4) were initially identified as
random complexes within the inner mitochondrial rbesme, with electrons moving
between them via the electrons carriers. This ma&&hown as the fluid model [120].
However, other studies have since described anattoetel known as solid model, in
which complexes were found to interact and orgaimiesupercomplexes or respirasomes
[71, 120-122]. The respirasomes in mammals are downtwo forms: the complete
respirasome containing complexes 1, Il and IV imatio of 1:2:4 and a second form
containing complex Ill and complex IM a 2:4 ratio [72]. Complex Il was found as a
monomer and complex V as a dimer [31, 122]. Moreemndy, the existence of such
supercomplexes is thought to have important funeliconsequences [72]. The use of
electron shuttling molecules, such as ubiquinol @tdchromec may not be required [72].
Also, catalytic activity may be enhanced due tauced diffusion times of substrates [72].
Moreover, the production of damaging molecules saglsuperoxides [123, 124] may be
limited. In addition, the presence of such supengexes has shown to be essential for

complex | assembly and stability [72, 124].

1.8 Mitochondrial genetics

Each nucleated mammalian cell contains several redsdto more than a thousand
mitochondria and each mitochondrion harbors 2-Jflesoof mtDNA. Mitochondrial size,
shape and abundance is different in different typlés and may change due to the degree
of energy demand and different physiological orimmmental conditions [125]. The
number of mitochondria within a cell is determirt®dthe biogenesis and division of the
mitochondria through the activation of specific ngeription factors and signaling
pathways [126, 127]. Mitochondria are geneticafintcolled by both nuclear DNA and the

mitochondrial genome [1].

The mitochondrial genome is a multicopy, doublewstied circular DNA molecule, which

is 16.6 kb in human. This genome encodes 13 eas@ntiteins for the OXPHOS system
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and 24 components of the RNA machinery: 2 rRNAs 22dRNAs. MtDNA is intronles
and the only noroding region is the displacement regior-Loop), a region of 1.1 kb.
contains both the replication origins and the tcapsional promoters (Figure-9) [1,
128]. The 13 proteins include seven subunits of NALehydrogenase (complex I: NC
ND2, ND3, ND4, ND4L, ND5and NDG6), cytochronb (subunit of complex Ill), thre
subunits of cytochrome oxidase or complex IV (COI, COIl and COIll) and twabunits
of FoF1 ATPase (ATPase 6 and ATPase 8); all are encodedtDNA and synthesized i
the organelle [125, 126Complex Il or succinate dehydrogenase is entealyoded by th
nuclear genome, as are the remaining subunitsropexes |, I, IV and V. Thse nuclear
encoded proteins are synthesized on cytosolic oitnes and subsequently transported
the mitochondrig102, 129.

[[] Noncoding

HSP transcripts
[l mRNA

] tRNA
Human mtDNA - [ rRNA

LSP transcripts
[ ] mRNA

[[] tRNA

Figure 1-9 The human mitochondrial genome.

The 37 genes entirely encoded by the mitochondealomeare: the 7 subunits of complex 1 (N-6 and
ND4L), cytochromeb of complex Ill, the 3 subunits of complex IV (CC-lll), 2 rRNAs (12S and 16S),
ATPases (6 and 8), and the tRNA genes, which ametdd by the single letter code of the amino aleay
encode. Doop is the displacement loop or r-coding control region, OH is the origin of he-strand
replication and OL is the origin of lic-strand replication. LSP is the lightrand promoter, H1 and H2 ¢

the heavystrand promoters (taken frc[128]).
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Mitochondrial genetics differ from Mendelian gemstiin almost every aspect. genome

size, number of DNA molecules per cell, numberméagled genes, gene density, lack of

introns, mode of inheritance, replication, transtoin, and recombination as compared and

summarized in Table 1-1.

Table 1-1 Differences between the human mtDNA amdaar DNA.

Mitochondrial genome

Characteristic Nuclear genome
Size ~3.3x 16 bp 16.569 bp
Number of DNA
molecules 23 in haploid cells, 46 in diploid cells Multicopy
per cell
Number of

encoded genes

~20,000-30,000

37 (13 polypeptides, 22 tRNAs and 2 rRNA

Gene density

~1 per 40,000 bp 1 per 450 bp
Introns In most genes Absent
Percentage of
coding DNA ~3% ~93%

Codon usage

The universal genetic code

AUA codes for methionine, UGA codes for
tryptophan instead of termination.

AGA and AGG contribute to a —1 frameshi
but are not stop codons [130].

No histones; but associated with several

—

Assomated Nucleosome-assqmated hlstqne proteips proteins (e.g.TFAM) which form nucleoids
proteins and non-histone proteins
Mendelian inheritance for autosomes and
Mode of . X )
. ) the X chromosome; paternal inheritange
inheritance Only maternal
for the Y chromosome
o Strand-coupled mechanism that uses  Strand-coupled and strand-displacemen
Replication

DNA polymerases andd

models; only uses DNA polymerage

Transcription

Most genes are transcribed individuall

All genes on both strands are transcribed

/ large polycistrons

Recombination

Each pair of homologues recombines
during the prophase of meiosis

There is evidence that recombination occu
at a cellular level but little evidence that it

occurs at a molecular level

(Modified from Taylor & Turnbull 2005).
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1.9 Mitochondrial DNA Replication

The mechanism of mtDNA replication is still not atly determined since four models of
replication have been described. In the first moa@DNA is replicated from two origins
the H-strand (@) and thelL-strand (Q). DNA replication is initiated at Qusing an RNA
primer generated from the L-strand transcript. TthenH-strand synthesis proceeds two-
third of the way around the mt-DNA and displacespharental H-strand until it reaches the
L-strand origin (Q@). This displacement exposes the 1O allow the accumulation of the
transcription machinery to initiate synthesis @ thstrand which proceeds in the opposite
direction along the H-strand template (Figure 1-Fhus, mtDNA replication is

bidirectional but asynchronous [131-133].

The second model indicates that the bidirectiopplication is initiated at multiple sites
across the D-Loop region, which includes the gdéoesytochromeb, ND5, andND6. This
bidirectional replication initiation is followed kg subsequent fork arrest near the OH then
replication is restricted to one direction only41335].

The third model contradicts the previous modelsjctvhdescribed bidirectional and
asymmetric mechanisms. In this conventional moa¢DNA replication is initiated at a
specific position in the D-Loop (§) and the nascent chains starting at this origimoio
terminate prematurely at the terminus of the D-Ldmj continue along the mtDNA
template. This origin is thought to be responsiblemtDNA maintenance under steady-

state conditions [136].

Recently, the RITOLS replication model was desdibeénich is similar to the strand-
asynchronous model of replication but initiationuisidirectional and occurs in the non-
coding region (NCR). This model involves the reon&nt of RNA on the displaced H-
strand rather than the mitochondrial single strdnbD&lA-binding protein (mt-SSB) thus
forming Rbonucleotide _mcorporation _hroughQut the _lagging $rand (RITOLS)
intermediates [137, 138].

Regardless of the exact mechanism involved in mAD@&plication, mtDNA replication is
achieved by nuclear-encoded factors [139] such agnperasey, which consists of a
catalytic subunit that has proof reading abiliBOLG1) and another processing subunit
(POLG2) [36], Twinkle [140] and the mitochondriahgle stranded DNA-binding protein
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(mt-SSB) [139, 141]. All these proteins are asdeddogether with the mtDNA to form
MtDNA-protein complexes known as nucleoids, whick believed to be involved in
MtDNA transmission, inheritance [1, 142], replicatitranslation, maintenance, repair, and

recombination [143].

1.10 Mitochondrial DNA transcription

MtDNA transcription is initiated from three promatein the D-Loop, the heavy strand
promoter (HSP) and the light strand promoter (LgRgure 1-9) [144].The heavy strand
transcript begins first from the HSP and then tgbtlstrand transcript begins later from
the LSP. Alternatively, transcription of the heastyand may be initiated either from

HSP1, generating a short transcript which termmatethe 16SrRNA, or from HSP2,

generating a polycistronic transcript [145]. Howeueanscription from the mitochondrial

promoters produces a polycistronic precursor RNAt tis then processed to produce
individual tRNA and mature mRNA molecules [1, 1326].

The exact mechanisms involved in mtDNA transcriptere still not fully understood,
however; the understanding of the machinery hasauwgul due to the identification of
specific proteins and the availability of vivo experimental system [147]. It is known that
MtDNA transcription is different from that of nualeDNA in some aspects. In mtDNA
transcription, the polymerageis the only DNA polymerase involved in the process
genes on both strands are transcribed polycisabpjainlike nuclear gene transcription in
which most genes are transcribed individually [146{erestingly, a recent study showed
that the mitochondrial transcription terminatiostta 3 (MTERF3), which is located in the
mitochondria, acts as a negative regulator of malmmantDNA transcription. MTERF3
binds at or near the mtDNA promoter regions, HSPIEP2 or LSP, to repress
transcription, which may be important in regulatmgdative phosphorylation in response
to different physiological demands. It may alsovie a mechanism to avoid collision
between transcription complexes generated by theosipg promoters [148]. More
recently, the mitochondrial transcription factor BZFB2M) was reported as a
mitochondrial DNA transcriptional activator in a roplex with the mitochondrial
transcription factor (TFAM) and the RNA polymerg®OLRMT). In addition, the TFBM
factors are thought to couple mitochondrial traipgion and translation [149].
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1.11 Mitochondrial RNA translation

Translation of mt-mRNAs for the 13 mitochondrialkkeded proteins takes place on
mitochondrial ribosomes [150, 151] However, inibatand termination of mitochondrial
proteins synthesis is not widely understood [15Phe mitochondrial mRNAs were
described to lackhe 5'-untranslated region, which interacts with 16 NARduring the
initiation of protein synthesis [153], howevdrRNA speciesNITCO1, MTND4, MTATPS,
and MTATP6) do have thé&'-untranslated regiofil54]. In addition, the 5 termini of the
MtRNAs lack the 7-methylguanylate cap structuret tisapresent in the majority of
eukaryotic mMRNAs and is essential for recruitingnsiation initiation factors, which
interact with poly(A) binding protein [155]. Althghn mitochondrial mRNAs harbour
initiation codons, the mechanism that guides mivochial ribosomal subunits to this
region is currently unclear, however, it is possithat thestructure of the mRNA alone
guides the ribosome to the proper start codon [1@hy nuclear-encoded factors have
been involved in the translation of mtDNA. Theselude, for example, ribosomal
proteins, aminoacyl tRNA synthetases, mt-tRNA micdifon proteins, mitochondrial
initiation factors [157, 158], mitochondrial elorigen factors [159, 160], in addition to
Pentatricopeptide repeat domain 3 (PTCD3) [16H, rithosome recycling factor mtRRF
[162, 163], methionine aminopeptidase (MAP1[)64], andat least one termination
release factor, mtRF1a65].

The disruption of mitochondrial translation duentations in mitochondrial tRNA or
ribosomal RNA genes leads to mitochondrial tramsfatdefects therefore causing
pathology. Mutations in nuclear genes essentiahfdochondrial translation, such as the
mitochondrial ribosomal protein S16 (MRPS16) [1@®)d the mitochondrial elongation
factor G1 (EFG1) [167], resulted in mitochondriartslation defects [1]. Mutations in the
elongation factors Tu (EFTu) [168] and the mitoathaal translation elongation factor Ts
(EFTs) were associated with mitochondrial transtatiefects as well [169]. Recently, a
point mutation in the mitochondrial tRNA' caused a mitochondrial myopathy due to

tRNA misfolding leading to defects in translationatiation and elongation [170].

1.12 Mitochondrial protein import

Although mitochondria have their own genome, on¥ bf mitochondrial proteins are

encoded by the mitochondrial genome. The majorftghe mitochondrial proteins are
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encoded by nuclear genes and then synthesizedeasrpors on cytosolic ribosomes.
Translocases on the mitochondrial membranes angeobiaes direct the import of these
proteins into the mitochondria. There are two kinfisnitochondrial precursor proteins.
The first are preproteins with positively charged aleavable targeting signals, termed
presequence, at the the N-terminus which interdttt mitochondrial import receptors on
both outer and inner membranes. These include »xngtroteins, some of the
intermembrane space proteins, and inner membranteips. The second preproteins with
various internal targeting signals; these inclutleoater membrane proteins and other

intermembrane and inner membrane proteins [171:173]

There are two translocases involved in mitochohgiiatein import. One of these is the
translocase of the outer mitochondrial membraneY@omplex, which consists of seven
different subunits. Only precursors for mitochoatiproteins pass through this complex.
The other translocase is located in the inner rhitadrial membrane and includes the
TIM22 and TIM23 complexes. The TIM22 complex cotsisf several subunits including

TIM9 and TIM10 involved in precursor transfer taetbomplex [174]. TIM23 consists of

three different subunits [173] in association witM50 which transfers precursors from
the TOM complex to the TIM complexes [175].

Upon mitochondrial precursor or preprotein synthegrecursors are directed to receptors
on the mitochondrial surface by the help of cytmsdleat shock proteins. The TOM
complex is the main gate for import; precursors @ren shuttled down one of three
different pathways according to their final destioa in the mitochondria [171] (Figure 1-
10).

Precursors of outer membrane proteins are impdirstdhrough the TOM complex and to
the intermembrane space. Small TIM proteins withim intermembrane space participate
in the transport of these precursors to the sodimijassembly machinery (SAM complex)
in the outer membrane [171, 176, 177].

After passing the TOM complex, precursors of marydrbphobic proteins, including
metabolite carriers, pass through the carrier logase (TIM22 complex) and are directed
to the inner membrane with the help of chaperoke-lcomponents from the

intermembrane space [171].
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Precursors with a cleavable signal peptide aresteared tothe TIM23 complexon the
mitochondrial outer membrane, which for a channel across the outer membrane
associates with botthe matrix heat shock proti70 (mtHsp70) and the import mol
(PAM) to complete protein transport into the mat[171]. The signal peptide is the

cleaved ly an endometallopeptida
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Figure1-10 Pathways of mitochondrial protein import.

Precursors of mitochondrial proteins are synthésisghe cytosol then imported through the TOM ctar)
with the help of cytosolic chaperones. Precursotgins are then directed to their destinations ratieg to
the targeting signal. Precursors winternal targeting signals, such as precursors tdranembrane (OM
proteins, are directed to the outer membrane throtmp SAM complex and precursors of the in
membrane, such as carrier proteins, are directduetmner membrane (IM) through theM22 complex and
chaperondike proteins within the inner membrane space (IMEEcursors with -terminal signal peptide
are directed to the matrix through the TIM23 andWPéomplexes (taken froi[171]).

1.13 Mitochondrial DNA damage

The human mtDNA is a compact DNA molecule withoubtpction by histones, b
instead it is packaged with other proteins such mtTFA, mtSSB, Twinkle, an
polymerasey [143, 178] It replicates rapidly with high mutation rahigher than that
observed in nuclear DNAL32]. In addition to the site of the mtDNA, which igaathed tc
the inner mitochondrial membra[179, 180] all these factors render the mtDNA an €
target for attack by reactive oxygen species (R&18)free radicals generated as a rest

electron lakage from the mitochondrial respiratory ch[181].
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The free radical theory suggested that ROS, whieh c@nstantly generated through
normal mitochondrial metabolism, cause ageing ajelassociated degenerative diseases
by introducing damage to membranes, proteins and [A82]. The mitochondrial theory
of aging, which supports the free radical theouggests that the accumulation of somatic
mutations in mtDNA during an organism's lifetimesults in mitochondrial dysfunction
[182-184]. The ROS vicious cycles are believeddooant for an exponential increase in
oxidative damage during aging, which eventuallyultssin loss of cellular and tissue
functions through a combination of energy insuéfi@y, signaling defects, apoptosis and
replicative senescence. This was proved by theepoes of pathogenic mutations
associated with increased levels of ROS [185]. Mepzntly, some somatic mutations in
the mtDNA, which inhibited electron transport, fedincreased production of ROS [186-
189].

As mentioned above, the mitochondrial DNA has higle of mutations. T o cope with this
high rate if mutations, a DNA repair system is rieggl to maintain the integrity of the
mtDNA. However, mDNA repair may occasionally fail or become limitdde to excess

of MtDNA damage caused by ROS production resultintpe accumulation of damaged
mt DNA leading to diseases [190, 191].

Unlike nuclear DNA, mtDNA repair in mammalian celisnot widely investigated as early
studies suggested absence of DNA repair in mitogthan192]. Several DNA repair
pathways have been described in the nucleus imgudiirect reversal (DR), nucleotide
excision repair (NER), base excision repair (BERjismatch repair (MMR),

recombinational repair (RER), and translesion sssigh(TLS) [193]. While the damaged
MtDNA can be repaired by the base excision repainyay, which is well described in
mitochondria [194-196], mismatch repair [19], andect repair [197]. However, the

presence of other mtDNA repair pathways is stittlaar [191].

1.14 Mitochondrial DNA inheritance

The mammalian egg contains about 100,000 moleaile¥DNA and the sperm contains
100-1500 mtDNAs [17, 198]. When the sperm fertdizbe egg, the sperm mtDNA is
actively degraded [199] by an ubiquitin system-enivprocess [200]. Therefore, the
mtDNA is only maternally inherited. However, thisodel of inheritance has been

challenged because the transmission of paternaNwtidas observed after interspecific
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crosses between mouse, but not within species [FBdrither studies showed that the
paternal mtDNA was only transmitted after sevemagations [202]. In humans, only one
case was reported of paternal inheritance of an NAtDmutation, a patient with

mitochondrial myopathy due to a novel 2-bp mtDNAetien in theMTND2 gene [203,

204]. This case is more likely to be rare becaasaly members were not affected and no
trace of mutation was detected in their blood osdw®; which suggest that this mutation
arose spontaneously in early embryogenesis oreanptternal germ line [204]. Recent
reproduction studies were carried out to furtherestigate mtDNA paternal inheritance
using intracytoplasmic sperm injection (ICSI), whits widely used in cases of severe
male infertility. The theory behind these studiesswhat the mutant mtDNA in the sperm
may bypass direct degradation after fertilizatioeréby increasing the risk of transmitting
MtDNA disease to children born by this techniquewdver, results showed no evidence

of paternal mtDNA transmission to offspring or exémbryonic tissues [205, 206].

1.15 Heteroplasmy and the threshold effect

In contrast to nuclear genes, with one maternalarepaternal allele, mtDNA molecules
are present in hundreds or thousands of copieadh eell [199], thus the mitochondrial
genome has a polyploid nature which means the hotwdrial genome copies can exist in
two forms, homoplasmy or heteroplasmy [1]. Homopigss when all the mitochondrial

genome copies are identical and heteroplasmy ilinere is a mixture of two or more

mitochondrial genotypes.

Deleterious mutations of mtDNA typically affect serbut not all genomes. Thus, cells,
tissues and individuals may harbor two populatiohsntDNA: wild type and mutant

(heteroplasmy). In normal subjects, all mtDNAs atentical wild-type copy known as
homoplasmy. Non-deleterious mutations of mtDNA (redupolymorphisms) are typically

homoplasmic and the pathogenic mutations are ysball not invariably heteroplasmic
[199].

In the presence of heteroplasmy, there is a thiédbweel of mutation which is important
for both the clinical expression of the diseasavall as the biochemical defects [1].The
phenotypic threshold effect can be observed whenwiifid-type mtDNA in a single cell

can no longer complement the effects of the mutat@NAs and eventually leading to

mitochondrial dysfunction [207]. The mitochondriddreshold varies according to the
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MtDNA mutation type, ranging from 60% for mtDNA d&bn mutations to 90% for some

tRNA mutations or could be less [133, 208]. Forragke, high levels of mtDNA deletions

were found in Parkinson disease [20Bhethreshold levels were 50% in the m.3243A>G
mutation [210], 60% in the m.5650G>A mutation [21Ahd more than 90% in the

m.3302A>Gmutation [212].

1.16 Mitochondrial division and segregation

Mitochondria are dynamic organelles that activalyd® and fuse to mix metabolites and
MtDNA copies according to the energy demands ofcdie[213]. The copy number and
shape of mitochondria are different in differenti ¢gpes. They can change in the same
cell type under different physiological conditiomanging from multiple spherical
organelles to a single organelle with a branchedatsire or reticulum. The number of the
mitochondrial genomes inside mitochondrion depemishe degree of fragmentation. In
most cells, mtDNA replication is not limited to tt8 phase of the cell cycle when the
nuclear DNA replicates, but occurs independentlyhef cell cycle. However, during the
cell cycle the numbers of mitochondria and theiDMA have to double and the newly
formed organelles have to be segregated to thehtlaugells. Mitochondrial fission and
fusion (Figure 1-11) events are involved in thisnptex process because mitochondria are

enclosed by a double membrane structure [214].

Large dynamin-related GTPases have been reported itovolved in the balance between
mitochondrial fission and fusion. Although the exatechanism of mitochondrial fission
in mammals is not understooBisl andDRP1 have been described to be involved in
mitochondrial fission [215-217], by assembling imtngs surrounding the mitochondrial
outer membrane, in addition to hFIS1 and other omkncofactors and regulators [40,
218]. hFIS1 is located throughout the outer mitoxh@l membrane and it recruits DRP1
from the cytosol to the outer mitochondrial memigrg219]. GTP hydrolysis is thought to
cause a conformational change in DRP1 that driliesntitochondrial outer membrane

fission event [213].

The fusion event involves both the outer and ifmembranes through Mitofusins 1, 2
(Mfn1, 2), which facilitate outer membrane fusiesnmammals througtrans interactions
that promote membrane curvature and fusion [37, 221]. Regardless of the exact

mechanism, studies showed that the two distindbists of the GTPase OPA1 (optic
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atrophy) which is the main mediator of memne fusion and maintenance ofDNA in
mammals [222-224]are necessary for scessful fusion events [22527).

B

Figure 111 Mitochondrialfission and fusion in mammalian cel

(A) In mitochondrial fissionFIS1 recruits the large GTPase and DFthroughout the outer mitochondr
membrane (OMM)(B) Mitochondrial fusion involves botmitofusins 1/2 which are located on the ot
mitochondrial membran@®MM) and OPA1 which is located partially on the innetatihondrial membran
(taken from [40]).

1.17 Mitochondrial DNA transmission and the geneti
bottleneck

Maternal mutant mtDNA is transmitted to offspringttwdifferent degrees since the ri
depends on the type of mutation and the gation of mutation in the mother’s tissu
Therefore, a mother carrying a mtDNA mutation mag9it to all her children, but on
her daughters will transmit it to their proge[199]. HomoplasmieantDNA mutations art
transmitted to all maternal offspring. However, adtoffspring will develop the disea:
since nuclear genetics and environmental factag plajor roles in the expression of

disease.

The transmission of heteroplasmic mtDNA ntions is more complex since it
controlled by different factors. Not only do nualegenetic and environmental factt
affect the expression of the disease, but alsgémetic bottleneck (Figur-12). In which,
the number of mutant mtDNA molecules weduced during oogenesis thereby decr
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the number of the mutant mtDNA when they are pa$s®md a mother to her offsprir
[228].

During cell division, the mitochondria and theimgenes are randomly distributed to
daughter cells, a process known as replicativeeggiion. Mitochondria have the ability
fuse, which results in the accumulation of thein@mes[229], mitochondria division will
result in the random distribution of their genoma@$iese processes can change
proportion of mutant mtDNA in daughter cells andentth¢ pathogenic threshold chanc
in a specific tissue, the phenotype can also chahimtic segregation explains tl
differences in the mutation load in different tissurom different members carrying 1
same pathogenic mutation and the -related pheotypic differences frequently observ
in mtDNA-related disorder[199]. However, mitotic segregation cannot explain clesng
non-diving cells such as skeletal muscle and neuronishmban be atibuted to relaxed
replication of mtDNA[230].

Qocyte maturation Fertilization
and mtDNA amplification

%

High level of mutation
(affected offspring)

Intermediate level
of mutation
(mildly affected
offspring)

mutant mtDNA [ % i

Primordial germ /
cell containing / O %\ / @

Low level of mutation
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| % % % — (unaffected offspring)
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Figure 1-12 The genetic bottleneck.

Selected number of mtDNA molecules is transfermaid ieach oocyte during the production of prim
oocytes. Oocyte maturation is associated with apid replication of this mtDNA population. Differesin
mutation load of the mtDNA between generationseiponsible for the variable levels of mutated mtC

observed in affected offspring from mothers witthogenic mtDNA mutatior (taken from[1]).
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1.18 Mitochondrial DNA and mutations

Mitochondrial diseases are estimated to affect 5060 of the population, although the
exact number could be much higher [231]. A stud2008, inthe North East of England,
revealed that the prevalence of mitochondrial DNgedse in adults 9.2 in 100,000 of
population [232]. Othestudies based on patients with the most common rtBNtation,
them.3243A>G mutation, revealed a prevalence of 10@[233] ; andthe m.1555A—~G
mutationgave a prevalence dfin 520 [234]. The mitochondrial diseases are isygtem
diseases that mainly affect skeletal muscle, cantiascle and the central nervous system
[235]. Symptoms range from mild disturbances of eyevement in late adulthood to
neonatal death associated with profound lacticasisd[236]. Several factors increase the
rate of mtDNA mutations as mentioned above, suctha@dack of a DNA repair system
[237], the lack of protective proteins such asdriss and the association with the inner
mitochondrial membrane which makes the mtDNA a eldarget for ROS during
OXHPHOS [238].

To date, more than 258athogenic mtDNA mutations have been reported [1d0}ations
affecting mtDNA can be divided into two groups; iR mutations affecting protein
synthesis and mtDNA mutations affecting proteiningd genes [199]. These mutations
can also be grouped into base substitution mutatiand rearrangement mutations
(deletion or duplication). The first group of muteis can change the amino acid thereby
the proteins (missense mutation) or rRNAs and tRNgw®tein synthesis mutations).
Rearrangement mutations generally involve the meledf at least one tRNA thereby

causing protein synthesis defects [199].

Missense mutations have been linked with differaitbchondrial diseases associated with
myopathy, optic atrophy, dystonia, Leigh syndronagged-red fibres and subsarcolemmal
aggregates of abnormal mitochondria [239]. Diseasesulting from mtDNA

rearrangements are invariably heteroplasmic and gse to phenotypes ranging from
adult-onset type Il diabetes and deafness, thraygtthalmoplegia and mitochondrial

myopathy to lethal pediatric pancytopenia [239].

Not every mtDNA mutation leads to the developmdnhidochondrial disease since some
mutations are silent and have no physiological ceffén addition, the mitochondrial

genome contains a large number of neutral basegelsaand insertions or deletions that

28



have no pathogenic significance, known as neutighporphisms [199]. In order to assign
pathogenicity to a novel mtDNA mutation, six caraahicriteria have been proposed
which should be met [199, 240-242].

1.19 Defining pathogenicity of a mtDNA point mutaton

Not all sequence changes in the mitochondrial genare pathogenic since it contains a
large number of neutral changes. These changesbeabeneficial to anthropological
studies and forensic medicine [243, 244]. Definnaghogenicity of mt-tRNA mutations is
further complicated because of the clinical ancch@mical heterogeneity associated with
these mutations. For example there is often lttderelation between which mt-tRNA is
mutated and the resulting phenotype if we consitter common consequence to be
reduction in protein synthesis [118]. To assignhpgenicity of a mtDNA mutation, six

canonical criteria were suggested by DiMauro antb8¢199].

1. The mutation must be heteroplasmic (i.e. co-existeid-type and mutated
mitochondrial genomes in the same tissue). Howemet, only heteroplamic
mutations are pathogenic; homoplasmic mtDNA mutetichave also been
identified to be pathogenic [245-247].

2. The proportion of mutated mtDNA should be highertissue from affected
individuals than in the same tissue from their tewéd relatives. This is only
applicable to heteroplasmic mutations and it idiaift to determine mutation
segregation in small families [118].

3. The proportion of mutated mtDNA should be higheciimically affected tissues.
This only applies to heteroplasmic mutations beeausutation loads in
homoplasmic mutations are 100%.

4. The proportion of mutated mtDNA should segregatthvai biochemical defect.
This can be clearly seen if the mutation load m @OX-deficient fibres is higher
than in the COX-positive fibres to have a directrelation [248]. However,
homoplasmic mutations do not segregate with bioetendefect because mutation
load in all fibres will be the same [245, 247, 2290].

5. The mutation should occur at an evolutionary corestisite in the mitochondrial
genome. However, some pathogenic mutations mayp@aonsidered pathogenic
because of poor evolutionary conservation in thgiore [118] such as the
pathogenic m.8344A>G in mt-tRNX [248, 251].
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6. The mutation should be absent from healthy conw@ald not reported in the two
mitochondrial DNA databases [69, 252].

1.20 Clinical syndromes and features of the human
mitochondrial diseases

Syndromes due to mtDNA mutations were widely inggded following the discovery in
1988 of the first two syndromes Kearns-Sayre (K&%) LHON [253, 254], which were
due to pathogenic mtDNA mutations. This led toHartinvestigations for other mtDNA
mutations resulting in the identification of hundseof other mutations. Some classical
syndromes, along with the most common clinical pigmes in patients are summarized in
Table 1-2.

The existence of mitochondria in all nucleated sceflean mtDNA associated diseases
affect many tissues with different phenotypes Ttle biochemical and genetic complexity
of the respiratory chain system can explain theewidnge of clinical phenotypes of
mitochondrial disease. It is clear that organs wdthhigh requirement for aerobic
respiration, such as brain, heart and skeletal lauare more likely to be severely affected
by pathogenic mtDNA mutations. Other organs thah d¢se affected include the
gastrointestinal tract [255], the liver [256], tkielneys [257] and the endocrine systems
[257]. Mitochondrial diseases often show a delayeskt and a progressive course. This is
thought to be the result of an age-related dedin®XPHOS function in postmitotic
tissues [258] associated with the progressive ao@atmon of somatic mtDNA
rearrangement mutations [259]. The two main featimemost mitochondrial disease are
respiratory chain deficiency and lactic acidosisttirermore, patients with mitochondrial
disease often have abnormal subsarcolemmal mitoci@omn their muscle shown as
ragged-red fibres [260].

Genetically, mitochondrial diseases can be dividgd three groups: diseases due to
sporadic or maternally inherited mtDNA mutationssedses due to mutations in nuclear
genes, which control mitochondrial and diseasetsdbanot result from mtDNA mutations

but are thought on the basis of biochemical findirig be caused by nuclear DNA

mutations [261].
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Table 1-2 Clinical disorders which are caused byations in mtDNA

Mitochondrial DNA disorder Clinical phenotype MtDNA genotype Gene Status Inheritance
i Progressive myopathy, Single, large scale mtDNA| . .
Kearns-Sayre syndrome ophthalmoplegia, cardiomyopathy deletion Several deleted gengs  Heteroplasmic  Usually sporadi
Chronic progressive external . Single, large scale mtDNA . :
ophthalmoplegia (CPEO) Ophthalmoplegia, deletion Several deleted genes  Heteroplasmic  Usually sporadi
. . . .| Single, large scale mtDNA : ;
Pearson syndrome Pancytopoenia, lactic acidosis deletion Several deleted genes  Heteroplasmic  Usually sporadi
Mitochondrial myopathy, | m.3243A>G, m.3271T>C ; MTTLL
encephalopathy, lactic Myopathy, encephalopathy, lactic .
o : . i R X ; Heteroplasmic Maternal
acidosis& stroke-like episodes acidosis & stroke-like episodes Lo .
individual mutations MTND1&MTND5
(MELAS)
Myaoclonic epilepsy & ragged- . . .
red fibres (MERRF) Myoclonic epilepsy, myopathy m.8344A>G, m.8356T> MTTK Heteroplasmic Maternal
Neurogenic weakness, ataxia Neuropathy. ataxia. refinitis
and retinitis pigmentosa pathy, ' m.8993T>G MTATP6 Heteroplasmic Maternal
pigmentosa
(NARP)
Maternally-inherited Leigh .
syndrome (MILS) Progressive brain-stem disorder m.8993T>C MTATP6 Heteroplasmic Maternal
Maternally-inherited diabetes Diabetes, deafness m.3243A>G MTTL1 Heteroplasmic Maternal

and deafness (MIDD)
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M|t0ch9ndrlal DNA Clinical phenotype MtDNA genotype Gene Status Inhétance
disorder
Leber’s hereditary optic . m.3460G>A, MTND1 .
neuropathy (LHON) Optic neuropathy m.11778G>A, MTND4 Hetero-or homoplasmic Maternal
pathy M.14484T>C MTND6
Myopathy and diabetes Myopag[it;)gev;/eesakness, m.14709T>C MTTE Hetero-or homoplasmic Maternal
m.1555A>G MTRNR1 Homoplasmic
Sensorineural hearing losg Deafness Maternal
Individual mutations MTTSL Hetero-or homoplasmic
Exercise intolerance Fatigue , muscle Individual mutations MTCYB Heteroplasmicc Sporadic
weakness
Fatal, infantile .
encephalopathy, Encephal_opalthy, lactic m.10158T>C, MTND3 Heteroplasmic Sporadic
. I acidosis m.10191T>C
Leigh/Leigh-like syndrome

MTATPG6: ATPase 6; MTCYB: cytochromeMdTND1, 3—6: NADH dehydrogenase subunits 1, 3—6;RWR1: 12S ribosomal RNA; MTTE, MTTK, MTTL1, and MBILL
are mitochondrial tRNAs (modified rind1]).
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1.21 Diagnosis of mitochondrial disorders

Diagnosis of a mitochondrial disease is not stifigtvard. The principal difficulty for
clinicians is that patients with mitochondrial dise rarely have a classic phenotype and
MtDNA is involved in the differential diagnosis wfany common clinical syndromes [1]. For
example, mtDNA mutations have been linked to somermon metabolic syndromes as
reviewed in [262] and [263]. Furthermore, some symys of mitochondrial diseases are age-
related, while others can present at any age [@8f they often present in specific
combination with other clinical symptoms, e.g. roltondrial diabetes is often accompanied
by deafness [264], and stroke-like-episodes usuallg associated with migraine-like

symptoms [1].

1.22 Investigations of a mitochondrial disorder
1.22.1 Preliminary investigations

Patients suspected to have a mitochondrial diseastéally undergo biochemical

investigations which include: creatine kinase asialyblood count, tests of thyroid and liver
function and bone chemistry, measurements of igdtiood lactate, random blood glucose,
and glycated haemoglobin. In addition, investigatshould include electrocardiography to

determine possible conduction defects or cardiaetiyophy [265].

1.22.2 Investigation of relevant tissues

Following clinical and laboratory investigationsatignts are further investigated by
histochemical, biochemical and molecular genetashtiques which provide correct and
accurate diagnosis for the majority of patients 5]26These techniques involve the
examination of blood or muscle DNA samples, fibesé and muscle biopsies.

The biochemical investigations of fibroblasts aeressary for diagnostic purposes if no
muscle sample is available, if prenatal diagnosiseguired, or to confirm results obtained
from muscle investigation. In addition, fibroblastse suitable for molecular genetic
investigations. However, they are less preferrah finlesh muscle for investigating respiratory
chain disorders since a defect that is presentuscie is not always expressed in fibroblasts
[70].
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Muscle biopsies are mainly preferred because thieytlee most diagnostically accessible
source of clinically affected tissue [265] and mafsthe defects are expressed in these tissues
[70], however, it is still with some limitationsh& biopsy is taken with needle biopsy using
local anaesthesia. The size and quality of thesiigated muscle biopsy are important. So, it
must be free of connective tissue and fatty tissLenditions of specimen collection and
transport are critical. Also, investigation of asule biopsy for diagnostic purposes should be
avoided in the first month of life if possible antedication should be avoided before taking
the biopsy to avoid false positive diagnosis dusdoondary inhibitory effects of medication
[70].

Prenatal diagnosis is required, to confirm resaligained in muscle tissues, and if further
molecular genetic investigations are required.aih ®e performed reliably in families if a
defect has been confirmed in at least two diffetessues. Currently, prenatal diagnosis is
performed both in chorionic villi and in amniocytddowever, chorionic villi are preferred
because they allow the prenatal diagnosis at eatisge of the pregnancy (around the 10th
week) as compared with amniocytes. Moreover, chiarieilli can be investigated without

cultivation, in contrast to amniocytes reducing tinge of investigation [70].

1.22.3 Histochemical investigations

The histochemical analysis of muscle biopsy is thest commonly used technique to
investigate mitochondrial abnormalities [266]. Goimmichrome stain is a method used to
detect subsarcolemmal mitochondrial accumulatiailed ragged-red fibres (RRF) (Figure 1-
13-A). However, this method is not fully accuratrause it does not evaluate mitochondrial
enzyme involvement. The combined succinate dehwirage (SDH) and cytochrone
oxidase (COX) are widely used to measure activiflédee COX reaction (Figure 1-13-B and
C) evaluates the mitochondrial myopathies becau@¥ €ontains subunits encoded by both
the mitochondrial and nuclear genomes [240], wihiee SDH, is only nuclear encoded and the

reaction can reveal the subsarcolemmal mitochoalt@umulation (Figure 1-13-D).
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Figure1-13 Histochemical analysis of muscle fibres.

(A) Classical raggeded fibres after Gomori trichrome stain showing thesubsarcolemmal mitochondri
accumulation (B) Normal muscle fibres after COX stain (brown). (C) COXdeficient muscle fibres aft
COX staining alone. (D) COxXeficient fibres stain blue after the combined SQ#ue) and COX stainin
(taken and modified from [24]0]

1.22.4 Biochemicalnvestigations

Measurement of individual respiratory chain enzymaivities for the mitochondri:
complexes is the ultimate investigation in the dgis of a patient suspected to hav
mitochondrial disease because these diseasesumeddy deficiencies in one or more of t
respiratory chain complexes. This analysis can érdopmed on both muscle biopsies ¢
fibroblasts. In general, fresh muscle samples agéeped to frozen samples as they con
functionally intact mitochondria, wch allows the overall capacity of oxidati
phosphorylation and the activity of the respiratohain enzymes to be measured. A fro
sample can be used for measuring only the individuezyme activities instead of tl

complete chain. In addition, othfactors have to be considered when dealing withcie
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biopsies to ensure reliable results such as: samsipks quality of the sample, transport
conditions, age of the patient at date of biopsy@se of medications [70].

1.22.5 Molecular genetic investigations

The molecular genetic investigations of patientspeated of a mitochondrial disease can be
complex. These investigations are normally perfatme all patients with abnormal
histochemistry or biochemistry and in patients sa$gd to have a mitochondrial disease but
with normal muscle biopsy results [265]. The molacugenetic investigations involve
searching for novel and pathogenic mutations thnaeguencing of the entire mitochondrial
genome of patients, or in some cases excluding rAtibMolvement in the disease. Also they
involve searching for mitochondrial genome reareangnts which include single deletions,
duplications and multiple mtDNA deletions which daa detected by Southern blot [240] or
long-range PCR [267]

Furthermore, restriction fragment length polymosphi (RFLP) is one of the molecular
genetic techniques often performed to search fonngon mtDNA point mutations and
quantify the mutation load which is clinically siioant to correlate genotype with the

resulted phenotype in patients [268, 269].

1.23 Animal models of mitochondrial diseases

The inability to transfect mitochondria with exogeis DNAsin vitro orin vivo is one of the

factors that has prevented progress in the studlyeofelationship between mtDNA genotype
and phenotype. However, several trials have beeiedaout to create animal models carrying
heteroplasmic and pathogenic mtDNA mutations tehur investigate the pathogenicity of

mMtDNA mutations.

The first trial involved the microinjection of cystasm containing mtDNA into oocytes which
resulted in chimeric embryos, but the mutant mtDMAs lost by segregation in early
development [270]. Another study involved the aduiction of mtDNA mutations into the
mouse female germ line by electrofusing cytopldstived from NZB or BALB mice zygotes

carrying one mtDNA genotype to recipient one-catbeyos of the other type [271-273].

Transmitochondrial chimeric mice with chlorampenicolistant mitochondria (CAR),

resistant to the mitochondrial ribosome inhibitdAR), were generated by fusing a
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chlorampenicol-resistant cell line with female ESI These were then injected into donor
blastocysts [273, 274]. Mice with mitochondrial fiysction were produced by introducing
mouse mtDNA carrying a deletion into zygotes [27A&hother group generated mice with

pathogenic mtDNA mutations that were transmittedugh the germ lines [208].

Advanced studies have moved to create mouse mtbatelggh the targeting of genes involved
in the maintenance or replication of the mtDNA hgrdpting the mitochondrial transcription
factor A (Tfam), which resulted in mitochondria-associated digsealsenotypes in different
tissues [276-279]. A recent study performed byurrfvic and colleagues showed that knock-
in mice, harboring a mtDNA mutation in the polymsra gene PolgA), resulted in short
lifespan and premature ageing phenotypes: weigist leduced fat, hair loss, curvation of the

spine, osteoporosis, anemia, reduced fertility, lzealt enlargement [280, 281].

Although, these trials were successful in genegatimce with mtDNA diseases due to
mutations in the mitochondrial genome and also subwhe involvement of mtDNA
mutations in the development of new diseases tlea¢ wot seen in humans as they died due
to renal failure [275], phenotypes and inheritapa#éerns for some mutations were different
from those seen in humans [282]. However, doubtse waised after the premature ageing
phenotypes lacked both increased oxidative stredseaponential accumulation of mtDNA
mutations. These findings argued against the direailvement of oxidative stress in the
ageing process, contradicting the oxidative stilessry of ageing, and favored the accelerated
aging phenotypes to the respiratory chain defeet psmary inducer of premature ageing in
those mice [283-285].

To further investigate the relationship between ostibndrial mutations and aging, a
quantitative PCR-based approach that relies on B@RIification of single molecules for
mutation detection was carried out. Results shotvatimutator mice had increased levels of
point mutations in tissues compared to wild-typ&jol had no obvious features of rapidly
accelerated aging. Therefore, results strongly estgthat mitochondrial point mutations do
not limit the lifespan of wild-type mice [286].

Despite some doubts raised by previous animal msoeeth mitochondrial mutations,
subsequent trials have been performed to furtherease our knowledge of the role of
mitochondria in diseases. More recently, a mousaenaarrying a mutation in the

mitochondrial Thymidine Kinase ZK2), which is essential for the mitochondrial nucides
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salvage pathway, was created [287, 288]. Resulbsvesth rapid and progressive mtDNA
depletion in all studied tissues, which is simtlapatients witrmtDNA-depletion syndromes
(MDS). In addition,a mouse model with two mutations in the mtDNA niotss, in the
MTND6 and MTCOI genes, was created [289]. Results showed that éleresMTND6
mutation was selectively eliminated during oogesasithin four generations, whereas the
milder MTCOI mutation was retained throughout multiple genereti [289]. This is
consistent with results from mutator mice whichwld strong purifying selection against

mutations within mtDNA protein-coding genes [290].

1.24 Cell culture model of mtDNA disease

In order to understand the functional consequeataspoint mutation in a specific gene, it is
necessary to determine the expression level of ghise, the assembly of the respiratory
complexes, and the enzyme activities [20Tijansmitochondrial cytoplasmic hybrids or
cybrids are the most widely used approach for thegestigations of mtDNA mutations;
especially after doubts have been raised agairstmtDNA-mutator mice. Cybrids are
generated by fusion of enucleated cytoplasts fratiept’'s cells, which harbor a mtDNA
mutation, with a human cell line lacking mtDNA®(p(Figure 1-12) and growing under
specific selection conditions [291]. Th& qells are either osteosarcoma or lung carcinoma
cells [38], which had been completely depleted tDNA by long-term exposure to ethidium
bromide and post-fusion are repopulated with thegerous patient mitochondria [292]. As
these Rhd cells have no functional respiratory chain and @ependent on pyruvate and
uridine for growth, loss of one or both of thesetabelic requirements can be used to select
for cybrids that have mtDNA [292].

Generally, this system has proved to be useful the study of the functional and
physiological consequence of different levels ofehgplasmy of certain mtDNA mutations
[208], for determining the effect of nuclear backgnd on the segregation of pathogenic
mtDNA mutations [293], for developing genetic thaes and for investigating heterologous

MtDNA recombination in human cells [294].

Although, most cybrid models are established usinguploid tumour cells (with abnormal
number of chromosomes), however, this may affeet $koichiometry of nuclear- and
mitochondrial-encoded RC subunits, therefore affigotxpression of phenotype [190] . Also,

tumour cells are dependent on glycolysis for engngduction instead of OXPHOS, while
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MtDNA disorders take place in highly aerobic cel®n, this may have an effect on the
phenotypic expression of an mtDNA mutation [295]. dddition, both the %cells and

cybridisation processes can cause significant aables up-regulation of many nuclear
transcripts involved in OXHOS which can explain winyvivo phenotypes are not always

expressed in aim vitro cybridsystem [296, 297]

1.25 Approaches to manage and treat mtDNA diseases

Although it has been more than two decades sineeidéntification of the first mtDNA
mutation and the subsequent identifications of sdvathers, there is currently no effective
treatment for mitochondrial diseases. Only symptalteviating treatments are available
[298]. The increased identification of MtDNA mutais and their involvement in diseases has
encouraged researchers to develop several methadartage mitochondrial diseases. One of
the issues, which has hindered the progress to these diseases, is the complicated
mitochondrial genetics and the varied expressadicali phenotypes associated with these

disorders.

Treatment for the relief of specific symptoms otauhondrial disorders include drugs, blood
transfusions, hemodialysis, invasive measures,esyrglietary measures and physiotherapy
[298]. The administration of different pharmmacatad and biochemical agents has shown to
be helpful. Those agents include antioxidants such as : core@zy10, idebenone, vitamin C,

and vitamin E. Some agents were used to improwue lacidosis such as: dichloroacetate and
dimethylglycine. Carnitine and creatine were useadrrect secondary biochemical defects.
Nicotinamide, riboflavin, succinate, and co-enzyri®Qvere used as respiratory chain co-
factors in addition to hormones [299]. However, lathhelpful, these approaches are not

curative.

The best approach would be to provide a safe afedtefe treatment to improve patients
lives if cures for the diseases are impossibleré&ise therapy is one of the approaches which
has shown great promise for improving physical cdapaand quality of life in patients with
heteroplasmic mtDNA mutations. This includes endaeatraining and resistance training.
Endurance training means the ability to exert yelfirfor a long period of time, while
resistance training or strength training meansnitngi against a specific opposing force.
Patients, who undertook 14 weeks endurance trainiage shown improved OXPHOS

functions but no change in muscle mtDNA mutatioesels were detected [300-302].
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Resistance training utilizes musculoskeletal logdguch as weight lifting, that is increased in
intensity or volume incrementally over time to irape strength and increase muscle mass . It
is believed to stimulate muscle regeneration veadatellite cells in response to fibre injury,
gave similar results with great improvement in th®portion of heteroplasmic mtDNA
mutations. Studies from 12 weeks resistance training in p&iaevith single, large-scale
MtDNA deletions have shown increased satellite @etportion with improvements in
muscular strength and oxidative capacity suggestisgange of the mtDNA mutation levels

to more wild-type in patients” muscles [303].

Moreover, anin vitro trial has been undertaken to manage mitochondrsgases via gene
therapy by shifting the levels of mtDNA mutatiomswild-type. This approach was based on
the inhibition of mutated mtDNA replication thereliycreasing the number of wild-type
copies of the mtDNA. This was carried out usingesilely targeted sequence-specific
nucleic acid derivatives such as peptide nucleidsa(PNAs), which areomplementary to
human mtDNA templates. The antigenomic PNAs spallff inhibited replication of the
mutated mtDNA but not the wild-type mtDN£onfirming the success of this approdaoh

vitro but the question remains, is it applicaini@ivo? [304].

Restriction endonucleases approach is another agipicapable of distinguishing between the
mutated and wild-type mtDNA, however, it is limitéd mutations which create a novel

cleavage site that is not present in the wild-tym®NA [190, 305]. Results from mouse

models carrying mtDNA mutations, which were injectavith transgenes, showed the
possibility of manipulating heteroplasmy levelsnafDNA in liver and muscle tissues [305].

A modified approach that targets and the mtDNA isemuence-specific manner using a
chimeric zinc finger methylase was achieved. Reduttm targeting the m.8993T>G (NARP)

revealed the selective methylation of cytosines@al)t to the mutation site confirming the
ability to disrupt the mutant mtDNA and maintaire tild-type mtDNA [306].

The recent discovery of the import system of tRNAsgher than protein import, is another
approach to manipulate defective mitochondria Isgareng the function of the mutant gene
[307]. This can be done by modifying or overexpressirggdbgnate aminoacyl synthetase of
the pathogenic mt-tRNA mutations [190]. Resultsnfraverexpressing of the cognate
aminoacyl synthetase of the mt-tRRAcausing the m.611G>A significantly improved the

aminoacylation state of this mutation [30@lso overexpression of mitochondrial leucyl-
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tRNA synthetase [309] and human mitochondrial vat®NA synthetase rescued
mitochondrial dysfunctions due to mutations in ¢bgnate mt-tRNAs [310].

Another alternative strategy is to prevent the dmaission of mtDNA disease. The
investigation of prenatal samples such as choriwiflies biopsy or amniocentesis is widely
used to detect the presence or absence of mtDNAtoas in such tissues [190]. In addition,
preimplantation genetic diagnosis (PGD), which imee screening for mtDNA mutations in
unfertilised oocytes or single cells removed froarlye embryos prior to implantation, is

another alternative approach.

Very recently, Cravemt al. showed that pronuclear transfer from one fertlibeman zygote

to another enucleated human zygote, with a diftematochondrial genotype, was compatible
with developmento the blastocyst stage aftervitro culturing [311]. Given that maternally

inherited mtDNA mutations require high mutation deato be reached before causing
biochemical defects [312] , this approach succdigsghowed the ability to manipulate human
embryos with very low levels of mutation loads, @hican not be detected by standard
techniques, below the disease threshold. This favpronuclear transfer with great promise

to prevent the transmission of mtDNA disease in &sn

However, some limitations or side effects mighsarfrom such approaches. For example,
MtDNA depletion was described to happen during piating heteroplasmy levels [305]
which may affect results as mtDNA copy numbers kmaw play a role in defining the
expression levels of phenotypes [207, 313]. Alsaery low percentage of carry-over of

mutant mtDNA associated with the pronuclear trans#1].

Despite previously mentioned limitations or sidieets; these findings show great promise in

preventing the transmission of diseases due to rAtDéfects.

1.26 Aims

This thesis introduces the reader to mitochondnapchondrial genetics, basic organellar
functions, and biology. | also describe mitochoaddiseases with reference to the variability
observed in their clinical phenotypes, and the irgree of both mitochondrial DNA
(mtDNA)-encoded and nuclear-encoded genes in ragglanitochondrial respiratory chain
function. This provides the reader with the necgssdormation to understand mechanisms
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involved in mitochondrial disease pathology, in iidd to understanding the functional

consequences due to specific defects in mtDNA.
Theoverall aims of this thesis are several fold:

1] to investigate a cohort of patients either conéid as having, or suspected to have, a
biochemical defect in complex | using a varietybaichemical, histochemical, and molecular
genetic approaches to confirm the involvement ddA mutations and prove pathogenicity

by assessing several cellular properties;

2] to investigate patients with mitochondrial disegohenotypes with suspected mt-tRNA

gene mutations, and demonstrate the pathogenicenaitthese novel mtDNA variants;

3] to evaluate whether the MitoChip (V2.0) is a reproblectool for detecting heteroplasmic,
pathogenic human mtDNA mutations which have preslpubeen identified using

conventional ABI sequencing protocols.
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Materials and methods
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Chapter 2 : Materials and methods

2.1 Materials
2.1.1 Equipment

Alphalmage series 2200 Software for gel imaging
ABI 3130xI Genetic Analyser (SeqScape software)
ABI GeneAMP 9700 Thermal cycler

Autoclave

Automated Plate reader E1x800

AxioCam MRS digital black and white camera
AxioVision image capture software (Version. 4.6)3.0
Axiovert 200M fluorescence microscope

Balance: Sartorius Basic

Bench-top centrifuge

Bench-top refrigerated centrifuge 5417R

Binder general purpose incubator

Cerenkov counter type 6-20

Cryostat (Cryo-star HM 560M)

Dry heat block

Electrophoresis power supply model 250EX
EPSON Expression 1680 pro (EPSON Scan software)

Freezing container
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Flowgen

|AgobBiosystems

Applied Biosystems

Astell

Bio-Tech

Zeiss

Zeiss

Zeiss

Sartorius

Sigma

Eppendorf

Philip Harris

Mini instruments

Microm International

Techne

Life textbgies

OBPS

Nalgene



Geiger counter series-900

Gel Dryer vacuum system model 543
GeneChip CustomSeq® Array 2.0
GeneChip scanner

Gradient maker SG series

Gradient mixer

Horizontal agarose gel electrophoresis systems
InCu saF&" CO; incubator

Leica laser-microdissection system
Magnetic stirrer

Microflow biological safety cabinet

Mighty Small Il SE250

Mini Instruments

BioRad

Affymetrix

Affymetrix

Hoefer® Inc

Hoefer ® Inc

Simaen

Sanyo

Leica

Fisher

Bioquell

GEHealthcare Life Sciences

NanoDrop ND-1000 spectrophotometer (ND-1000 soféarLabtech International

Partec PAS for flow cytometry

Peristaltic pump P-1

Phosphorimager, Storm 860 (Image Quant software)

Teflon-glass homogeniser (2ml)

UV gel documentation system

Varian cary 300 bio spectrophotometer (WinUV sofeya

Zeiss imaging system
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2.1.2 Consumables

0.2ml 96 well PCR plates StarLabs
0.2ml Eppendorf tubes Biogene
0.5ml Eppendorf tubes Biogene
1.5ml Eppendorf tubes Biogene
2.0ml Eppendorf tubes Biogene
96 well optical bottom plates Starlabs
Coverslips 22x50mm Merck
Cellstar disposable Pipettes (5ml, 10ml, and 25ml) Greiner

Cellstar tissue culture flasks (25%ri5cnf, and 225crf) Greiner

Cryo tubes (1.8ml) Nunc
Falcon tubes (15ml and 50ml) Costar
Gilson Pipetteman (P2, P10, P20, P200, and P1000) nackem
Microscope slides (76x26x1.0-1.2mm) Merck
Polyethylenenaphthalate (PEN) membrane slide Leica
SlideRite Mailef" CellPath
Tissue culture plates (6-well, 12-well, and 24-yell Cell Star
Whatman paper Merck
Whatman grade 1 filter paper Merck
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2.1.3 Chemicals and reagents

2.1.3.1 Tissue culture and mitochondrial protein peparations

25% Trypsin /[EDTA

Bromodeoxyuridine (BrdU)

Cytochalasin B

Dialyzed fetal calf serum

Dimethyl sulfoxide (DMSO)

Dulbecco’s modified Eagle Medium (DMEM)

Ethanol Analar

Fetal Bovine Serum

Iso-Pentane

Liquid nitrogen

MycoAlert® Mycoplasma detection kit

Nonidet P-40

O.C.T. compound

PEG 1500

Penicillin and Streptomycin solution (Pen-Strep)

Percoll

Phosphate Buffered Saline tablets

Protease inhibitors

Polyethylene glycol

a7

Invitrogen

Sigma

Sigma

Gibco

Sigma

Invitrogen

Merck

Invitrogen

Merck

BOC

Lonza

BDH

VWR

Roche

bcai

Amersham

OXOID

Roche

Roche



Uridine Sigma
2.1.3.2 Histological and histochemical reagents
3.3'Diaminobenzidine tetrahydrochloride (DAB) Sigma
Calcium Chloride Sigma
Catalase Sigma
Cytochromec Sigma
Di-Sodium Hydrogen Phosphate Sigma
DPX mountant Sigma
Eosin solution Merck

Ethanol Analar

Formaldehyde

Haematoxylin solution

Histoclea™

HRP-Polymer

Liquid stable DAB chromogen

Liquid stable DAB substrate buffer

Nitro Blue Tetrazolium

Paraformaldehyde (PFA)

Phenazine methosulphate (PMS)

Sodium Azide

Fisher Scientific

Merck

Merck

National Diagnostics

MenaPath

MenaPath

MenaPath

Sigma

Sigma

Sigma

Sigma
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Sodium Dihydrogen Phosphate BDH
Sodium Succinate Sigma

Universal probe MenaPath

2.1.3.3 Extraction, precipitation and purification reagents

3M Sodium acetate pH5.2 Sigma
EZ1 Blood DNA Extraction kit QIAGEN
Chloroform Sigma
Ethylenediaminetetracetic acid (EDTA) Sigma
Hydrochloric acid (HCI) BDH
Isoamyl alcohol Sigma
Isopropanol Sigma
Magnesium Chloride (MgG) Sigma
Phenol Sigma
Potassium Chloride (KCI) Sigma
Proteinase K Invitrogen
Sodium Chloride (NacCl) BDH
Sodium Hydroxide (NaOH) BDH
Trizma base Sigma

2.1.3.4 Gel electrophoresis reagents

1 Kb DNA ladder Gibco BRL

Agarose MP Roche
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Ammonium Persulphate (AMPS)

Bromophenol Blue

Butanol

Ethidium Bromide

Glycerol

Hyperladder IV

Kaleidoscope Pre-stained standards

N,N,N"N"-tetramethylenediamine (TEMED)

Sodium dodecyl sulphate (SDS)

Sodium hydroxide (NaOH)

Tris-acetate EDTA (10xTAE)

Tris-borate EDTA (10xTBE)

Trizma base

Xylene cyanol

Sigma

Sigma

AnalaR

Merck

Sigma

Bioline

BioRad

Sigma

BDH

BDH

Sigma

Sigma

Sigma

Sigma

2.1.3.5 Polymerase chain reaction and sequencingagents

10x PCR Buffer

AmpliTaq Gold DNA polymerase

BigDye terminator v3.1 cycle sequencing kit

Dexoynucleotide triphosphates

DNA oligonucleotide synthesis primers
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ExoSAP-IT GE Healthcare

Expand long range Roche

HiDi Applied Biosystems
Taq DNA polymerase New England Biolabs
TagMan master universal PCR master mix Applied BtEms

2.1.3.6 PCR-RFLP reagents

[a-*2P]-dCTP (3,000 Ci/mmol) Amersham Pharmacia
Acrylamide:bisacrylamide 29:1 40% Amresco
Ammonium Acetate BDH

Agel New England Biolabs
Alul New England Biolabs
Bbsl New England Biolabs
Dral New England Biolabs
FundHI New England Biolabs
Haelll New England Biolabs
Hinfl New England Biolabs
Maelll New England Biolabs
Mn1l New England Biolabs
Pellet Paint® Co-Precipitant Novagen
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2.1.3.7 Western blot reagents

3-[cyclohexylamino]-1-propanesulphonic acid (CAPS) Sigma

Acrylamide:bisacrylamide (29:1) 30% Amresco
Bradford assay kit Biorad

Dried skimmed milk Premier Int. Foods Ltd.
ECL-Plus Western detection kit Amersham
Expand long template PCR system Roche
Glycine Sigma
Immobilon transfer membrane Millipore
Methanol Fisher Scientific
Mouse anti beta actin antibody Dako

Mouse anti Complex | subunit GRIM-19 MitoSciences
Mouse anti-OXPHOS complex | -20 MitoSciences
Mouse anti-OXPHOS complex | -30 MitoSciences
Mouse anti-OXPHOS complex 11-70 Invitrogen
Poloxyethylenesorbitan monolaurate (Tween 20) Sigma
B-mercaptoethanol Sigma

Rabbit anti-mouse horse radish peroxidase Dako
Rabbit IgG secondary antibody-HRP Abcam
Rabbit polyclonal IgG Anti-MnSOD Upstate
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2.1.3.8 Blue-Native PAGE reagents

AminoCaporic acid Sigma
Bis-Tris Sigma
Digitonin Fluka
Hydrochloric Acid (HCL) BDH
Laurylmaltoside (n-Dodecy—D-maltoside) Sigma
Nitro tetrazolium Blue (NBT) Sigma

Reduced nicotine amide adenine dinucleotide (NADH)  Sigma
Serva Blue G-250 AMS Biotechnology
Tricine Sigma

2.1.3.9 Respiratory chain complex measurement reagfs

Acetyl Coenzyme Sigma
Albumin bovine serum (BSA) Sigma
Antimycin A Sigma
Digitonin Fluka

2, 6-dichlorophenolindophenol (DCPIP) Sigma

5, 5 -dithio-bis-(2-nitobenzoic acid) (DTNB) Sigma
Ethylenediaminetetracetic acid (EDTA) USB Corp.

Ethyleneglycolbisf§-aminoethyl ether)-N, N, N°, N-

tetraacetic acid (EGTA) Sigma
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4-(2-hydroxyethyl) piperazine-1-(2-ethanesulfoncaia

(HEPES) Sigma
Oxaloacetic acid Sigma
Potassium Bicarbonate (KHGD Sigma
Potassium Cyanide (KCN) Sigma
Potassium Chloride (KCL) Sigma
Potassium phosphate (KIPOy) Sigma
Rotenone Sigma
Sodium succinate Triton X-100 Sigma
Sucrose BDH
Ubiquinone-1 Sigma

2.1.3.10 Flow cytometry reagents

Dihydrorhodamine128DHR) Molecular Probes

(5,5, 6,6'-tetrachloro-1,1', 3,3'- tetraethylbemailazolylcarbocyanine-

iodide (JC1) Molecular Probes
MitoSOX Molecular Probes
10-n-nonyl-acridine (NAO) Molecular Probes

2.1.3.11 The GeneChip human resequencing array 2.@agents

GeneChip® Resequencing Assay Kit Affymetrix
GeneChip® Resequencing Reagent Kit Affymetrix
LA PCR Kit Ver. 2.1 kit TaKaRa Bio Inc.
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DNA Amplification Clean-Up Kit Clontech

2.1.4 Solutions

Nanopure (18 MegaOhms activity) water was useddpare the solutions listed below. In

some cases, distilled water was used as specified.

Medium B

120mM KCI,20mM HEPES,5mM MgGLlmM EGTA,5mg/ml BSA

DNA loading buffer

0.25% (w/v) Bromophenol Blue, 0.25% (w/v) Xylenedadypl, 30% (v/v) Glycerol

Electrophoresis buffer

100ml 10x TAE, 900ml water, 80ul ethidium bromide

Separating gel (Western bjot

3.75ml of 30% acrylamide (acrylamide:bisacrylami@@:1)) , 2.81 ml 1M separating buffer,
0.82ml d.HO, 37.5ul 20% SDS,75ul 10% AMPS,7.5 ul TEMED

Western blot stacking gel

0.67ml of 30% acrylamide (acrylamide:bisacrylam{@@:1)), 0.25ml 0.5M stacking buffer,
4.05ml d.HO, 25 pl 20% SDS, 25 pul 10% AMPS,5 pl TEMED

Lysis buffer

(170ul of I50mM Tris/HCI, 150mM NaCl, 2mM Mgg)l 28ul of 7x Roche protease inhibitors
(1tablet in 1.5ml ofl.H,O), 21l Nonidet P-40

5% Milk solution in TTBS

5g skimmed milk powder, 100ml TTBS

1M Phosphate buffer
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Buffer A: 3.12g ofSodium dihydrogen phosphate (N&,2 (H,O)) in 50ml d.HO
Buffer B: 14.15g oDisodium hydrogen phosphate @R Q) in 250mid.H,O
1M Phosphate buffer: 4445 of buffer A + 202.5 of buffer B up to 500ml with d.;O.

4% Paraformaldehyde (pH 7.4):

500ml ofd.H,O (65°C), 40g ofParaformaldehydeirops of 1M NaOH500mI of 1M
phosphate buffer

1X Phosphate buffered saline

1 tablet of Phosphate Buffered Saline in 100ml wate

Western blot Running buffer (pH 8.8 with 5M HCI):

3g Trizma base, 14.4g Glycine, 1g SDS, Water ufi_to

Western Blot transfer buffer:

6g Trizma base, 28.8g Glycine, 0.02% SDS, 15% MwthaVater up to 1L

Western Blot sample buffer:

10ml Stacking buffer, 4ml Glycerol, 4ml 20% SDS)Zgy Bromophenol blue, 2ml water

Western blot separating buffer (1M Tris-HCI pH, &#&h 5M HCI):

60.55g Trizma base in 500ml water

Western blot stacking buffer (0.5M Tris-HCI, pH &&h 5M HCI):

30.275g trizma base in 500ml water
TTBSpH 7.6
2.42g Trizma base in 1l water, 8g NaCl, 0.1% Twaendrops of 1M NaOH

BN-PAGE anode buffer (50 mM Bis-Tris; pH 7.0 witM3HCI):
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19.68g AminoCaproic Acid, 3.1386g Bis-Tris, 100ndter

BN-PAGE cathode buffer A (15mM Bis-Tris; 50mM Tmei; 0.02% Serva Blue G-250; pH
7.0 with 5M HCI ):

1.57g Bis-Tris, 4.48g Tricine, 0.1g Serva Blue G®25bL water

BN-PAGE cathode buffer B (15 mM Bis-Tris;: 50 mM dine; pH 7.0 with 5M HCI):

1.57g Bis-Tris, 4.48g Tricine, 1L water

BN-PAGE transfer buffer (25mM Tris, 192mM Glyciri&)% methanol, 0.02% SDS, pH 8.2
with 5M HCI ):

5.249 Tris, 14.449g Glycine, 200ml methanol, 1ml 28%S, 799ml water

BN-PAGE sample buffer (750mM AminoCaproic acid, 3@nricine, 0.5mM EDTA, 0.02%
Serva blue G-250, pH 7.0 with 5M HCI):

3.75ml of 2M AminoCaproic acid, 1.0ml of 500mM Bisis, 0.05ml 100mM EDTA, 0.5g
Serva Blue G-250, 10ml water

BN-PAGE dissociation solution (1% SDS and g%nmercaptoethanol):

0.5ml 20% SDS, 0.1nB-mercaptoethanol, 10ml water

2.2 Methods
2.2.1 DNA Extraction

Often patient blood, buccal, muscle, and urine DBEmples arrived at the lab already
extracted; if not, DNA was extracted. When fibraigafrom patients were provided, DNA

was extracted from fibroblasts cultured in 25dtasks.

2.2.1.1 Total DNA extraction from fibroblasts

Harvested cell pellets were washed twice with 1XRAS8, following the last wash, cells were
resuspended in 2ml of 1XPBS and centrifuged atsjpdled (13000 rpm for 10 minutes). The
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resulting pellets were resuspended in 400ul TE/KR5:75) before 50ul of 10% SDS and
50ul of proteinase K (20mg/ml) were added. Sampker® then incubated overnight afG7

The following day one volume (500ul) of Phenol wadded to the cell lysate to remove
proteins. Samples were vortexed briefly, centritbgg full speed for 5 minutes at room
temperature, and the upper aqueous layer was rehtova clean 1.5 ml eppendorf tube. A
mix of 250ul of phenol and 250ul of chloroform: asoyl alcohol (24:1) was added, vortexed,
and the samples centrifuged at full speed agairbfarinutes. Samples were again washed
with 500ul chloroform: isoamyl alcohol and centgéd at full speed for 10 minutes. The
agueous layer, 500ul, was moved to a clean 2mirgjgpetube and 50ul of 3M NaAc, pH 5.2
and 1ml of absolute ethanol were added, then samysee frozen at -8C for more than an
hour. Samples were centrifuged at 208X¥@r 10 minutes and the resulting pellets were
washed with 70% ethanol. Samples were spun dowim dga5 minutes at full speed, the
supernatants were removed, and the pellets weveveadl to air-dry for 10 minutes. Finally,
DNA was resuspended in an appropriate volume off®25TE/HO to give a final
concentration of ~ 100ng/ml. DNA concentration wapiantiied by ND-1000
spectrophotometer.

2.2.1.2 Total DNA extraction from blood

EZ1 Blood DNA extraction Kit was used to extract BIRtom 5ml blood sample according to
the manufacturer’'s protocol. Extracted DNA was sgpanded in an appropriate amount of
TE/dH,O (25:75) according to the pellet size to give malficoncentration of 100ng/ml.

Samples were stored at °20

2.2.1.3 Total DNA extraction from hair

Hair follicles were carefully dissected into 1.5egpendorf tubes and then 30ul of Tris-EDTA
buffer pH 7.4 were added. Samples were centrifuafeti4000rpm for 10 minutes at room
temperature. Supernatants were removed and 1@pNAfextraction buffer (50mM Tris-HCI
pH8.5, IMMEDTA, 0.5% Tween 20 (containing 200ugprdteinase K) were added to the
pellets. Samples were incubated af&or 2 hours, during which time samples were
centrifuged every 15 minutes. After 2 hours, tulvese centrifuged at 14000rpm for 1 minute
at room temperature and incubated 29 inactivate the proteinase K.
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2.2.1.4 Total DNA extraction from single muscle fikes

COX/SDH stained PEN membrane slides were alloweairtary for 1 hour prior dissecting
single-muscle fibres for analysis. Fibres with nafnhistochemical COX activity (COX
positive) and abnormal COX activity (COX deficiemtgre randomly selected and dissected
from the sections using the Leica laser micro-disge system. To isolate total DNA from
single muscle fibres, single cells were cut intpasate sterile 0.5ml tubes and centrifuged at
full speed for 10 minutes. 10-30ul of cell lysisfiea (0.5M Tris-HCL, pH8.5, 1mM EDTA,
0.5% Tween-20, and 200ng/ml proteinase K) were éddecells, incubated at %5 for 2
hours followed by 10 minute incubation af@%o facilitate proteinase K inactivation.

2.2.1.5 Total DNA extraction from homogenate tissue

A DNAeasy tissue extraction kit was used to extistA from ~25mg of homogenate tissue
according to the manufacturer’s protocol. Extradd®dA was resuspended in an appropriate
amount of TE/dHO (25:75) according to the pellet size to give ralficoncentration of ~
100ng/ ul and stored at -2,

2.2.1.6 Total DNA extraction from urine sediment

Phenol/Chloroform extraction was used to extractADidom urine sediment. Urine samples
were centrifuged at 6000rpm for 10 minutes anddingernatant removed. The pellet cells
were incubated overnight at 7 in Proteinase K (0.5mg/ml) diluted in TNES bufér5M
Tris-HCI pH 7.4, 1mM EDTA, 0.1M NacCl, 1%SDS).

The following day, one volume (500ul) of Phenol wadded to the samples to remove
proteins. Samples were vortexed briefly and carggtl at full speed for 5 minutes at room
temperature. The upper aqueous layer was removadctean 1.5 ml eppendorf tube and a
mix of 250ul of phenol and 250ul of chloroform: asoyl alcohol (24:1) was added prior to

vortexing and centrifugation at full speed for Snotes. Samples were again washed with
500ul chloroform: isoamyl alcohol and centrifugedudl speed for 10 minutes. The agueous
layer (500ul) was moved to a clean 2 ml eppenddyé tand 50ul of 3M NaAc, pH 5.2 and

1ml of absolute ethanol were added. Samples wereftbzen at -8t for more than an hour.

Samples were centrifuged at 2081fbr 10 minutes and pellets were washed with 70%
ethanol then spun down for Sminutes at full spe&agbernatants were removed and pellets

were allowed to air-dry for 10 minutes. FinallyetBNA was resuspended in an appropriate
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volume of 25:75 TE/BD to give a final concentration of 100ng/ml. DNAncentration was

guantified as previously described (section 2.2.1.1

2.2.2 DNA quantification

A NanoDrop ND-1000 spectrophotometer and ND-10G8vsme was used to quantify 1l of
the extracted DNA.This software calculates and ldisp Acsd/A2go ratios to determine both

DNA concentration and quality.

2.2.3 Preparation of human muscle tissue

Iso-pentane was pre-cooled to -360n liquid nitrogenand muscle tissue was placed on
Whatman grade 1 filter paper using OCT as an adéedihis was then rapidly frozen by
immersion in pre-cooled iso-pentane for 15 secoRoszen tissue was transported in a liquid
nitrogen container and stored at °80 To cut sections for histological and histochexhic
staining, a Cryo-star HM 560M cryostat was used; ititernal temperature was set at°@9
and the knife at -2’C.

2.2.4 Tissue culture

A humidified incubator was used to incubate allscat 37C with 5% CQ. All procedures
were performed using aseptic techniques, steril@ipetent and reagents in a Class Il
biological cabinet. Periodically, cells were testied possible Mycoplasma contamination

using a MycoAlert® mycoplasma detection kit accogdio the manufacturer’s instructions

2.2.4.1 Cell manipulations

Patients’ cultured skin fibroblasts, either frormefiquid nitrogen or referred for investigation,
were grown in Dulbecco’s Modified Eagle Medium slgopented with 10% fetal calf serum,
25mg/ml uridine and 1% penicillin-streptomycin.

2.2.4.2 Cell passaging and harvesting

Both medium and trypsin were pre-warmed atC3ih the incubator prior to use. Cells were
washed with 1xPBS. Depending on the size of flasKjcient trypsin was added to cover the
surface of the flask, which was then incubated7?C3incubator for 1-2 minutes to dislodge

the cells from the flask. Complete growth mediunswedded to prevent further proteolysis by

quenching the trypsin
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To continue growing the cells, they were split im@w flasks, supplemented with complete
medium, according to the density of cells. Mediuaswhanged every 3-4 days depending on

the speed of cell growth.

Alternatively, cells were harvested at this stageahalysis after washing twice with 1XPBS.
Following each wash, cells were pelleted by camgation at 1200 rpm for 3 minutes at room

temperature and supernatant was aspirated off.

2.2.4.3 Freezing cells

To freeze cells down, they were harvested as pusljodescribed and pellets were
resuspended in freezing media containing fetal sadim and 10% DMSO. 1ml of freezing
media was added to 90% confluent cells from 75ftask in 1.8ml Cryo tubes. Aliquots were
frozen at -88C and then transferred to liquid nitrogen for Idegn storage the following day.

2.2.5 Generation of cybrids

Transmitochondrial cytoplasmic hybrids (cybrids) werengeated by fusing the enucleated
patents’ fibroblasts (cytoplasts) with the osteosara cellline 143BTK (¥ ) which was
entirely depleted of mtDNA following long-term ex@ge to low concentrations of ethidium
bromide [292].

One day before starting the fusion, 20ml of a 1it af DMEM (10%FCS, 1% Pen-Strep,
25mg/ml uridine) and Percoll was prepared and albbwo equilibrate at 3T overnight.
Confluent fibroblasts were harvested as previodskcribed (section 2.2.4.2) and enucleated
using Percoll isopycnic gradient as described i[3Harvested cells were washed in 1xPBS
and resuspended in the DMEM/Percoll mix. 80ul dbchalasin B (5mg/ml in DMSO) were
added and samples were centrifuged 8€X6r 70 minutes at 16500 rpm for enucleation. The
cytoplast layer was collected, washed with DMEMqytaéuged at 656 for 10 minutes and
the resulting pellet was resuspended in10ml of DMENnfluent Jcells were harvested and
resuspended in 5ml DMEM. Then both cytoplasts afictglls were mixed thoroughly,
aliquoted evenly in two 25chilasks and allowed to attach for 4-5 hours &iC37TCells were
washed with serum free DMEM twice, 1.5ml of Polyd¢ime Glycol (PEG) 1500 was added
to each flask, agitated for 1 minute, and cellshedsagain with serum free DMEM three
times. 10ml of DMEM were added to each flask antlscaere then incubated at %7

overnight.
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The following day, cells were harvested, resuspénthe 100ml of DMEM, and evenly
aliquoted into four 24-well cell culture plates (well). The following day, DMEM was
removed and replaced with uridine-free selection HMM containing 10% dialyzed FCS,
100pg/ml BrdU and 1% Pen-Strep to select cybridgufe 2-1).

After the appearance of colonies, these were haderesuspended in selection medium and
aliquoted into 6-well cell culture plates. Finalthe colonies were selected and expanded in

12-well and then 24-well plates.
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Figure 2-1 Theestablishment ctransmitochondrid cytoplasmic hybrids (Cybrids

This diagram illustrates the procedure for theaoh oftransmitochondrial cell lines. The mitochondrial dor
cells, which are thymidine kinase positive (*) and are able to synthesize uridylic acid *), are enucleated
and mixed with the recipient 143B - Rhd cells, which are TKand UR. The cytoplasts are fused with F°
cells in the presence of Polyethylene Glycol (PE&)0 Thetransmitochondrial cells are then selected from
resulting populations by their ability to grow imetabsence of uridine (to select for mitochondtiakttion) anc

in the presence of bromoabeyuridine (BrdU to select against cell hybrids and donor ce
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2.2.6 Mitochondrial genome sequencing

DNA from extracted samples was used to amplifyghtire mitochondrial genome by PCR.
Samples with a DNA concentration lower than 100hgiere amplified using two rounds of
PCR, while samples with a DNA concentration eqoal®0ng/ul or higher were amplified
using a second round of PCR amplification.

2.2.6.1 The first round PCR amplification

This PCR was carried out using nine fragments eflapping primer pairs (Table 2-1), which
have an identical annealing temperatur€@Q@o avoid any variation in PCR program. Primer

sequences were based on the revised CambridgeeRe¢eBequence (rCRS) [252].

The PCR reactions were performed in total volume50fil, containing 2ul DNA as a
template, 5ul of 10X dNTPs, 5ul of 10X PCR buffgul of 25mM MgC} solution, 1.5ul of
20uM forward primer, 1.5ul of 20uM reverse primand 0.35 of AmpliTag Gold DNA
polymerase. PCR-graded gbiwas added to make a final reaction volume of 50ul

The PCR cycling conditions for the amplificatiorclinded an initial denaturation at ‘@ for
10 minutes to activate the polymerase followed Byc$cles at 9% denaturation for 45
seconds, 6 primer annealing for 45 seconds, andC7primer extension for 2 minutes.
Lastly, final extension at 7€ for 8 minutes was included. In all cases a pasitontrol and a
negative control (no DNA) were included. The firsuind PCR products were diluted 1/3 in

sterile water prior to being used as DNA templatettie second round PCR amplification.

2.2.6.2 The second round PCR amplification

Amplification was carried out using 36 overlappipgrs of primers with a similar annealing
temperature (6C). In addition, they were engineered to be taggigld universal M13-tails to
facilitate sequencing of the PCR products (Tab®.2Fhe M13 forward primer sequence was
5-TGTAAAACGACGGCCAGT-3 and the reverse primer Mi&8g sequence was 5'-
CAGGAAACAGCTATGACC-3. The PCR products from thersi round PCR and other
DNA samples for PCR were used as DNA templatesdoond round PCR.
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Table 2-1 First round PCR primer sequences.

Mitochondrial First Round Primer Sequences

Fragment Sequence Position
Forward 5'-GCTCACATCACCCCATAAAC-3’ 627 - 646
A
Reverse 5'-GATTACTCCGGTCTGAACTC-3’ 3087 - 3068
Forward 5'-ACCAACAAGTCATTATTACCC-3 2395 - 2415
B
Reverse 5-TGAGGAAATACTTGATGGCAG-3’ 4653 - 4633
Forward 5'-CCGTCATCTACTCTACCATC-3 4489 - 4508
C
Reverse 5'-GGACGGATCAGACGAAGAG-3’ 6468 - 6450
Forward 5'-AATACCCATCATAATCGGAGG-3 6113 - 6133
D
Reverse 5'-GGTGATGAGGAATAGTGTAAG-3’ 8437 - 8417
Forward 5-TCAATGCTCTGAAATCTGTGG -3’ 8167 - 8187
E
Reverse 5'-TCGAAGCCGCACTCGTAAG-3' 10103 - 1016
Forward 5-ACTTCACGTCATTATTGGCTC-3 9821 - 9841
F
Reverse 5-ATAGGAGGAGAATGGGGGATAG-3 12101 - 1208
Forward 5-ACTGTGCTAGTAACCACGTTC-3 11866 - 1188
G
Reverse 5'-GGTAGAATCCGAGTATGTTGG-3 13924 - 1390
Forward 5-TATTCGCAGGATTTCTCATTAC-3’ 13721 - 13747
H
Reverse 5'-GTGCTAATGGTGGAGTTAAAG-3’ 15989 - 1596
Forward 5'-CCCATCCTCCATATATCCAAAC -3’ 15695 - 1568(
I
Reverse 5-GGTTAGTATAGCTTAGTTAAAC-3’ 868 - 847
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Table 2-2 Sequence of the second round PCR primers.

Mitochondrial Second Round primer sequences
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Fragment Sequence Base pa
1 Forward | 5. TGTAAAACGACGGCCAGTTCACCCTCTAAATCACCAG-3’ 721 -740
Reverse| 5.CAGGAAACAGCTATGACOGATGGCGGTATATAGGCTGAG-3' | 1268 - 124

5 Forward | 5. TGTAAAACGACGGCCAGTITAAAACTCAAAGGACCTGGC-3" | 1157 - 1177
Reverse| 5. CAGGAAACAGCTATGACOCTGGTAGTAAGGTGGAGTGGG-3"| 1709 - 168

3 Forward | 5. TGTAAAACGACGGCCAGTAACTTAACTTGACCGCTCTGAG-3"| 1650 - 1671
Reverse| 5°-CAGGAAACAGCTATGACCATTGGTGGCTGCTTTTAGG-3" 2193 - 217

4 Forward | 5. TGTAAAACGACGGCCAGTACTGTTAGTCCAAAGAGGAAC-3" | 2091 - 2111
Reverse| 5°-CAGGAAACAGCTATGACCTCGTGGAGCCATTCATACAG-3' 2644 - 262

5 Forward | 5. TGTAAAACGACGGCCAGTCAGTGACACATGTTTAACGGC-3" | 2549 - 256¢
Reverse| 5°.CAGGAAACAGCTATGACOGATTACTCCGGTCTGAACTC-3" 3087 - 306

6 Forward | 5. TGTAAAACGACGGCCAGTCAGCCGCTATTAAAGGTTCG-3' 3017 - 303
Reverse| 5°.CAGGAAACAGCTATGACOGGAGGGGGGTTCATAGTAG-3 3574 - 355

7 Forward | 5°-TGTAAAACGACGGCCAGTACCATCACCCTCTACATCAC-3" 3505 - 3524
Reverse| 5-CAGGAAACAGCTATGACCAGAGTGCGTCATATGTTGTTC-3' | 4057 - 403

8 Forward | 5°-TGTAAAACGACGGCCAGTTCGCCCTATTCTTCATAGCC-3 3965 - 398
Reverse| 5°-CAGGAAACAGCTATGACOGTTTATTTCTAGGCCTACTCAG-3" | 4577 - 455

9 Forward | 5. TGTAAAACGACGGCCAGTACACTCATCACAGCGCTAAG-3' 4518 - 453]
Reverse| 5. CAGGAAACAGCTATGACOGATTTTGCGTAGCTGGGTTTG-3' 5003 - 498

10 Forward | 5. TGTAAAACGACGGCCAGTCTCACTCTCTCAATCTTATCC-3' 4932 - 495
Reverse| 5.CAGGAAACAGCTATGACCTGTAGGAGTAGCGTGGTAAGG-3' | 5481 - 546

11 Forward | 5. TGTAAAACGACGGCCAGTACCTCAATCACACTACTCCC-3' 5367 - 5384
Reverse| 5. CAGGAAACAGCTATGACCTAGTCAACGGTCGGCGAAC-3' 5924 - 590

12 Forward | 5. TGTAAAACGACGGCCAGTAGATTTACAGTCCAATGCTTC-3" 5855 - 5874
Reverse| 5°.CAGGAAACAGCTATGACCATGGCAGGGGGTTTTATATTG-3' | 6430 - 641

13 Forward | 5. TGTAAAACGACGGCCAGTTAGCAGGTGTCTCCTCTATC-3' 6358 - 637

Reverse| 5°.CAGGAAACAGCTATGACCAAGAAAGATGAATCCTAGGGC-3 | 6944 - 6924

14 Forward | 5. TGTAAAACGACGGCCAGTATTTAGCTGACTCGCCACAC-3' 6863 - 688

Reverse| 5°-CAGGAAACAGCTATGACQCATCCATATAGTCACTCCAGG-3' | 7396 - 7374

15 Forward | 5. TGTAAAACGACGGCCAGTGGCTCATTCATTTCTCTAACAG-3" | 7272 - 7291
Reverse| 5°.CAGGAAACAGCTATGACOGGCAGGATAGTTCAGACGG-3' 7791 -777

16 Forward | 5. TGTAAAACGACGGCCAGTTCCTAACACTCACAACAAAAC-3" | 7713 - 7723
Reverse| 5°.CAGGAAACAGCTATGACCTACAGTGGGCTCTAGAGGG-3' 8301 - 828

17 Forward | 5°-TGTAAAACGACGGCCAGTACAGTTTCATGCCCATCGTC-3' 8196 - 821

Reverse| 5-CAGGAAACAGCTATGACOGTATAAGAGATCAGGTTCGTC-3' | 8740 - 872

18 Forward| 5°-TGTAAAACGACGGCCAGTACCACCCAACAATGACTAATC-3" | 8656 - 8676
Reverse| 5-CAGGAAACAGCTATGACOGTTGTCGTGCAGGTAGAGG-3 9201 - 918
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Mitochondrial Second Round primer sequences

Fragment Sequence Base pairg
19 Forward | 5" TGTAAAACGACGGCCAGTATCCTAGAAATCGCTGTCGC-3' 9127 - 9146
Reverse| 5°.CAGGAAACAGCTATGACCATTAGACTATGGTGAGCTCAG-3’ 9661 - 9641
20 Forward | 5. TGTAAAACGACGGCCAGTCATCCGTATTACTCGCATCAG-3’ 9607 - 9627
Reverse | 5°.CAGGAAACAGCTATGACCTAGCCGTTGAGTTGTGGTAG-3' 10147 - 10128
21 Forward | 5" TGTAAAACGACGGCCAGTCAACACCCTCCTAGCCTTAC-3 10085 -10104
Reverse| 5°-.CAGGAAACAGCTATGACCAGGCACAATATTGGCTAAGAG-3’ 10649 - 10629
29 Forward | 5" TGTAAAACGACGGCCAGTATCGCTCACACCTCATATCC-3' 10534 - 10553
Reverse| 5°.CAGGAAACAGCTATGACCATGATTAGTTCTGTGGCTGTG-3' 11109 - 11084
23 Forward | 5" TGTAAAACGACGGCCAGTTATCCAGTGAACCACTATCAC-3' 11010 - 11030
Reverse| 5°CAGGAAACAGCTATGACCTAGGTCTGTTTGTCGTAGGC-3' 11605 - 11586
24 Forward | 5" TGTAAAACGACGGCCAGTTCCTTGTACTATCCCTATGAG-3' 11541 - 11561
Reverse| 5°.CAGGAAACAGCTATGACOCGTGTGAATGAGGGTTTTATG-3' 12054 - 12034
o5 Forward | 5" TGTAAAACGACGGCCAGTCTCCCTCTACATATTTACCAC-3’ 11977 - 11997
Reverse | 5°.CAGGAAACAGCTATGACOGTGGCTCAGTGTCAGTTCG-3" 12545 - 1252y
26 Forward | 5" TGTAAAACGACGGCCAGTCTCTTCCCCACAACAATATTC-3' 12478 - 12498
Reverse| 5°.CAGGAAACAGCTATGACOCTGATTTGCCTGCTGCTGC-3" 13009 - 12991
27 Forward | 5" TGTAAAACGACGGCCAGTGCCCTTCTAAACGCTAATCC-3' 12940 - 12954
Reverse | 5°.CAGGAAACAGCTATGACOGGGAGGTTGAAGTGAGAGG-3' 13453 - 13434
28 Forward | 5" TGTAAAACGACGGCCAGTCGGGTCCATCATCCACAAC-3’ 13365 - 13383
Reverse | 5°.CAGGAAACAGCTATGACCGTTAGGTAGTTGAGGTCTAGG-3' 13859 - 13834
29 Forward | 5" TGTAAAACGACGGCCAGTACCTAAAACTCACAGCCCTC-3' 13790 - 13809
Reverse | 5°.CAGGAAACAGCTATGACCAGGATTGGTGCTGTGGGTG-3" 14374 - 14356
30 Forward | 5°. TGTAAAACGACGGCCAGTATTAAAGTTTACCACAACCACC-3" 14317 - 14341
Reverse | 5°.CAGGAAACAGCTATGACCAAGGAGTGAGCCGAAGTTTC-3' 14857 - 14834
31 Forward | 5" TGTAAAACGACGGCCAGTATTCATCGACCTCCCCACC-3' 14797 - 1481%
Reverse| 5°.CAGGAAACAGCTATGACOGGTTGTTTGATCCCGTTTCG-3' 15368 - 15349
32 Forward | 5. TGTAAAACGACGGCCAGTCATCTTGCCCTTCATTATTGC-3' 15295 - 15314
Reverse | 5°.CAGGAAACAGCTATGACCTACAAGGACAGGCCCATTTG-3' 15896 - 15877
D1 Forward | 5°. TGTAAAACGACGGCCAGTATCGGAGGACAACCAGTAAG-3’ 15758 - 15777
Reverse| 5°-.CAGGAAACAGCTATGACCAGGGTGATAGACCTGTGATC-3' 019 - 001
D2 Forward | 5" TGTAAAACGACGGCCAGTCTCAACTATCACACATCAACTG-3' 16223 - 16244
Reverse| 5°CAGGAAACAGCTATGACCAGATACTGCGACATAGGGTG-3' 129 - 110
D3 Forward | 5" TGTAAAACGACGGCCAGTCCTTAAATAAGACATCACGATG-3' 16548 - 16569
Reverse | 5°.CAGGAAACAGCTATGACCCTGGTTAGGCTGGTGTTAGG-3' 389 - 370
D4 Forward | 5" TGTAAAACGACGGCCAGTGCCACAGCACTTAAACACATC-3 323-343
Reverse | 5°.CAGGAAACAGCTATGACCTGCTGCGTGCTTGATGCTTG-3' 771 - 752

The bold sequence in each primer highlights thevesit M13-tag.
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The PCR reactions were performed in total volum25pfl containing 1l DNA as template at
~100ng/ul concentration, 2.5ul of 10X dNTPs, 2.9#110X PCR buffer, 1pl of 20uM
forward primer, 1l of 20uM reverse primer, and3ullof AmpliTaq Gold DNA polymerase.

PCR-graded dbO was added to make a final reaction volume of 25ul

PCR cycling conditions for the amplification inckdl an initial denaturation at 9 for 10
minutes to activate the polymerase followed by @€les at 94C denaturation for 45 seconds,
58C primer annealing for 45 seconds, and®C7rimer extension for 1 minute. Lastly,
amplification was allowed for final extension afZZor 8 minutes. In all cases a positive and
negative control, which had no DNA, were includedhe PCR amplification set up.

2.2.7 Agarose gel electrophoresis

Upon amplification, 5ul of PCR products were inigatted by running samples on 1.5%
agarose gels together with Hyperladder IV to comfamplification and product size. The
1.5% agarose gel was prepared by mixing 1.5g ofosgaand 100ml of 1XTAE buffer

containing 5ug/ml ethidium bromide; this was micemed for around 2 minutes. Agarose
was allowed to cool to 8Q, poured into a sealed casting tray into which-fegming combs

were inserted. 1XTAE buffer was added to the tamnt5ul of PCR product and 5ul of
Hyperladder IV were individually mixed with 0.5-1pf 10X loading buffer and loaded into
the wells. Gels were electrophoresed at 65-80 Ydipending on the tank size to allow
separation of PCR products. Gels were subsequerdiynined under a UV light source to

visualize bands.

2.2.8 Cycle sequencing

In the cycle sequence stage, 5ul of PCR producte agded to the wells of a 96 well-plate
and a 2ul of ExoSAP-IT were added while the plases Wept on ice. The plate was covered
with a rubber mat, briefly mixed and pulse spune phate was incubated in the thermal cycler
for 15 minutes at 3T followed by 86C for 15 minutes. The ExoSAP-IT enzyme functions to
remove free dNTPs and any non-specific producth sscsingle stranded DNA molecules to

give pure double-stranded PCR products.

To cycle sequence, the following volumes of reagemére added to each sample: 7ul of
water, 3ul of 5X sequencing buffer, 1ul of the wmgal forward primer, and 2ul of Big-Dye

v3.1. Then samples were cycle sequenced on thmahaycler with initial denaturation at
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96°C for 1 minute followed by 25 cycles at®@bfor 10 seconds denaturation,’60for 5
seconds annealing, D for 4 minutes extension. Finally, samples weecipitated prior to

sequencing on an ABI 3130xI genetic analyser.

To precipitate PCR products, 2ul of 125mM EDTA, 2fil3M sodium acetate, and 50ul of
100% Ethanol were added to each of the cycle segdesamples in the 96-well plate. The
plate was capped, inverted 4 times to mix the sasnghd incubated at room temperature for
15 minutes. The plate was centrifuged at 209 30 minutes and supernatants were
removed by inverting the plate onto a pad of whaper towels and pulse spun at d.00hen
70ul of 70% Ethanol were added to the samplespliie was spun down at 16p@or 15
minutes and supernatants were removed as prevesgsided. The plate was left to air dry at
room temperature for 15-20 minutes before addingl ©® HiDi. Finally, before loading the
plate into the machine, the plate was covered aatel to 9% for 2 minutes in a 9700 PCR
block.

2.2.9 Sequence analysis

Sequenced samples were analyzed using Applied 8msy¢ SeqScape analysis software. The
recorded changes were compared to two, web-basedrhmtDNA sequence databases [69,

252] to see if they were neutral, recurrent or hohanges.

2.2.10 Restriction fragment length polymorphism (REP) analysis

Putative pathogenic mtDNA mutations in tissues andklls from patients were further
investigated to quantify the relative proportiontieé¢ wild-type and mutant mtDNA by RFLP
as described in [315-318].

PCR reactions were performed as previously destr{bection 2.2.5.2). The PCR reaction
contained 1pl DNA, 5ul 10X PCR buffer, 5ul dNTPHUll forward primer, 1.5ul reverse
primer, 0.35ul Tag DNA polymerase, and glHto make a final volume of 50ul. Samples
were incubated in the thermal cycler and PCR prisdwere electrophoresed on 1.5% agarose

gel to confirm amplification and product size.

Subsequently, PCR products were subjected to atiadd (last hot) PCR cycle consisting of
95°C denaturation, 2 minutes annealing afG8nd extension for 8 minutes at°Z2

following the addition of 0.25ul ofi-**P-dCTP, 1ul of forward primer, 1pl of reverse prime
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and 0.25ul of Taq polymerase to the reactions. lledeamples were precipitated in 50ul
dH,0O, 2ul pellet paint, 50ul ammonium acetate, andu2@bsolute ethanol. Samples were
then left for 1 hour at room temperature followeg dentrifugation at 13000 rpm for 10
minutes. Supernatants were removed and the palits washed with 100ul of 70% ethanol.
Samples were then centrifuged again for 10 minatdall speed, supernatants aspirated and
pellets were allowed to air-dry for 10 minutes.

Radioactivity in each sample was measured using eser®ov counter. Pellets were
resuspended in @ to give a final concentration of 1000 counts pépl. For digestion,
17ul of radiolabelled PCR product, 1ul of restdotiendonuclease, and 2ul of enzyme-
specific buffer were mixed and incubated overnighthe optimal working temperature for
each enzyme. An uncut sample (no digestion enzyand)a control sample were always
included. Finally, 20ul of product were mixed wBh!| of 10X loading dye and loaded onto
12% Polyacrylamide gel electrophoresis.

2.2.11 Polyacrylamide gel electrophoresis

12% polyacrylamide gels were prepared by mixing [12of 40% acrylamide
(29:1bisacrylamide), 4ml of 10XTBE, 24ml of watébul of 25% ammonium persulfate
(APS), and 75ul of N,N,N°,N -tetramethylenediam{i&MED). Gels were then poured into
a vertical gel cast with a comb to form wells atidveed to polymerize at room temperature.
Then 1X TBE buffer was added into the tank and 2ffidigested PCR product mixed with
3ul of 10X loading buffer, were loaded into weltaels were electrophoresed at 100V for the
first hour and then the voltage was turned up t6Vl5Samples were allowed to separate
further for approximately 5-6 hours. Gels were s$farred onto a Whatman paper, covered
with saran wrap and allowed to dry for 1-2 hours6®C in a gel dryer. Dried gels were
exposed to a Phosphorimager screen overnight aniitowing day gels were scanned using

a Storm scanner. Radioactivity in each band wastfieal using ImageQuant software.

2.2.12 Long-range PCR

An expanded long-range PCR system was used totigatss possible mtDNA deletions in

patient samples. Muscle DNA was screened for mtDBbkrangements by 10 or 11 kb long-
range PCR assays. The PCR reaction, with a toteime of 50ul, contained 0.5ul of
100ng/ul DNA, 10ul of 1x reaction buffer, 2.5ul B®mM dNTPs-Mix, 1.5ul of 20pmol of

each primer, 1.5ul of 100% DMSO, 0.7ul of the eneymix (5U/ul) and 31.3ul of di.
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The PCR conditions for the amplification includeitial denaturation at $ for 2 minutes
to activate the polymerase followed by 10 cyclesdehaturation at € for 10 seconds,
annealing at 5& for 15 seconds, and a’@8primer extension for 11 minutes, followed by 15
cycles at 92C for 10 seconds, 25 cycles af6dor 15 seconds, and @3 for 11 minutes plus
5 seconds/cycle. A final extension step of@G&r 7 minutes followed.

5ul of PCR product were mixed with 2ul of 10x laaglibuffer and loaded onto a 0.7%
agarose gel, alongside 5ul of Hyperladder IV. Tékevgas electrophoresed at 65-80Volts and
PCR products were visualized under UV light.

2.2.13 Real time PCR

To quantify the possibility of both mtDNA rearramgents and depletion in patients, a real
time PCR assay was used. The PCR primers for NDI1re wéhe forward
primer L3485-3504 (5-CCCTAAAACCCGCCACATCT-3") atiak reverse primer H3532—
3553 (5-GAGCGATGGTGAGAGCTAAGGT-3"). The PCR prisefor ND4 were the
forward primer_L1208%12109 (5 -CCATTCTCCTCCTATCCCTCAAC-3’) and the pem
H121406-12170 (5-GTGTTAGACTACAAAACCAATTTGATATAAA-3"). Thefluorogenic
probes were for ND1 L3506-3529 (5-CCATCACCCTCTAGPACCGCCC-3") and for
ND4 112111312138 (5 -CCGACATCATTACCGGGTTTTCCTCTTG). The PCRaction
contained: 5ul of cell lysate from a single musiibee, 12.5ul of TagMan Universal PCR
Master Mix, 0.5ul of both ND1 and ND4 probes (10QnM75ul of both forward and reverse
ND1 and ND4 primers (300nM) and 7.5ul of I The PCR amplification conditions were:
2 minutes at 50°C, 10 minutes at 95°C, 40 cyclesbofeconds at 95°C, and 1 minute at 60°C
for probe/primer hybridisation and DNA synthesis.

2.2.14 Measurement of activity of respiratory chaircomplexes
2.2.14.1 Preparation of mitochondrial fractions fran cultured cells

Mitochondrial fractions were prepared from confluenltured fibroblast cells. Cells were
harvested as previously described (section 2.2.¢x2ept pellets were resuspended in 1ml of
Buffer B (120mM KCI, 20mM HEPES, 5mM Mg&l1lmM EGTA, 5mg/ml BSA). Cells were
transferred to a glass homogeniser and disruptéld 2@ strokes of a motor-driven, Teflon
plunger on ice. Homogenates were transferred @naIn5 eppendorf tube, centrifuged for 10
minutes at 60§, and supernatants were kept on ice in 1.5ml tBbe#ets were resuspended in

0.8ml of buffer B, homogenised again and centritlfgr 10 min at 60§. Supernatants from
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this step were added to the retained supernatadte@mbined samples were centrifuged for
20 minutes at 20,0@0 Supernatants were removed, while the resultinggtsecontaining
mitochondria were resuspended in an appropriatenvelof buffer B (~ 80ul) according to

the pellet size, prior to being stored at°@@intil use.

Measurement of the activities of repiratory chaamplexes were carried out in triplicate, at at
30°C and final volume of 1ml, using a Varian Cary 3B@b spectrophotometer with
temperature controller and WinUV software. The wtitendrial fractions of pig heart were
used as standard control. All mitochondrial fracsiavere washed prior to use and diluted 1:5
in a hypotonic buffer, containing 25mM potassiunogphate, 5mM magnesium chloride, pH
7.2, followed by rapid freezing in liquid nitrogeand thawing at 3&. Measurement of
complexes | and Il and citrate synthase from mibocitial fractions were performed
individually as described in [235, 319, 320].

2.2.14.2 Complex | (NADH: ubiquinone oxidoreductaseactivity

The specific activity of complex | was measuredfddiowing the decrease in absorbance due
to the oxidation of NADH at 340nm with 425nm as tie¢éerence wavelength. 978.5ul of
complex | buffer (hypotonic buffer plus 2.5mg/ml abumin bovine serum (BSA) and 1M
KCN), 10ul of 9mg/ml NADH, 2.5ul of 65uM of ubiquane-1, and 2ul of 1mg/ml of
antimycin A were mixed in each cuvette and the dizstce change was recorded for about 20
seconds to ensure that the baseline was stable. Sjieof mitochondrial dilution were added
and the NADH: ubiqunione oxidoreductase activityswaeasured for 5 minutes. 2ul of
2ug/ml of rotenone were added and the activity massured for an additional 4 minutes.

Complex | activity is the rotenone-sensitive NADbigunione oxidoreductase activity.

2.2.14.3 Complex Il (Succinate: ubiquinone oxidoreatctase) activity

The specific activity of complex Il was measured f®lowing the reduction of 2, 6-
dichlorophenol-indophenol (DCPIP), which was usea@ia artificial acceptor, at 600nm.

5ul of diluted mitochondria, 958.5ul of complex duffer (complex | buffer but without
BSA), and 2l of 1M sodium succinate were preintethdorl0 minutes at 3G prior to use.
Then 10ul of 5mM DCPIP, 2ul of antimycin A, and 2pfl rotenone were added to the

previous mix and the baseline rate was recorded@aseconds. The reaction was started by
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adding 2.5ul of ubiqunioneand the enzyme-catalysed reduction of DCPIP wassuared for

4 minutes.

2.2.14.4 Citrate synthase activity

The activity of citrate synthase was assayed bysorézg the rate of production of coenzyme
A (CoA.SH) from oxaloacetate by measuring freesudfyl groups using the thiol reagent
5,5 -dithio-bis-(2-nitobenzoyic acid) (DTNB) whigkacts with sulfhydryl groups to produce
free 5-thio-2-nitrobenzoate anions with yellow aolthat can be detected at 412nm.

967ul of citrate synthase buffer (0.1M Tris-HCI, &), 3ul of 5mM acetyl Coenzyme, 10ul
of 20mM DTNB, 10ul of 10% Triton X-100, and 5ul witochondrial dilution were mixed in

a cuvette then the baseline rate was recorded Gose2ond. The reaction was started by
adding 5ul of 50mM oxaloacetate and the activityg wecorded for at least 2 minutes.

Citrate synthase is the most commonly used mitoghainmatrix marker enzyme for the
integrity of the mitochondria and all activitiegaeferenced to citrate synthase activity [235].

2.2.15 Histological and histochemical analysis
2.2.15.1 Haematoxylin and Eosin (H&E) staining

Muscle sections were cut from muscle biopsies fioa¢ -80C using a cryostat. For

Haematoxylin and Eosin staining, muscle sectionsevegit at 1@M onto glass microscope

slides and allowed to air dry for an hour. Slidesevfixed in formal calcium solution for 15
minutes and washed in tap water until the wateralear. Sections were immersed for 1
minute in Meyer's Haematoxylin solution (1% (w/v)aématoxylin, 50% (w/v) Potassium
Alum, 0.2% (w/v) Sodium lodate, 1% (w/v) Citric Agiand 50% (w/v) Chloral Hydrate).
Sections were washed in water for 1 minute. Thetiges were immersed for 30 seconds in
Eosin solution (1% Eosin, 0.4% (w/v) Erythrosin iBde0.2% (w/v) Phloxin B) and washed in
water for 1minute. Stained sections were dehydratesl graded ethanol series (70%, 95%,
2x100%), and immersed in absolute ethanol for Ifuies. Finally, sections were mounted in

DPX with a glass coverslip and stored at room teatpee.

2.2.15.2 Cytochromet oxidase & succinate dehydrogenase staining

To investigate cytochrome oxidase (COX) activity, sections were cut atui? onto
polyethylenenaphthalate (PEN) membrane slides dodied to air dry for 1 hour prior to
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being stained. For COX staining, sections were bated for 45 minutes at 37 in COX
media (4mM diaminobenzidine Tetrahydrochloride (DABOOmMM cytochromec, and
20ug/ml catalase in 0.1M phosphate buffer, pH7.0).segbently, sections were rinsed twice
in PBS and dried using tissue paper. Finally, sestiwere dehydrated in a graded ethanol

series and allowed to dry. Slides were stored @G 2n sealed slide mailers until used.

For succinate dehydrogenase (SDH) activity, sestiware cut as previously described onto
glass microscope slides and allowed to air drylftwour. For staining, slides were incubated
for 45 minutes at 3T in SDH media (1.5mM Nitro Blue Tetrazolium (NBT}30mM
sodium succinate, 0.2mM phenazine methoslphate [PM 0.1mM sodium azide in 0.1M
phosphate buffer, pH7.0). Slides were then rinsacetin PBS, dehydrated as above, and then
immersed in absolute ethanol for 10 minutes to rempurple monoformazan reaction
product of the SDH reaction. Eventually, sectiorsewdehydrated in a graded ethanol series
to dry, and stored at room temperature.

2.2.16 Immunohistochemisry

To investigate protein localization and expresgatient tissues, X-Cell-Plus HRP Detection
kit and Liquid Stable DAB kit were used. Sectionsnfi muscle biopsies were cut atub®
onto glass microscope slides and allowed to airfairyl hour prior to staining. Sections were
fixed in 4% Paraformaldehyde in 0.1M for 10 minytesshed in dbD in a fume hood and
washed in TBS containing 0.1% Tween 20 for 10 n@suBections were then permeablised
and endogenous peroxidise activity was inhibitednoyersion in a graded methanol series
(10% for 10 minutes, 95% + 0.3%,®;, for 10 minutes, absolute methanol for 20 minutes,
95% + 0.3% HO, for 10 minutes, 10% for 10 minutes and TBST fommutes). Diluted
primary antibodies in TBST were then applied totises for an hour at room temperature.
Sections were washed twice with TBS for 5 minuted ance with TBST for 5 minutes.
Sections were overlaid with the universal probe3@minutes and followed by 2X wash for 5
minutes with TBS and once with TBST for 5 minutédfe HRP polymer was applied to
sections and followed with 3X wash with TBS for Tnhotes. After drying the sections, DAB
was applied and sections were left at room tempegatntil a brownish colour appeared.
Sections were washed, immersed for 1 minute in Faxylin solution and washed in ¢B.

A graded ethanol series (70%, 95%, and 100%) wed ts dehydrate the sections before
immersing them in Histoclear. Finally, sections evarounted in DPX with a glass coverslip

and stored at room temperature.
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2.2.17 Bradford assay

This assay was used to quantify protein in wholklggates. Two sets of measurements at a
final volume of 800ul were made. The first mix ained 1ul of cell lysis, 200ul of Bradford
reagent and 799ul of d.B. The second mix contained 5ul of the same san2fi@tl of
Bradford reagent, and 795l of glbl To create a standard curve, different conceatraif
bovine serum albumin (Oug, 2ug, 5ug, 10ug, 15upgPOvere also prepared. The samples
were then loaded in an optical bottom 96-well platech was loaded into an automated plate
reader. Finally, the generated standard curve tepa@s used to calculate protein

concentrations.

2.2.18 Western blotting assay
2.2.18.1 Sample preparation

To prepare samples, cultured fibroblasts were atbwo reach confluence before being
harvested with trypsin as described (section 22.After the last wash with 1xPBS, 100ul of
cell lysis buffer (50mM Tris-HCI pH 7.5, 150mM NgQmM MgCh), 28ul of proteinase
inhibitor and 2| of Nonidet P-40 were added topké#ets (from75crhflasks). Samples were
then vortexed for 30 seconds and centrifuged ay 5623 minutes at . Supernatant were
moved to new 1.5ml eppendorf tubes and equal vaushéuffer containing 10mM Tris-HCI
were added. Finally, samples were mixed and quedtify Bradford assay or frozen at °80

until use.

2.2.18.2 Gel preparation

Gels were prepared using a minigel system (Mightalb Il SE250) and were cast in gel
caster. Prior to pouring the gels, leakage waskdtewith water. The separating gels (3.75ml
30% acrylamide2.81ml 1M Separating buffer, 0.82ml @bl 37.5ul 20% SD35ul 10%
AMPS and 7.5ul TEMED) were poured first, overlaithmdH,O-butanol to give a flat gel
and allowed to polymerise for 30 minutes. Gels weashed with dkD to remove the d.4D-
butanol before pouring the stacking gels (0.67n#38crylamide, 0.25ml 0.5M stacking
buffer, 4.05ml dHO, 25ul 20% SDS,25ul 10% AMPS and5ul TEMED). Comiere

inserted and the gels were left to polymerise oniinutes.
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2.2.18.3 Western blot electrophoresis

After protein quantification, 10-25 pg/ul of prateand 5ul of sample buffer containing B%

mercaptoethanol were mixed. Lysis buffer was added final volume of 10ul. In addition,
5ul of sample buffer were added to 5ul of Kaleispse prestained standard. Samples were

denatured at 9C€ for 10 minutes in a heat block and were puls& spior to loading.

Wells were washed with running buffer before logdthe samples. Gels were run at 75V
(17mA) for ~ 15 minutes and then the voltage wageased to 150V once the dye front

entered the separating gel. Electrophoresis wapstbwhen the dye ran off the bottom of the

gel.

2.2.18.4 Protein transfer

For protein transfer, the blotting sandwich waswgets follows: black side of the cassette, a
wet pad, 2x filter papers, the flipped gel, PDVFmixeane, 2x filter papers, wet pad and the
white side of the cassette. To avoid bubbles betwgs and membrane, a glass roller was
used to roll over the membrane. Protein transfes waried out using a Hoefer TE series
electrophoresis unit. The assembled cassette vaaeginto the transfer tank with the black
side adjacent to the negative electrode. The teanahk was filled with a cold transfer buffer
containing (25mM Trizma base, 192mM Glycine, 0.08BS, and 15% methanolThe
transfer was performed at 4°C by electrophores&b¥t (300mA) for 3 hours with continual

stirring.

2.2.18.5 Membrane immunoblotting

Non-specific binding was blocked by incubating thembrane in 5% milk in TTBS (20 mM

Trizma base, 136mM NaCl, pH7.6 and 0.1% Tween 20)dt least one hour at room

temperature or overnight at 4°C on a shaking platf@he membrane was incubated with the
primary antibodies for 90 minutes at 4°C on a si@lplatform. The membrane was then
washed with TTBS twice for 5 minutes and once fOr rhinutes on the shaker at room
temperature to remove excess primary antibody. Mleenbrane was incubated with the
secondary antibody for 90 minutes as previoushcriesd. Eventually, the membrane was

washed in TTBS on the shaking platform twice foniButes and once for 15 minutes.
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2.2.18.6 Signal detection

To visualise bands, an ECL Plus Western blottingeBteon kit was used. The membrane was
incubated with 500ul of reagent A and 12.5ul ofgerd B for 5-10 minutes. To visualize the

fluorescent signals, a Storm 860 PhosphorimagetrandeQuant software were used.

2.2.19 First dimension blue native-PAGE assay
2.2.19.1 Crude mitochondrial purification

Fibroblasts were cultured until they reached camftie and were then washed twice with
1XPBS at room temperature to remove all traceenfrs from the culture media. Cells were
harvested as described (section 2.2.4.2) by usimgol trypsin for < 3 minutes at 3¢ and
then 9ml of serum containing culture medium werdealdto inhibit trypsin. Cells were then
centrifuged at 1200rpm for 3 minutes at room terafuge and pellets were washed twice with
cold 1XPBS. The recovered pellets were resuspendedOOul of cold 1XPBS. Cell
suspensions were transferred to new 1.5ml eppenualoes on ice and 100ul of (8mg/ml in
cold PBS) digitonin were added. Cell suspensiongwertexed, incubated for 10 minutes on
ice and centrifuged for 10 minutes at 10,§0&t £C. Supernatants were aspirated and
mitochondrial pellets were washed twice in cold B&and centrifuged as previously
described. After the last wash, supernatants wep&raded and mitochondrial pellets were

snap frozen in liquid nitrogen to limit the effaxdtice crystals prior to being stored at °80

2.2.19.2 Solubilising mitochondria proteins

Mitochondrial pellets were solubilised by vigorougipetting up and down in 100ul of
AC/BT Buffer (2M aminocaprioc acid and 50mM Bis-3/#Cl adjusted to pH7.0 with HCI)
and 20ul of 10% detergent dodecylmaltoside (10% iw/@H,O) on ice. Samples were then
vortexed and incubated on ice for 5-10minutes. liathiey were centrifuged at 20,0§@or

20 minutes at % and supernatants were transferred to new 1.5pareforf tubes on ice.

A small volume of the supernatants was taken tontifyathe mitochondrial proteins by
Bradford assay. 10ul of blue native sample buff&fOMmM aminocaprioc acid, 50mM Bis-
Tris/HCI, pH7.0, 0.5mM EDTA and 5% Coomassie Blwagre added to the mitochondrial

suspensions on ice and samples were loaded onbbuth@ative gels as soon as possible.
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2.2.19.3 BN-PAGE gradient polyacrylamide gel prepation

A minigel system (Mighty Small 1l SE250) was usex darry out the blue native page
electrophoresis. The gel sandwich was assembledhkoed on the manual casting stand.
Prior to pouring gels, leakage was checked usingmwéhe gradient casting set-up (gradient
mixer, peristaltic pump, and gel casting stand¥y assemblednd the gradient mixer outflow

tubing was inserted between the glass plates.

The separating (5% & 12%) gel solutions and stagkd¥o) gel solution were prepared a€4
to slow down polymerisation (Table 2-3).

Table 2-3 Summary of BN-PAGE gel preparation.

Components 4% Stacking Gel 5% Separation Gel 12% Separation Gel
40% Acryl: bis
0.50 ml 0.44 ml 1.05ml
(29:1)
Gel Buffer 1.67 ml 1.16 mi 1.16 mi
Glycerol - - 0.55 ml
dH,O 2.83 ml 1.9 ml 0.74 ml
Volume 5ml 3.5ml 3.5ml
10% APS 55ul 21pl 21pl
TEMED 5.5ul 2.1pl 2.1pl

Before pouring the 5% separating gel solution impartment A and the 12% solution in
compartment B of the gradient mixer, the connect@ive between them was closed,
Continual stirring was applied to compartment Bloat speed to avoid air-bubble formation,
which can affect gel polymerisation. The 12% gdlison was released first from the gradient
mixer, with the peristaltic pump’s speed set at @nim and the switch set to 4 for 20

seconds. The connection valve between compartrdeatsd B was then opened to allow the
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5% gel solution to mix with the remaining 12% sauatand the flow rate was set to 1ml/min
and the switch to 8 until both compartments werptgnGels were then overlaid with g8
Butanol and allowed to polymerise at room tempeeatéfter polymerisation, the -
Butanol was washed with dB and then the 4% stacking gels were poured. Condre
inserted and the gels were allowed to polymeriseoain temperature.2.2.19.4 BN-PAGE
electrophoresis

After gel casting and prior to loading the sampldg, comb was removed and wells were
washed with cathode Buffer A. 10ul of sample buvers added to 50ug of protein on ice and
samples were loaded into the wells as soon as lpes#node Buffer (50mM Bis-Tris;
pH7.0) was added to at positive electrode and datiBuffer A (15mM Bis-Tris, 50mM
Tricine, 0.02% Serva Blue G-250; pH7.0) to the tiegaelectrode. Gels were run at 30V for
30 minutes until the samples started to entertidekimg gel, then the voltage was increased to
80V for 90 minutes. The cathode Buffer A was chahigecathode Buffer B (15mM Bis-Tris,
50mM Tricine, pH7.0) once the dye front had progeeisto half or two-thirds of the way
through the separating gel. Gels were left to B0& for >60 minutes until the dye front ran

off the end of the gel.

2.2.19.5 In gel enzyme activity assay

BN-PAGE gels were incubated for one hour at roompeerature with complex | activity
detecting solution containing 2mM Tris-HCL, pH7.8,1mg/ml NADH and 2.5mg/ml
nitrotetrazolium blue (NTB). Gels were then washath dH,O and scanned using EPSON

Expression 1680 pro scanner and EPSON scan software

2.2.19.5 Western blot of BN-PAGE

For protein transfer, gels were covered with aatiggion solution (1% of SDS and 1f6
mercaptoethanol) in a fume hood for one hour atréemperature and then excess solution
was removed by washing with gBl. The blotting sandwich was assembled as folldohzck
side of the cassette, a wet pad, 2X filter paptes,gel, PDVF membrane, 2X filter papers,
wet pad, and the white side of the cassette. Tadwbbles between the gel and membrane, a
glass roller was used to roll over the membraneteir transfer was carried out using a
Hoefer TE series electrophoresis unit. The asseintédssette was placed into the transfer

tank with the black side adjacent to the negatieeteode. The transfer tank was filled with

79



blotting Buffer (25mM Bis-Tris, 192mM glycine, 20%ethanol, 0.02% SDS pH8.2) and
transfer was performed at 4°C by electrophoresi®@Y for 1 hour with continual stirring.

2.2.19.5.1 Membrane immunoblotting of BN-PAGE

Non-specific binding was blocked by incubating thembrane in 5% milk in TTBS (20mM

Trizma base, 136mM NaCl, pH7.6, 0.1% Tween 20)atoleast an hour at room temperature
or overnight at 4°C on a shaking platform. The memé was then incubated with the primary
antibody for 90 minutes at 4°C on a shaking platfocater, the membrane was washed with
TTBS twice for 5 minutes and once for 10 minutestio@ shaker at room temperature to
remove excess primary antibody. The membrane was thcubated with the secondary
antibody for 90 minutes on a shaking platform ammaemperature. Eventually, the membrane
was washed twice with TTBS on the shaking platféwnb minutes and once for 15 minutes.

2.2.19.5.2 Signal detection of BN-PAGE gel

For signal detection, an ECL Plus Western Blottidwiection kit was used. The membrane
was incubated with 500ul of reagent A and 12.5ueafent B for 5-10 minutes. To visualize

the fluorescent signals a Storm 860 PhosphorlmaggéimageQuant software were used.
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Chapter 3

An Investigation into the role of complex |

MtDNA mutations in mitochondrial disease
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Chapter 3: An Investigation into the role of complex | mtDNA
mutations in mitochondrial disease

3.1 Introduction

Mitochondria are the main site for energy producttiao the form of ATP generation by

oxidative phosphorylation. This task is achievedilag multi-protein complexes embedded in
the inner mitochondrial membrane. OXPHOS disordmes the most frequent causes of
metabolic diseases in paediatric neurology [321hain incidence of 1:5000 live births [231,
322]. They are heterogeneous and range from fataphalomyopathies of early childhood to
severe diseases of adulthood [323]. They can afteiferent organs, tissues, or be
multisystemic, however, tissues which require menergy such as the brain, heart, and
skeletal muscles are more likely to be affected.[Fhe OXPHOS system contains ~ 85
proteins, the majority of them are encoded by rarcBNA; the remaining 13 proteins are
encoded by the mitochondrial genome. OXPHOS disease therefore associated with a
variety of different clinical phenotypes [324]. Budlisorders can affect mitochondrial

membrane potential, ATP synthesis, ROS produc#aod,calcium homeostasis [324].

Complex | is the largest and least understood efdspiratory chain complexes, as described
earlier in chapter 1. Mitochondrial energy metatli disorders due to deficiencies in
complex | are the most frequently seen cases. ©2000 of those disorders seen in children
are due to mutations in the mtDNA suggesting thatrhajority of such disorders are due to
mutations in nuclear genes [324, 325]. Most ofdir@cal phenotypes due to mutations in the
nuclear subunits of complex | occur in infancy aearly childhood, whereas, clinical
phenotypes due to mutations in the mitochondridlusits present between both childhood
and adulthood [82].

Mitochondrial DNA mutations causing isolated complelisease have been reported in all of
the seven subunits of complex | [323]. Mutationghe ND1 subunit have been associated
with encephalopathy [326], MELAS [327], and suddefant death [328]. Mutations in the
ND2 subunit have been linked to encephalomyopa880] Leigh syndrome [330], and
LHON [331]. Mutations in the ND3 subunit resulted LHON [332] and Leigh syndrome
[333]. Mutations in the ND4 subunit have been lthke MELAS [334] and LHON [335].
Several diseases have been linked to mutationserND5 subunits such as LHON [336],
MELAS [337], optic neuropathy/retinopathy [338-348]ELAS/Leigh disease [339], ataxia,
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and PEO [341]. Finally, mutations in the ND6 subbuasult in LHON [342], MELAS [343],
Leigh disease [341], and myopathy [34diterestingly, mutations in the mt-tRNRVYR (the
m.3302A>G) [212, 345] and the mt-m.3243A>G [34@Jcataused isolated complex | defects.

In addition, defects in one or more of complexbwwoits may give rise to defects or instability
of its assembly suggesting that integrity of thasnplex is essential for its function. Several
patients have been reported with mutations in thi@amondrial genome or the nuclear
genome had a defect in complex | assembly (Tallg 3¢ least half of all observed cases of
complex | deficiency are caused by defects in #se=@mbly of the complex [82]. Mutations in
complex | assembly chaperones reduce both thetgatfvcomplex | and the assembly of the
holoenzyme [72]. A mutation in complex | intermddiassociated protein (CIA30), termed
NDUFAF1, caused a cardioencephalomyopathy, redisseds and activity of complex | [89,
91]. Also, a mutation in the complex | assembly pgrane B17.2Lcaused progressive
encephalopathy and reduced complex | assembly 389]. Recently, a mutation in the
chromosome 6 open reading frame 66 gene (C60RF&63ed infantile mitochondrial
encephalomyopathy, antenatal cardiomyopathy, addcesl assembly of complex | [325].
Furthermore, a defect in the apoptosis-inducingiofagAIF) reduced both complex |
enzymatic activity and assembly [348-350]. Lasthytations in other genes that interact with
the complex | assembly chaperones resulted in aamphssembly defects. For example, the
evolutionarily conserved signaling intermediateTiall pathways protein (Ecsit), which is
essential for the inflammatory response and emlicydevelopment [351, 352] impaired
complex | assembly and disturbed mitochondrial fiomc[353].

As mentioned previously in Chapter 1, mitochonde@inplex | is the first step in the electron
transport oxidizing NADH to NAD and transferring electrons to coenzyme Q10. During
glycolysis, pyruvate is produced from glucose ie ttytoplasm of the cell. Pyrvate can be
converted into lactate by lactate dehydrogenaseH{l.Dunder anaerobic conditions or
transported into the mitochondria and converted iatetyl-coenzyme A (CoA) by the
pyruvate dehydrogenase (PDH) complex. The PDH cexn regulated by two enzymes:
pyruvate dehydrogenase phosphatase and pyruvayelrdgbnase kinase in addition to the
ratio of both NADH/NAD and acetyl-CoA/CoA. Increases in these ratiosbinlthe PDH
complex. Acetyl-CoA and fatty acids are oxidizecthwe citric acid cycle, producing NADH
and FADH. Complex | oxidizes NADH to NAD+ and complex Il idkes FADH which
together initiate the electron transport chain (Fég3-1). A defect in complex | or other

83



OXPHOS complexes results in a disturbed oxidatatorof NADH to NAD+ leading to
mitochondrial disease [70]. In addition, the NAD#&! NAD" ratio and concentrations have
been shown to regulate the production of ROS idlietufrom isolated mitochondria [62,

354], which can explain the involvement of ROS prcitbn in some OXPHOS disorders.

Table 3-1 List of mutations in patients reporte@dfi@ct complex | assembly.

(Taken and modified from [72]).
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Human Gene References
MtDNA
MTND1 [316, 355]
MTND2 [330]
MTND3 [242, 333]
MTND4 [356, 357]
MTND5 [315, 358]
MTND6 [359, 360]
Nuclear
NDUFA1 [361]
NDUFSL [362, 363]
NDUFS2 [364]
NDUFA [365, 366]
NDUF6 [367]
NDUFS7 [368]
NDUFS3 [369, 370]
NDUFV1 [347, 362]

Assembly proteins

NDUFAF1 [91]

NDUFA12L [347]
C6orf66 [325]
C200rf7 [371]
C3orf60 [372]
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Figure 3-1Schematic representation of ATP synthesis throhgtokidation of pyruvat

In the grtoplasm of the cell, pyruvate is produced fromcglse and either converted into lactate by lac
dehydrogenase (LDH). Alternatively, pyruvate isngported into the mitochondria and converted irdety-
coenzyme A by the pyruvate dehydrogenase (Pl complex through pyruvate dehydrogenase phospha
pyruvate dehydrogenase kinase, and NADH/I ratios. NADH and FADHK, which are produced from citr
acid cycle, initiate the electron transport chajrbinding to complex | and Il respectively to prce ATP. CoA:
coenzyme A, OMM: outer mitochondrial membrane, BAM: inner mitochondrial membral, I: complex |, II:

complex Il, Ill: complex 11, IV: complex 1V, and Vcomplex \ (taken from [70]).

3.2 Aims

This chapter will present the clinical, biochemjcahd molecular genetic investigations i
cohort of péients. Some of the patients were already confirtoeadave a defect in comple»
based on initial biochemical investigations inchglidirect measurements of comple:
activity by spectophotometry or E-PAGE. Some others were suspected to have a de
complex | due to the expression of clinical phepety previousl-related to complex |
deficiency. Althoughthis Chapter describes patients with complex b &lslescribes anothi
patient with amutation in Complex IV. This patient was referrexsed orclinical phenotypes

related to complex | deficienc
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3.3 Summary of clinical presentations

All clinical phenotypes and other information reldtto the investigated patients are
summarized in Table 3-2.
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Table 3-2 Summary of clinical phenotypes and othkated information for investigated patients.

Patients Age Clinical phenotypes Biochemical investigations Identified mt-DNA mutations

Canadian patients Complex | deficiency No pathogenic mtDNA mutations
adults - i o
4) identified
Japanese patients
) children Congenital lactic acidosis, cardiomyopathy Complex | deficiency No pathoge_nlc r_nchNA mutations
identified
1 11 Seizure, weakness, strokes, lactic acidosis. COX deficient flbres_, m.7023G > AMTCO1
Isolated complex IV defect in muscle
2 42 LHON- like optic neuropathies. Normal complectivity m.11453G>AMTND4
3 14 Ataxia, bulbar palsy, extensive progressive Complex | deficiency m.11777C>AMTND4

deterioration, and white matter changes on MR

Leigh syndrome phenotypes: delayed milestones,
10 deafness, ataxia, bilateral basal ganglia changes o Normal respiratory chain enzymes m.13051GHANDS
MRI; and high levels of lactate in CSF

Leigh syndrome phenotypes: developmental delay,
5 4 acquired microcephaly, microcephaly, left ventricle
hypertrophy, and high blood and CSF lactate,

Complex | deficiency in muscle m.13513G>AMTNDS
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Spasms, pigmentary retinopathy, encephalopairy,

Complex | deficiency in muscle

m.14453G>AMTND6

6 8 increased blood lactate, and changes in basal
ganglia on MRI ,
. . . m.7792C>GVTCO2
7 10 Hypotonia, failure to thrive, elevated blood ang Isolated complex | defect m.12055A>GMTNDA
CSF lactate, and abnormal MRI .
(silent changes)
8 - General body ache and weakness - m.10§32T>CMTND4
(silent change)
Fever, acute deterioration in consciousness; high
9 4 blood and CSF lactates; left ventricular Normal COX activity and low complex m.12645C>TMTND5
hypertrophy;and white matter changes on MR | and IV activity; (silent change)
10 46 CPEO COX deficient fibres mM.13095T>CMTNDS
(silent change)
11 35 Unusual multiple sclerosis presentation with optic Normal biochemistry in muscle No pathoge_nlc r_nchNA mutations
atrophy identified
12 . . Reduced complex | and IV activities No pathogenic mtDNA mutations
8 months Hypertrophic cardiomyopathy COX defect ‘dentified
13 17 Myoclonic epilepsy, diabetes, and learning Many pale staining COX fibres No pathogenic mtDNA mutations
identified

difficulties

Rreduced complex | activity
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3.4 Materials and methods
3.4.1 Patients’ samples preparation

Upon arrival of the patient samples in the lab,DINA was extracted from the different
tissues (blood, buccal, fibroblasts, hair, andejres previously described (section 2.2.1).

3.4.2 Mitochondrial DNA sequencing

The entire mitochondrial genome from total musaenbgenate, blood, or fibroblasts was
performed as described (section 2.2.6) to searah nitDNA point mutations or

rearrangement leading to the disease.

3.4.3 Generation of cybrids

To establish the pathogenic role of the identifietDNA mutations,transmitochondrial
cytoplasmic hybrids (cybrids) were generated bynimsytoplasts from patient carrying
the m.11777A>C with the osteosarcoma lbel 143BTK and were grown under selection

conditions as previously described (section 2.2.5).

3.4.4 PCR-RFLP analysis

PCR-RFLP analysis was carried on DNA samples frdferént tissues from patient and

relatives where available to quantify mutation ld@dhvestigated tissues and to determine
whether the mutation is sporadic or maternally dnaited. Table 3.3 summarises details
for this analysis such as primer position, sequgn@striction endonuclease enzymes, and
annealing temperatures. All restriction fragmengsenseparated on a 12% polyacrylamide

gel as previously described (section 2.2.11).

3.4.5 Measurement of activity for respiratory chaincomplexes

The specific activities of complex |, Il, and ctieasynthase were measured in these
patients as previously described (section 2.2.14).

3.4.6 Flow cytometry

Flow cytometry was used to assess different cellptaperties of fibroblasts from the
patient with the identified mtDNA. This included asiring ROS production levels,

membrane potential, and mitochondrial mass. Stistere performed using SigmaStat
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3.5 software (Systat Software Inc, USA) and two-{si@nunpaired Student t-tests between
each patient and control sample were carried odetermine statistical significance. This
part was done in association with Dr.Gabriele Z&refinternational centre for Life,

bioscience Centre).

3.4.6.1 Cells preparation

Cells were grown until confluent using serum supm@ated DMEM and then were
harvested as described (section 2.2.4.2). CelldQ;6R0) were transferred to 15ml Falcon
tubes for centrifugation at 1200rpm for 3 minuteso®mm temperature. Supernatants were

removed by aspiration and replaced with the spepitbbe solution.

3.4.6.2 MitoSOX staining

The working concentration for MitoSOX wdgM (1pl stock solution/Iml serum-free
DMEM). To measure mitochondrial superoxide levetd|s (~200,000) were resuspended
in MitoSOX solution (200ul of solution/sample), ratk well and incubated for 15 minutes
at 37C. Cells were then centrifuged at 1200rpm for 3utés at room temperature and
supernatants were aspirated. Finally, cells weseisgended in 3ml of DMEM without

serum and FL3 median fluorescence intensity wasured by flow cytometry.

3.4.6.3 DHR staining

The working concentration for DHR w&0uM (15ul stock solution/5ml serum-free
DMEM). Cells (~200,000) were resuspended in DHRutsoh (2ml of solution/sample),

mixed well and incubated for 30 minutes af@7n the dark. Cells were then centrifuged
at 1200rpm for 3 minutes at room temperature amérsiatants were aspirated. Finally,
cells were resuspended in 3ml of DMEM containinguseto analyse samples by flow

cytometry.

3.4.6.4 JC1 staining

To measure mitochondrial permeability transition)J@L probe (1pug/lml PRMI media)
was used. Cells (~200,000) were resuspended inl5i0C1 solution, mixed well and
incubated for 30 minutes at %7. Cells were then centrifuged at 1200rpm for 3utés at

room temperature and supernatants were aspiratts Were washed twice with cold
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1XPBS and after the second wash pellets were readsgd in 3m 1XPBS. Finally, cells
were resuspended in 3ml of DMEM without serum talgse samples by flow cytometry.

3.4.6.5 NAO staining

Fluorescent dye 10-n-nonyl-acridine orange (NAQ@er (L0mML NAO/1ml DMEM free

serum) was used to measure mitochondrial masss Ce200,000) were resuspended in
1ml of NAO solution, mixed well, and incubated fo®d minutes at 37°C. Cells were then
centrifuged at 1200 rpm for 3 minutes, supernatavegse aspirated, and pellets were

resuspended in 3ml of DMEM without serum to analemples by flow cytometry.

3.4.7 Western blot

To assess the pathogenicity of identified mtDNA ations, fibroblasts from patients were
collected and subjected to Western blot analysg@gously described (section 2.2.18).
3.4.8 First dimension blue native-PAGE assay

BN-PAGE was used to assess the pathogenicity aiftifteel mtDNA mutations by
investigat whether the mutations can affect compkotivity and assembly. This approach

was carried out as previously described (sectiarl9).
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Table 3-3 Summary of PCR-RFLP analysis.

Primer Asrzlé?;\(lai:wg Enzymes and Digest Uncut Wild-type Mutant
Mutation . Primer Sequence . . . Temperature | product products products
Position Temperature Digestion site o
C) (C) (bp) (bp) (bp)
L11343 5-TATGACTAGCTTACACAATAGC-3" FundH
m.11453G>A 60 (GCINGC) 37 156 112+22+22 134+22
H11498 5-TGAGGCGTATTATACCATAGC-3’
L12947 5-TAAACGCTAATCCAAGCCTC-3 Haelll
m.13051G>A 56 (GG/CC) 37 158 34+72+52 34+124
H13104 5-TCCT GCTACAACTATAGTGC-3"
L13491 5-CCTCACAGGTTTCTACTCC@A-3° Bbsl
m.13513G>A 57 (GAAGACN(2)/N 37 173 146+27 173
H13663 5-TGTTAGTAAGGGTGGGGAAGC-3° (6)
M13- 5’-tgtaaaacgacggccagt Hinfl
m.11777C>A| L11754 CAAACTACGAACGCACTCAGAG-3° 57 (GIANTC) 37 323 176+38+109 14+109
H12038 5-TTCTCGTGTGAATGAGGGTTT-3
5-
L14425 | CCCCCATGCCTCAGGATACTCCTCATA- Maelll
mM.14453G>A 3 58 G C 37 189 168+21 25+143+2
H14613 (GTNAC)
5-TCTAAGCCTTCTCCTAGTTACGGG-3
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3.5 Results
3.5.1The m.7023G>A mutatio
3.5.1.1Mitochondrial DNA sequencing

Sequencing of the entire mitochondrial genome f@amusclesample from patient #.
who presented witseizure, weakness, aphasia, multiplearcts andearning difficulties
resulted in the identification of the pathogenic7@23G>A mutatior This transition
changes the amino acid at position 374 from valnmethionine in thCOX1 subunit of
complex IV (Figure 3). All other sequence changes identi in this patient ar

summarized in Table 3.4.

CGTTGTAGC CGTTATAGC

A Control Patient
H.:man TU_HDTVYVGﬂFFHYVRSMGAVFﬂ
Chirpanzoes IVOHDTYYVVAEFHYVLSMGRVEDN
Bouvine IV_HDTYYVVAEFHYVLSMGRAVER
Sreep IV_IIDTYYVVAI ITIYVLSMGAVTE'A
Mouse IV_HDTYYVVAEFHYVLSMGRAVER
Frog IM_HDTYYVVAEFHYVLSMGAVER
Fizh Ly _HDITYYWVAREHYY LSMGANVE N
Drosoph 1la ITZHDTYYVVAEFHYVLSMGAVER
B

Figure3-2 Conservation of the nucleotide at position m302

(A) Sequence chromatogram showing the m.70ZA transition in the patient (indicated by arrow)d:
compared to control. (B) Alignment of amino acidxjgences at position 374 (as indicated by aste

within COX1 showing the high conservation in different spe
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Table 3-4 Sequence changes identified in the patgmying the m.7023G>A mutation.

| Previously reported as a SNP or pathogenic

D
Amino acid change

Sequence changg Mitomap or mtDB Location
m.73A>G Yes - D-Loop
m.152T7>C Yes - D-Loop
m.263A>G Yes - D-Loop

m.TC310ins Yes - D-Loop
m.310T>C Yes - D-Loop
m.750A>G Yes - 12SrRNA
m.C3106ins Yes - 16SrRNA
m.1438A>G Yes - 12SrRNA
m.4769A>G Yes NO ND2
m.6776T>C Yes NO CO1
m.7023G>A No Val374Met Co1
m.7034C>T No NO Cco1
m.8860A>G Yes Thr112Ala ATPase6
m.13404T>C Yes NO ND5
m.13404T>C Yes NO ND5
m.14125C>T No NO ND5
m.15326A>G Yes Thrl12Ala Cytb
m.15326A>G Yes Thr194Ala Cytb
m16239C>G Yes - D-Loop
m.16519T7>C Yes - D-Loop
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3.5.1.2 The m.7023G>A mutation is pathogen

DNA muscle sample from patient #1, who presenteth a MELAS-like syndrome was
referred to our lab to carry out full genome sequmn After we identified the pathoger
m.7023G>A mutation, the investigations to suppdre trole of this mutation i
pathaenicity was carried out in Dr. Brian Robinsons.

The m.7023G>A mutation is a strong candidate farsoay disease in this patient -
several reasons. It was heteroplasmic with higleleevn muscle and low in differe
tissues (buccal, blood, and roblasts). It was notound in normal individuals and n
reported in the two mitochondrial DNA databa[69, 252] It caused a biochemical defe
in complex IV activity as measured in both muscle and fibrob. This defect associate

with a clear dec&se in protein expression le in subunits of COXV in the patient whel
compared to controls (Figur«-3).

Patient

Control 1
Control 2
Control 3

S Sess s s | <— LRPPRC

. - e <4— Coxi1

T — < Co

Bl T T hake

<— Coxéc

- - > e | <— CS

Figure3-3 Immunoblot of patient and control COX subunit.

Protein expression levels were decreased in all ©@D3ubunits in samples fropatient’s muscle. LRPPR

is the Leucine-rich PPR motifantaining protein and CS is citrate syntt (taken from[373].

The m.7023G>A affects t amino acid valine at position 374, which is foundhelix 17

of subunit I, within the close packecterior of the complex (Figure-4). This mutation
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results in adding more methionine residue affectimg tertiary structure formation
COX1 and its abilityto interact normally with hema, thereforethis will affect the

quaternary complex formati(373].

Val374

His378

A His376

J

MMVH“

* r_ o .
Heme a, P ?b '

Figure 3-4The crystal structure of cytochroro@xidase irB.taurus.

In addition to Val374,His structure ontains His61, His376and His 378 which interact with Heme. T
m.7023GA affects Valine 374 tertiary formation of COX1 aiid interaction with Heme a, by disturbi
existing hydrogen bondsaken from[373].

The exstence of the m.7023G>A mutation in eteroplasmicstate in tissues frorthe
patient, together with thebsenceof mutation in tissues from thaother an brother who
showed no symptoms, strongly suggethat this mutations pathogenic anoccurredde

Novo.

Because the investigations were donanother diagnostic lalfyrther informatior relating

to this mutation can be fad inthe following article [373].

3.5.2The m.11453G>/ mutation
3.5.2.1 Mitochondrial DNA sequencin

Sequencing of the entire mitochondrial genome feobtood sample from patient #2, w
presented with LHON, resulted in the identificatmina novel m.11453G>A variant. is
transition changes the amino acid at position 28Enfalanine to threonine in ttND4

subunit of complex I. In addition; it affects aistlly conserved amino acid of the prot
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(Figure 35). All other sequence changes identified in tlaggmt are ummarized in Tabl
3-5.

ATAGTACTTGCCGCAGTACT TAGTACTTACCGCAGTACT

Patient

N
Human PERAHVEAPIAGSMYVLARVLLELGG
Chimpanzee PKAHVEAPIAGSMYVLAAVLLELGG
Bovine PEAHVEAPIAGSMVLAAVLLELGG
Sheep PERAHVEAPIAGSMYVLARILLELGG
Rabbit PKAHVEAPIAGSMYVLAARILLELGG
Rat PEAHVEAPIAGSMILAAILLELGG
Mouse PKAHVEAPIAGSMILAARILLKLGS
Frog PKAHVEAPIAGSMVLAAILLELGG
Drosophila PEAHVEAPVSGSMILAGIMLELGG
B

Figure 3-5Conservatio of the nucleotide at position m.11453G>A transi.

(A) Sequence chromatogram showing the m.11453GaAsttion in the patient (indicated by arrow) ¢
compared to control. (B) Alignment of amino acidsjsences at position 232 (as indicated by aste

within MTND4 showing the high conservation in diffat specie

3.5.2.2 PCRRFLP analysis of the m.11453G>A mutation

PCRRFLP analysis was carried oo quantify mutation load in tissues from patiend
mother using different primers and endonucle The m.11453G>A mutation causes
loss of FundHI recognition sit (GC/NGC)in the mutant mtDNA. This endonuclease ¢
wild-type mtDNA into 112 bp and plicate 22 bp products, while it cuts the mut
MtDNA into 134 bp and 22 bp products. Results riacethe presence of the m.11453G
in all the investigated tissues (Figur-6). The existence of the m.11453G>A mutatior

tissues from mothers confirrrhat this mutation was transmitted to the pat
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Table 3-5 Sequence changes identified in the patemying the m.11453G>A mutation.

Sequence change Previously re&ﬁg?ﬂigsofn?%gor pathogenic? Amino acid change Location
m.73A>G Yes - D-Loop
m.93A>G Yes - D-Loop
m.150C>T Yes - D-Loop
m.152T7>C Yes - D-Loop
m.263A>G Yes - D-Loop
m.295C>T Yes - D-Loop

m.CT309 ins Yes - D-Loop
m.310T>C Yes - D-Loop
m.,489T>C Yes - D-Loop
m.750A>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m.2404T>C Yes - 12S rRNA
m.2706A>G Yes - 12S rRNA
m.3107C del. Yes - 16S rRN/
m.4216T>C Yes Tyr-304>His MTND1
m.4769A>G Yes No MTND2
m.5633C>T Yes - MTTA
m.6962G>T Yes No MTCOX1
m.7028C>T Yes No MTCOX1
m.7211G>A Yes No MTCOX1
m.7476C>T Yes - MTTSL
m.8860A>G Yes Thrl12Ala MTATP6
m.10172G>A Yes No MTND3
m.10389T>C Yes No MTND3
m.10398A>G Yes No MTND3
m.11251A>G Yes No MTND4
m.11453G>A No Ala232Thr MTND4
m.11719G>A Yes No MTND4
m.12612A>G Yes No MTND5
m.13708G>A Yes Ala458Thr MTND5
m.14766C>T Yes lle7Thr MTCYB
m.15257G>A Yes Aspl71Asn MTCYB
m.15326A>G Yes Thr194Ala MTCYB
m.15452C>A Yes Leu236lle MTCYB
m.15812G>A Yes Val356Met MTCYB
m.16069C>T Yss - D-Loop
m.16126T>C Yes - D-Loop
m.16193C>T Yes - D-Loop
m.16519T7>C Yes - D-Loop
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uncut
Fun4HT FundHI
Wild-type
miDNA - 9 22 22
FundHi
mutant
mtDNA 134 22
A
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B

Figure 3-6 PCRRFLF analysis of the m.11453G>A mutationgatient and mothe

(A) Schematic diagram showing sizes of PCR products afigestion with the restriction endonucle
(Fun4HI). (B) Quantification of mutation load in different tiss: lane 1 is an uncut sample; lane 2 |
negative control DNAsample; lanes 3 iDNA from patient’s fibroblasts sampléane 4 isDNA from
patient’s blood sampldane 5 isDNA from mother’s blood sample, lane 6D&A from mother’s urine

sample; and lane 7 BNA from mother’s buccal sample.

3.5.2.3Measurement of respiratory chain complexeactivity

Measurement of the activity of the individual reapory chain complexes | and Il and 1
matrix marker citrate synthase in patient fibrotdesppeared to show a mi decrease in
complex | activity (patient, 0.101 nmols NADH oxidized.n™.unit citrate synthase
(CI/CS); controls, 0.197+0.034 nmols NADH oxidizedh.unit citrate synthas™ (Cl/CS)
(meantSD,n=8). However, the ratio of complex I:ll activitieshowed no appare
abnormality (patient, 0.819 (CI/CII); controls, 8-0.90 (CI/CIl)). Givenl could not
demonstrat@a complex | deficiency by both these critethatare routinely used within ol
diagnostic laboratory; felt that! could not equivocally show that the patient fibeik

reliably demonstrated an observable biochemicaaeéfvolving complex
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3.5.2.4Measurement ofROS levels and mitochondrial mass in fibroblast
from the m.11453G>Apatient

To assess the pathogenic role of the m.11453G>AS R®els and mitochondrial ma
were investigated in fibroblasts from the patidtesults showed a slight increase in F
levels (with no significancen=6) and no change in mitochondrial men=4) as compared
to fibroblasts from three different control samplesntrol 1 (C1) is a healthy neonai
control 2 (C2) is a pediatric, and control 3 (C8)embryonic lung fibroblasts (MRC
(Figure 3-7).

150+ =30

125+

—
=] =
o L=
L L

on
(=1
'l
MADO fluoresence 1 [a.U]

DHR fluoresence 3 [a.U]

b3
o
L

D L] L] L] L]

P P
n N

EROS production
B Jitochondrial mass

Figure 3-7Measurement of ROS productilevelsand mitochondrial mass in fibroblasts from patiith the
m.11453G>A mutation.

This figures shows a gt increase in ROS producticwithout any significance and no change
mitochondrial mass asompared to control samp. C1 is a healthy neonatal, C2 ichealthy pediatric, and

C3 is embryonic lung fibroblasts (MRC'Error bars represent SEM.

3.5.2.5 Western blot analysis and protein expressidevels in fibroblasts
from the m.11453G>A patien

Western bot analysis was carried out to investigate whethes mutation affectprotein
expressiorevels in fibroblasts fronthe patient. Three amoclonal antibodies were ust

Complex | subunit NDUFE (20kDa) protein expression levels were shown te
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increased in the patient fibroblasts. Also, MnSQ@BkDa) protein levels showed a slig
increase. However, the increase in both cases wéasstatistically significant whe
compared to controlsThe monoclonal antibody against complex Il sub@nikDa was
used as control for loadir{§igure 3-8).

CTI-70KDa

220-

200+

- = - - -
= n e D @
o o [=] o o
1 1 1 1 1

-

% of protein expression levels

Control  CII-70  Control  CI20  Control MnSOD

Figure 38 Western blot analysis for the m.11453Gmétatior.

A high increase in C2OkDa (NDUFBS8) protein expression levels was sedtile MnSOD levels showed
slight increase when compaal to Cl-70kDa subunit. C1, C2, and @8present healthy control samp The

graph represents quigfication of bands intensi and error bars represent SEM.

3.5.2.6 Is the m.11453G>A mutation pathogeni

Lebers hereditary optic neuropatl(LHON) is a maternally inheritedisease leading to
bilateral visual loss anthe majority of cases are caused by three prinpathogenic
mutations(m.3460G>AMTND1, m.11778G>AMTND4 and m.14484T>(MTND®6) [374].
Blindness is due to optic nerve degeneration asdaliloss usually occurs between
ages of 20 and 40 [190].
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Patient #2 presented with a LHON-like phenotypeisfbll genome sequence analysis of
the patient's DNA sample did not reveal any of piienary LHON mutations. Instead,

mutation inNMTND4, the m.11453G>A, was identified. This mutatiorh@gnoplasmicand

is present at high levels in blood and fibrobldstsn the patient. In addition, it affects a
highly conserved sequence in thTND4 gene in different species (Figure 3-5-B).

Moreover, this mutation was not found in normaliwdlals.

The existence of the m.11453G>A mutation in a hda®pic state in the carrier mother
can be explained by several factors which can affgpression of LHON phenotypes in

different members of the same family. First, enmim@ntal factors such as: medications,
industrial toxins, alcohol drinking, and smokings(f 375-377]. Second, some mtDNA
polymorphisms can influence the expression of ptygres in individuals with the same

MtDNA mutation [378]. Third, the nuclear geneticckground can also influence the

phenotype [379, 380].

This mutation was present at homoplasmic levelalininvestigated tissues from the
patient’s healthy mother. The finding of this miatatin the mother without expressing
LHON phenotypes suggests she is asymptomatic. SlaveDNA mutations, identified as
homoplasmic, have been confirmed to be pathog&9kdnd some individuals with such
mutations have remained asymptomatic [246]. Thestemce of the mutation in a
homoplasmic state does not exclude its involvemepathogenicity as LHON is usually
found as a homoplasmic disease [381] and inhefited carrier females to all offspring
but affecting 50% of males and only 10% of femdle30, 254, 382]. All together these
data suggest that this mtDNA mutation may be rdladethe clinical presentation in this

patient.

3.5.3 The m.11777C>A mutation
3.5.3.1 Mitochondrial DNA sequencing

Sequencing the entire mitochondrial genome fronbadsample in patient #3 resulted in
the identification of the pathogenic m.11777C>A atian. This transversion changes the
amino acid at position 340 from arginine to sefimehe ND4 subunit of complex I. In
addition, it affects a highly conserved sequencethef protein, which is part of the
transmembrane region (Figure 3-9). All other segaechanges that were found in the

patient are summarised in Table 3-6.
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CACTCACAGTCGCATCATAAT CACTCACAGTAGCATCATAAT

Patient
*

Human SNYERTHSRIMILSQGLQTLLPLMAFEW
Chimpanzee SNYERTHSRIMILSQGLQTLLPLMAFW
Sheep SNYERVHSRTMILARGLQTLLPLMAAW
Bovine SNYERTHSRTMI LARGLOQTLLPLMATW
Rabbit SNYERTHSRTMLLARGLQTILPLMAAW
Rat TNYERIHSRTMIMARGLOMIFPLMATW
Mouse SNYERTHSRTMIMARGLOMVFPLMATW
Frog OSYERTHSRALLLSRGLETILPLMGTW
Drosophila VSYERLGSRSLLINKGLLNEMPAMALW
B

Figure 3-9Conservatio of the nucleotide at positian.11777C>A transversic

(A) Sequence chromatogram showing the m.11777C>A teasiswm in the patient (indicated by arrow) ¢
compared to control. (B) Alignment of amino acidxjgences at position 340 (as indicated by aste

within MTND4 showing the conservation in differesgedes.

3.5.3.2 PCRRFLP analysis of the m.11777C>A mutation

PCRRFLP was used to correlate the genotype with tipgesssed phenotype in the pati
and also to quantify the mutation load in differéasues. In this experiment, the forwi
primer was desiged to have a mismatch base to create an Hinfl site (G/ANTC). So
mutant mtDNA is cut into 214 bp and 109 bp prodwdtsle wild-type mtDNA is cut intc
176 bp, 109 bp, and 38 bp products (FigL-10). Results showed high levels of mut
MtDNA in musde (78%), blood (64%), and fibroblast DNA (52%) sdes.

Subsequent RFLP analysis in tissues from patiemtdher and sister confirmed t
presence of this mutation in all investigated tssun the mother the mutation load v
16% in blood, 36% in bwal epithelia and 17% in urine. However, the motatbad was

greater in the sister's tissues at 30%, 43.5% &r&b3% in blood, buccal and ur
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Table 3-6 Sequence changes identified in the patmying the m.11777C>A mutation.

Sequence change Previously re&ﬁgrendagsofsngor pathogenic? Amino acid change Location
m.73A>G Yes - D-Loop
m.150C>T Yes - D-Loop
m.263A>G Yes - D-Loop

m.C311C ins. Yes - D-Loop
m.750A>G Yes - 12S rRNA
m.896A>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m1721C>T Yes - 16S rRNA
m.2706A>G Yes - 16S rRNA
m.3106C del. Yes - 16S rRNA
m3197T7>C Yes - 16S rRNA
m.4732A>G Yes Asn88Ser MT ND2
m.4769A>G Yes No MT ND2
m.7028C>T Yes No MT COX1,
m.7768A>G Yes No MT COX2
m.8860A>G Yes Thr112Ala MT ATP6
m.9477G>A Yes Val9llle MT COX3
m.11467A>G Yes No MT ND4
m.11719G>A Yes No MT ND4
m.11777C>A Yes Arg340Ser MT ND4
m.12308A>G Yes - MT TL2
m.12372G>A Yes No MT ND5
m.13617T7>C Yes No MT ND5
m.13637A>G Yes GIn434Arg MT ND5
m.14182T7>C Yes No MT ND6
m.14766C>T Yes Lle7Thr MT CYB
m.15326A>G Yes Thr194Ala MT CYB
m.15511T7>C Yes No MT CYB
m.16185C>T Yes - D-Loop
m.16192C>T Yes - D-Loop
m.16270C>T Yes - D-Loop
m.16311T>C Yes - D-Loop
m.16250C>T Yes - D-Loop
m.16252A>C Yes - D-Loop
m.16270C>T Yes - D-Loop
m.16311T7>C Yes - D-Loop
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respectively (Figure 341). The presence of the mutation in differentugssfrom patient’
mother and sister suggests that this mutation wassiitted from themother to her

offspring.
uncut 323 : 22 ! ;
Hinfi Hinfl 331
Wild-type | | » — -

mt-DNA 214bp —> el S e

176 109 38 6ty — - - —
Hinfl
Mutant 1 L09bp — vH — e
mt-DNA 214 109 B

A

Figure 3-10PCFK-RFLP analysis of patient with the m.11777CmAtatior.

(A) Schematic diagram showing the sizes of PCR prodaftes digestion with the restriction endonucle
(Hinfl). (B) Quantification by PC-RFLP of mutation load in different tissues fromipat: lane 1 is uncut
DNA sample, lane 2 is DNA from a negaticontrol, lanes 3, 4and 5 show DNA samples from patic

muscle (78% mutahtblood (64% mutant) and fibroblasts (52% mutgrespectively

In addition, these results were consistent withvipies results found in two patients
unrelated cases with the same mutation. Both gatisimowed a high mutation load

affected tissues such as muscle, blood anoblasts [357].

1 2 3 4 5 6 Y 8 9 10
323bp—->.~
214 bp —» @ - - - - —
176 bp —» - A - G W S e
109bp ~— - e e G W S WD WD .

Figure 3-11PCF-RFLP analysis of the m.11777C>A in patient’s fal.

Lane 1 is uncut DNA sample, lanes 2 and 3 are DMMnfnegativecontrol samples, lane 4 is patier
muscle DNA with the m.11777(A mutation (positive contro)l, lanes 5, 6 and 7 BX&A from mother’s
blood (16% mutant buccal (362 mutant), and urine (17% mutasiamples, respective Lanes 8, 9 and 10
are DNA from the patient’s sister's blood (2 mutant), buccal (43.5% mutant) andne (36.35% mutant)

samples, respectively.
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3.5.3.3Measurement of respiratory chain complexeactivity

Measurement of the individual of respiratory chaamplexes | and Il and of the citre
synthase from patient’broblastsshowed a significant degase in complex | activit
(0.306 (CI/CII)) and (0.1054 nmols NADH oxidizedn ™ .unit citrate syntha:™* (CI/CS))

as opposed to the normal complex | activity in harfilaroblasts (0.5-0.90 (CI/Cll)) and
(0.197+0.034 nmols NADH oxidized.n .unit citrate synthase(Cl/CS) (mean + SD,
n=8) (Figure 3.12). These results confirm and supih@ involvement of this mutation

the previously isolated complex | defects in muskrleaddition, measurement of comple
activity in other unrelated case, whicatient had the m.11777C>A mutation, revee

complex | deficiency which suggests the involvemehthe m.11777C>A mutation

pathogenicity [357].
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Figure 3-12Measurement of respiratory chain complex activitpatient’sfibroblasts carrying th
m.11777C>A mutation.

This figure shows a significant decrease in complagtivity (CI/Cs and CI/CII) in fibroblasts fromatient

when compared to fibrblasts from conti

3.5.3.4Generation of cybrids

To further confirm pathogdcity of the 11777C>A mutation, cytoplasts from ipat’s
fibroblasts carrying this mutation were fused te 143BTK cell line. Within 4-5 weeks,

cybrid cells started to appear as a new gener#ti@nmorphologically differed from tr
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input cells. Cellswere harvested when they reached confluence anecsedt to PCl-
RFLP analysis to quantify mutation loads in theul&sg cybrid clones. Results show

the successful generation of 11 cybrid clones withation loads (Figure-13).

4 5 6 7 8 9 10 11 12 13 14 15

1 2 3
232 bp — ..

214 bp —> ———— -’
176 bp —» - D e

~ “
9 by —» O O D e - - -

Figure 3-13 PCRRFLP analysis of cybrid clones carrying the m.1XZ¥& mutatior.

Lanes 1 and 2 are uncut DNgamples. Lanes 3 and 4 :{DNA from negative control samples. Lane ¢
DNA from patient’s blood sample with tim.11777C>A mutation (positive control), Lane-15 are DNA
from different cybrid clones.

To confirm that the 143BTK® cells hadho mitochondrial DNA, cells were treated w
either selection media, which has BrdU but lacksline, or normal media, whichas
uridine but no BrdU. Upon treatment with selectioredia, we expected the death
143TK (@ cells and only cells with mtDNA to survive. As exped, treatment wit
selection media led to morphological changes inTK48° cells, which started to shrir

Moreover, thecells eventually died (Figure-14).

(-BrdU,+Uridine) (+BrduU,-Uridine)

Figure 3-14 Treatment of the 143BTR qells.

143BTK ¢ cells were treated with normal med-BrdU, +uridine) and selection media (+Brc-uridine) to
test the presence of any mtDNA. Treatment with radrmedii showed normal growth (left pal), while
treatment with selection media led to morphologateings and dedt of cells due to lack of mtDNA (rigt

panel).
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In addition, to exclude the possibility of any mtBNontamination in the® cell, DNA
was extracted as described (section 2.2.1.1). FEmdom primer sets specific to mtDN
were used as described (section 2.2.6.2 and 2Reglts showed absence and presen
mtDNA in some lanes (Figure-15). However, the presence of somd¢DNA in the
cells could be due tsimilar nuclear DNA sequences otitochondrial pseudogenes, whi

are common in eukaryotes.

Upon successful generation of cybrids, 2 clonese(l&6 and lane #11 from Figur-13)
were further expanded to obtain dient subclones varying in their mutation loads. RI
analysis was carried out and results showed thedepice of this mutation with varyii
mutation loads ranging between 63% (subclone #6)8486 (subclone #11) (Figur«-16).

Mutation loads in all the derent subclones are summarised in Table 3

Figure 3-15PCF analysis to test the 134Bgell contamination with n-DNA.

Lane 1 is Hyperladder 1V; lanes 2, 4, 6, and 8PCR products from control saiep containing nDNA.
Lanes 3, 5, 7, and 9 aRCR productfrom 143B-p’ cells. Lane 10 is a negative con (water). Lanes 2 and
3 are PCR produc@mplified by primer specific for fragment Lanes 3 and 4 afeCR productamplified
by primer specific for fragment 6. Lanes 6 anare PCR productamplified by primer specific for fragme

15. Lastly, lanes 8 and@e PCR produc amplified by primer specific for fragment :
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Subclones

1 2 3 1 2 3 6 8 10 11
323bp—b.
214 bp —> - e — e st
176 bp —» B e ——— — — ——
109 bp —» T ————————V— -

Figure 3-16 PCRRFLP analysis asubclones from cybrids with the m.11777C>A mute.

Lanel is an uncut DNAample; lane 2 iDNA from patient’s blood DNA san with the m.11777C>/

mutation (positive control); lane 3 is DNA frc a negative controlasnple. The remaining lanes éDNA

from the obtained subclones labelled fro-11.

Table 3-7Summary of both mutant and w-type mtDNA percentages in all subclot

Subclone # % of mutant mtDNA % of wild-type mtDNA

1 71 28
2 68 32
3 66 34
4 70 3C
5 68 32
6 63 37
7 74 26
8 77 23
9 77 23
10 76 24
11 81 1¢
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3.5.3.5 Measurement of ROS levels and mitochondriahass in fibroblasts

from patient with the m.11777C>A mutation

To further support the pathogenicity of the m.11G@¥A mutation, ROS levels i
fibroblasts from the patient was assessed. Reslutiwed a significant increase in the R
levels (P<0.001n=5) when cells were stained with DHR when compacedibroblasts
from three different control samples (section 34).1ln addition, the increase in R(
correlated with a significant increase in mitochealdnass (P<0.0(n=4) when cells wer

stained with NAO and compared to previous contfligure -17).
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Figure 3-17 Measurement RIOS level and mitochondrial mass in fibroblasts from the ni-IAC>A patier.

Patient cells showed a significant increase in B@Slevelsand mitochondrial mass when comid to the
three healthy control sampleSl is a healthy neonatal, C2 is a healthy pedijadncd C3 is embryonic lur
fibroblasts (MRC5). Error bars represent S

3.5.3.6 Western blot analysis and protein expressidevels in fibroblasts
from the m.11777C>A patien

Western bot analysis was carried out to investigate whethes mutation affectprotein
expressionlevels in fibroblasts fronthe patient.Complex | subunit NDUFE (20kDa)

protein expression levels were slightly increaskithSOD (24kDa) were also slight
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upregulated, likely due to increased levels of R®d&luction.The monoclonal antibod
against complex Il subunit (70kDa) was used aswrcbfor loadin¢ (Figure -18).
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Figure 3-18WNestern blot analysis in the m.11777C>A patientdfiflast.

Both protein expression levels were slightly insezhto almost the same levels as probed by anti
against CI-20 subunit andhi@body against MnSOD when compared to control-70kDa subunit)C1, C2,

and C3 are healthy controls and error bars repr&eM.

3.5.3.7Measurement of ROS production and mitochondrial mas in
cybrids from the m.11777C>A patien

ROS production and nathondrial mass were analysed in two subclones;i@ud #€
which showed the lowest percentage of heteroplammiysubclone #11 which showed
highest.Results from MitoSOX probe staining, DHR stainiagd NAO staining showe
neither changes in ROS puction nor mitochondrial mass when subclones #1d #6
compared to controlrf = 3) (Figure -19).

111



5+ -15.0
> —
S 4 125 S
® 8,
§ -100 @
e % 2
b L75 O
— w
o 4
ERES 5
o =5.0 =
> =
9 o)
S M 25 <
* [<Y  Z
=
0- -0.0
S R
N <~°% e&\ & o"'% e.%'\
o O 3 o A0 N
(¥) \ol ¢ \0
& . F & ¥
2" EEMitoSOX @
A EmNAC
100-
3
5, 754
Lop]
@
o
7
o 504
e
o
=
e
x 25+
I
(m]
0-
o N
& (&ﬁo &
CJO a) o°
o &
B & &
Figure 3-19Measurement of ROS levels and mitochondrial masglinid subclones carrying the
11777C>A mutation.

Measurement of mitochondrial superoxides using M probe,mitochondrial mass using NAO prc

(A), andintracellular peroxides using DHR prc (B) showed normal level&rror barsrepresent SEM.
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3.5.3.8 Western blot analysis and proteiexpression levels in cybric
subclones carrying the m.11777C>A mutatic

Western Blot analysis showed an almost similaregsed in NDUFB8 ((-20kDa) protein

expression levels in both subclol, but no change in the levelshSOD (Figure -20).
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Figure 3-20Western blot analysis of cybrid subclones carryleym.11777C>A mutatiol

NDUFB8 (Cl-20kDa) protein expression levels in both subclomese decreased similarly whilst the lev
of MnSOD expression in these subclones vnormal comparetb the 143B parental control cell line (Ctr

2 and 3). Samples were loaded in triplet error bars represent SEM.

3.5.3.9 BNPAGE analysis of Cybrids

This analysis was carried out to assess the effabie m.11777C>A mutation on compl
| assembly and further support reduced activityre€hcell lines were used: 143B parel
cell line asa control, cybrids carrying the m.11777C>A mutatwith 63% heteroplasm
(subclone #6) and cybrids with 80% heteroplasmp¢kne #11) as in Figure-16). In-

gel enzyme activity revealed no change in compleactivity between control (143
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parental) ad subclone #6 (lane #1) and subclone #l11(lane ERufe -21-A). In
addition, Western blot analysis of 1D -PAGE showed, in a similar manner, no cha
in fully assembled complex I, which was visualiseith an antibody against comple»
subunit NDUF3 80kDa), when compared to control (Figu-21-B). An antibody agains
complex II-70kDa was used as a control for loading. This sldovegluced loading fc
subclone #11 (Figure 3-8 lane #2). However, a repeat of experiment shongedhange
in complex | ativity and a slight decrease in fully assembled plax I, which was
visualised with NDUF3 ((-30kDa) (Figure 3-212). However, because the results w
not consistent and experiment was repeated onbetwiue to time limit, it was difficult t
give a clearut interpretation for these resu

L e .

Figure 3-21 BN-PAGE analysis.

(A) In-gel enzyme activity showing the activity of complein control (Ct.) and cybrids with differer
heteroplasmy levels of the.11777C>A mutation. Lanes 1 is subclone #6 (wBbotheteroplasmy) and la
2 is subclone #11 (with 80% heteroplas (duplicate). (B) Western blot of BRAGE showing the full
assembled complex (~ 900kDa) in control (Ctr.),ctoibes #6 (lane #1), andbclone #11 (lane #2). (¢
Repeat of both igel enzyme activity and Western bfor samples frontzontrol (lane #1) and subclone #
(lane #2).

3.5.3.10 The m.11777C>A mutation is pathoget

Full genome sequencimgsults frm patient #3, who presented Wwi¢taxia, bulbar palsy,
extensive progressive detaation, white matter chanc and complex | deficiency in bo
muscle and fibroblasts revealed the identificatbthe m.11777C>A itMTNDA4. Several
lines of evidence suggestit mutation is pathogenand isthe main cause of the dise.

First, this mutation is heteroplasmic ewas found to affeatlifferent tissues in the patie
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and relatives. Second, it changes the amino agidiae to serine at position 340, which is
highly conserved in different species (Figure 3)9-Bhird, measurement of respiratory
chain complex activities revealed isolated complegeficiency in both muscle and
fibroblasts from the patient. Fourth, measuremdnROS levels in fibroblasts from the
patient showed increased levels of ROS. Interdstifigroblasts from this patient showed
an increase in mitochondrial mass, a possible cosgiery response to defect in the

mitochondrial respiratory chain system or the mumatDNA.

ROS production levels and mitochondrial mass catrease as a consequence of
mitochondrial defect. It has been demonstratedR@$ production can be increased as a
consequence of respiratory chain defects causkdrdiy mtDNA mutations or inhibition
of the respiratory chain [324, 383]. This is cotesi$ with the increase in ROS production
levels in the m.11777C>A case, which showed a tl@ig®@XPHOS.

In addition, mitochondrial mass has been shownetinbreased in fibroblasts exposed to
oxidative stress through a feedback mechanism cosapi@g for a defective respiratory
chain or mutant mtDNA [384, 385]. This can be aghee by increasing mitochondrial

proliferation and/or mtDNA copy number [38@&imilarly, this can explain the increase in
mitochondrial mass in fibroblasts from the m.117%AQpatient who showed a defect in

complex | activity.

Previous studies have shown thaRNA levels of several respiratory chain suburi3g7]
and many nuclear encoded proteins involved in rhidadrial biogenesis [384] are
upregulated in cells with mtDNA depletion. In adat, the import and expression of
transcription factors, such as that of transcripfiactor A (Tfam), were increased as well
in response to mitochondrial DNA defects [388]. $&dindings are consistent with the
slight increase of protein expression levels irhbbBt-20 and MnSOD in fibroblasts from
patient but not cybrids. Alsdhe expression levels of MNnSOD in cybrids carryihg
m.11777C>A mutation showed no significant changespde the increase in ROS
production. This is not entirely unexpected as oatients with complex | deficiency
have shown variable levels of MNSOD expressiongirapfrom high to low in response to
increases in RO383, 389].
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3.5.4 Them.13051G>A mutatior
3.5.4.1Mitochondrial DNA sequencing

Sequencing of the entire mitochondrial genome feoimlood samp in patient #4, who
presented with Leigh syndrome, resulted in thetifleation of the potentially pathonic

m.13051G>A mutation. This transition chan the amino acid from glycine to serine
position 239 in the ND5 subunit of complex I. Ind&n, it affects a region of tF
membrane protein spanning toward the me which is highly conservein different

species (Figure 3-22Rll other sequence changes found in the patiensamemarised ii
Table 3-8.

GegCccc T G GCCC
Control Patient

Human OLGLEPWLPSAMEGPTPVSALLHSS
Chimpan zee QOLGLEPWLPSAMEGPTPVSALLHS S
Bovine OFGLEPWLPSAMEGPTPVSALLHS S
Sheep QFGLEPWLPSAMEGPTPVSALLHSS
Rabbit QFGLEPWLPSAMEGPTPVSALLHS S
Frog OFGLEPWLPAAMEGPTPVSALLHS S
Rat OQFGLEPWLPSAMEGPTPVSALLHS S
Mouse QFGLEPWLPSAMEGPTPVSALLHS S
B

Figure 3-22Conservation of thnucleotide at positiom.13051G>A transitiol

(A) Sequencechromatogram showing the m.13051G>A transitionha patient (indicated by arrow) a
compared to control. (B) Alignment of amino acidsjsences at position 239 (as indicated by aste

within MTND5 showing the conservation in differesgecies

3.5.4.2 PCRRFLP analysis of the m.13051G>A mutatio

To quantify mutation load in tissues from patiend aalated family members, includii
mother, sister and grandmother, F-RFLP was carried out. This mutation leads to

loss of one site for a recognitioite for theHaelll endonucleasgzG/CC.
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Table 3-8 Sequence changes identified in the patemying the m.13051G>A mutation.

Sequence change Previously r&?g:ﬁgpagrmggr pathogenic? Amino acid change Location
m195T>C Yes - D-Loop
m.207G>A Yes - D-Loop
m.263A>G Yes - D-Loop

m.303CC ins. Yes - D-Loop
m.311C ins. Yes - D-Loop
m.750A>G Yes - 12S rRNA
m.961T>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m.3106C del. Yes - 16S rRNA
m.4769A>G Yes - MTND2
m.8448T>C Yes Met28Thr MTATP8
m.8860A>G Yes Thr112Ala MTATP6
m.13051G>A Yes Gly239Ser MTNDS
m.13759G>A Yes Alad75Thr MTNDS
m.14361A>G No Trpl105Arg MTNDG6
m.15326A>G Yes Thr194Ala MTCYB
m.16293A>G Yes - D-Loop
m.16311T7>C Yes - D-Loop

The enzyme therefore cuts mutant mtDNA into 124abd 34 bp products, while it cuts
wild-type mtDNA into 72 bp, 52 bp and 34 bp produ¢Figure 3-23). Results showed
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almost homoplasmic levels of the m.13051G>A mutaiiothe patient’s blood and buct
epithelia and high levels of heteroplasmy (88%)he patient’s hair sample. In additic
high levels of mutation were observed in the modshéslood (65%) and almo
homoplasmic levels in the grandmother’s muscle $an(@3%). The presence of t
mutation in tissues from the grandmother and mother confitims mutation wa

transmitted to the patient.

uncut 128
Haelll  Haelll
Wild-type
tDNA
" 72 52 34
Haelll
Mutant l
miDNA 124 34
A
l 2 3 4 S O 7 8 9
158bp —> - |
1240 —» M -
2p = A - -
R2bp —» -— —
3bp —» o — o — -

B

Figure 3-23PCFK-RFLP analysis in patient with the m.B(5>A mutatiol.

(A) Schematic diagram showing the sizes of the PCR ygtedafter digestion with the restricti
endonucleaseHaelll). (B) Quantification of mutation load in differetissues from patient and relativi
lane 1 is an uncut DNA sample; lanes 2 and 3 aré from negativecontrol samples; lane 4 is DNA fro
Dutch patient blood DNA sample with 77% heteropladevel (positive control); Lane 5 is DNA fro
mother’s blood sample (65%utan); lane 6 is DNA from patient’s blood sample(noplasmi); lane 7 is
DNA from patient hair's sample (88mutan}; lane 8 is DNA from patient’s buccal samphomoplasmic);
and lane 9 is DNA from grandmother’'s muscle san{p&% mutan). Boxed lane was taken from anot|

experiment.
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3.5.4.3 Measuremenof respiratory chain complex activity

Measurement of the activity of the individual reapory chain complexes | and Il and
citrate synthase fromapient’s fibroblasts showed no biochemical defect in comple
activity (1.2 (CI/CIl)) and (447 nmols NADH oxidized.n .unit citrate synthase
(CI/ICS)) as opposed to the normal complex | agtiwit human fibroblasts (0.-0.90
(CI/CII)) and (0.197+0.034 nmols NADH oxidized.r .unit citrate synthai* (CI/CS))
(mean + SDNh=8). However, these values are still slightly abnormal values and th

can be attributed to the quality of the ci

3.5.4.4Measurement ofROS production and mitochondrial mass in
fibroblasts from the m.13051G>A patien

Results from measuring ROS production in the pasefibroblasts, stained wi DHR
probe, showed a significant increase in ROS praoludP<0.001,n=5) as compared to
control samples. This was accompanied by a sigmficncrease in mitochondrial mass
<0.001, NAO proben=4) (Figure -24).
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Figure 3-24 Measurment &0O¢S levelsand mitochondrial mass in fibroblasts from the MABG>A patien

A significant increase in both ROS leviand mitochondrial mass was observed when comparegitrol
samplesC1 is a healthy neonatal, C2 ihealthypediatric, and C3 is embryonic lung fibroblasts (&8;.

Error bars represent SEM.
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3.5.4.5 Western blot analysis and protein expressidevels in fibroblasts
from the m.13051G>A patien

Results from Western blot elysis showed a slight increase in theZDkDa proteir
expression levels and a greater increase in MNnSW&ld consistent with the increas
levels of ROS (Figure 25).
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Figure3-25 Western blot analysis of the m.13051 G>A.

This figure shows a&light increasein the CI-20 protein expression levels amtre increase in MnSOD

levels.Error bars represent SE

3.5.4.6 Is the m.13051G>A mutation pathogeni

Leigh syndrome isa heterogeneous progressive neegenerative diseasthat affects
infant and adults, It iassociated with defects in mitochondrial energydpotion[390]. It
mainly affects the central and peripheral nervoistesns in children as well as adults «

to mutations in either thauclear or mitochondrial genomes [39Teficiencies in the
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respiratory chain complexes |, Il, IV or V have bes=en in patients with Leigh or Leigh-
like syndrome [392].

Full mitochondrial genome sequencing of DNA frontigat #3, who presented with Leigh
syndrome and normal respiratory chain enzymes iaesly identified the m.13051G>A
mutation in the subunit ND5 of complex I. This ntida was present in all investigated
tissues from patient, mother and grandmother. & alenost homoplasmic in the patient’s
samples, with the exception of the patient’'s ham@e, and the grandmother’'s muscle.
High levels of heteroplasmy were identified in thether's blood sample. In addition, it
affected a highly conserved sequence inMA®D4 gene in different species (Figure 3-22-
B), which resulted in the substitution of serinst@ad of glycine with serine at position
239. Moreover, this mutation was not found in Healhdividuals and other patients with

mitochondrial disorders.

As mentioned previously (section 1.5MP5 may be involved in proton machinery [84]
and ubiquinone binding [85].He m.13051G>A mutation within this gene had noéeff
on complex | activity in this patient which makesdifficult to explain the role of this
mutation in causing the observed clinical phenatypewever, this does not exclude a
pathogenic role for this mutation in this patieNtoreover, the statistically significant
increase in both ROS levels and mitochondrial mas$ibroblasts from this patient
supported the involvement of the mutation in theedse pathogenesis. However, it is not
clear what caused the increased levels of ROS ptiotiuand mitochondrial mass in this

patient who had normal energy production.

3.5.5 The m.13513G>A mutation
3.5.5.1 Mitochondrial DNA sequencing

Sequence analysis of patient #5 with Leigh syndradentified the potentially pathogenic
m.13513G>A mutation. This mutation changes the Ijiglonserved aspartic acid to an
asparagine at residue 393 of the ND5 subunit ofptexnl (Figure 3-26). In addition to

this pathogenic mutation, other sequence changes identified as summarized in Table
3-9.
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cCC GACCAC ccC CCAC
- (%ﬂml_ - Mutant
A
b

Human CMIFLTGFYSKDHITETANMSYTNAWALSIT
Chimpanrzee GMPI'T.TGFYSKDT.T TINTANMSYTNAWAT.GTT
Bovine GMPFLTGFYSKDLITEAANTSYTNAWATLTMT
Sheep GMPFLTGFYSKDLITESANTSYTNAWALTMT
Rabbit GMPFLTGFYSKDLITESANTSNTNAWALIIT
Rat CMIFLTGFYSKDLITEAINTCNTNAWATLMIT
Mouse GMPFLTGFYSKDLITEATNTCNTNAWATLLIT
Frog GTPFLAGFFSKDAITEATNTSQTNTWALTLT
Drosophila GMPFLAGFYSKDMILEIVSISNVNMFSFFLY
B

Figure 3-26Conservatio of the nucleotide at position m.13513G>A transi.

(A) Sequence chromatogram showing the m.13513GaAsttion in the patient (indicated by arrow) ¢
compared to control. (BAlignment of amino acids sequences at position @&3indicated by asteris

within MTND5 showing the high conservation in difat specie

3.5.5.2 PCRRFLP analysis of the m.13513G>A mutatio

PCRRFLP analysis was carried out to quantify mutatmac in a skeletal muscle samg
from patient. A mismatch forward primer was desdjte introduce a recognition site 1
the endonucleasBbsl (GAAGACN(2)). This endonuclease leaves the uncut and m
MtDNA as 173bp products, while it cuts the mutatiDNA into 147bp and 27bp produc
(Figure 327). Results showed ~ 50% of mutation load levelsatient muscle samp
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L'neut & mutant 173
mtDNA 1 : :
173bp —» —
FBbsf
Lio bp —» -~ -
Wild-tspe 1 l
mtDN A _ B
146 27
A

Figure 3-27 PCR-RFLP analysis of patient with th&3813G>A mutation.

(A) Schematic diagram showing the sizes of the P@Bducts after digestion with the restriction
endonucleaseBpsl). (B) Quantification of mutation load; lane 1 ia ancut sample; lane2 is a control

sample; and lane 3 is a skeletal muscle sample tinerpatient (50% heteroplasmy).

Table 3-9 Sequence changes identified in the patemying the m.13513G>A mutation.

Sequence changeg Previously re&ﬁg?ﬂigso?nsq%%m pathogenic? Amino acid change | Location
m.309CT ins. Yes - D-Loop
m.310T>C Yes - D-Loop
m.750A>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m.3106C del. Yes - 16S rRNA
m.4769A>G Yes No MTND2
m.8860A>G Yes Thr112Ala MTATP6
m.11016G>A Yes Ser86Asn MTND4
m.13513G>A Yes Asp393Asn MTND5
m.15326A>G Yes Thr194Ala MTCYB
m.16519T7>C Yes - D-Loop
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3.5.5.3 Measuremenof respiratory chain complex activity

Measurement of the activity of the individual reapory chain complexes | and Il and
citrate synthase from thafent’s musclisamplerevealed a biochemical defect in comp
| activity (0.062 nmols NADH oxidized.m™.unit citrate synthase(Cl/CS)) and (0.33.
(CI/CIl) as opposed to the normal complex | acgivit human muscle (0.104+0.C nmols
NADH oxidized.min.unit citrate synthasé (CI/CS)) and (0.52.95 (CI/CII)) (mean -
SD, n=25).

3.5.5.4Measurement ofROS levels and mitochondrial mass in fibroblast
from the m.13513G>A patient

Patient fibroblasts, stained with DHR probe, showadncrease in ROS levels relative
controls but without statistical significancn=5). Fibroblasts stained with NAO pro
showed no change in mitochondrial mass as compareshtrols n=4) (Figure -28).
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Figure 3-28 Measurement BROSlevelsand mitochondrial mass in fibroblasts from the rBI3G>A patier.

DHR staining showed an increase in ROS levels A Ntaining showed no change in mitochondrial m
C1 is a healthy neonatal, C2 ithealthypediatric, and C3 is embryonic lung fibroblasts (&83. Error bars
represent SEM.
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3.5.5.5 Western blot analysis and expression of @den levels in
fibroblasts from the m.13513G>A patient.

Cl-20kDa protein expression levels were highly incedam thispatient. MNSOD level
were markedly upregulated, which could be as aoresp to the increase in R(

production (Figure 3-29).
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Figure 3-29Western blot analysis in fibroblasts from patieithwhe m.1351G>A mutation.

A high increase of protein expression levels wasda C-20, while a sligh increase of protein eession
levels was seen in MNSOR1, C2, and C3 are healthy controls and error legmesent SEN

3.5.5.6 Is the m.13513G>A mutatiopathogenic?

The m.13513G>Amutation was identified in patient #5who presented with Leig
syndrome and had @ochemical defect in complex | in muscSeqience chromatogra
(Figure 3.26A) showed that this mutation was heteroplasmichvhich levels. This
mutation affectsan evolutionary conserved nucleotiand leads to the change of

aspartic acid to asparagine at amino acid posi@®a in the ND. (Figure ~26-B). It
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caused a biochemical defect in the patient’'s musaheple. This mutation was not found

in normal individuals and other patients with mhoadrial disorders.

The 13513G>A in this patient was not novel sinee $ame mutation was reported in at
least 16 other cases most of which presented wailghLor Leigh-like syndrome [393].
Initially, m.13513G>A was associated with MELAS [33Subsequently, other cases were
reported and associated with LHON/MELAS overlap dspme [394], MELAS [395],
mitochondrial encephalomyopathy [395] and Leighdsgme [315, 392]. More recently,
this mutation was reported, in our lab, in a clildo was referred with a suspected with
mitochondrial disorder. PCR-RFLP analysis using #@melonucleasdBbsl (Table 3-3)
revealed ~ 60% mutation load in urinary epithekdlscfrom this child. In addition, this
mutation was absent in tissues from the motherestggy the mutation is sporadic (Figure
3.30).

1 2 3 . 3 {
1 -31113 — — ——
146 bp —» ot — — —

Figure 3-30 PCR-RFLP analysis of the m.13513G>Aatiom in a recent patient and mother.

Lane 1 is an uncut DNA sample; lane2 is DNA fromegative control sample; lane 3 is DNA from patient
muscle DNA sample with the m.13513G>A mutation {{pes control); lane 4 is mother's blood DNA
sample; lane 5 is mother's DNA urine sample; anid patient's DNA urine sample (60% mutation load

levels).

Finally, all previous reasons make the m.13513G>#taton in theMTND5 gene of
complex | a strong candidate for causing the deseasthis patient. In addition, this
mutation should be considered in individuals summkcwith Leigh or Leigh-like

phenotypes associated with complex | deficiency.

Although the m.13513G>A mutation affects the nutte directly next to the
m.13514A>G, which was described in two patienthWrELAS, it does not result in the
same change in amino acid, aspartic acid to glyeitie m.13514A>G. This indicates that
the amino acid at position 393 is likely to be hygimportant for complex | structure and
function [395] since both mutations are believedhange the secondary structure of the

protein [315, 396]. Moreover, the 393 position witkomplex | is thought to be involved

126



in ubiquinone bindingtherefore this mutation may disrupt this bindittigrefore leadin
to a defect inmitochondrial oxidative phosphorylati [85]. However the defect in
complex | activity in muscle from this patient aother cases with the m.13513G:
mutation could also be ributed to the change of charge in the peptideugisng the

whole complex activity337].

3.5.6The m.14453G>/ mutation
3.5.6.1Mitochondrial DNA sequencing

Sequencing oftte entire mitochondrial genome frca blood samplérom patient #¢ who
presented with spasms, pigmentary retinopathy, pradepath, increased blood lactat
andchanges in basal ganglia resulted in the ification of the pathogenic m.14453G:
mutation. This transitiomhanges the amino acid at position 47 from alatonealine in
the ND6 subunit of complex |, whicis thought to be part of the single memb-
spanning domain now considered a hot spoimutations [397]In adcition; it affects a
highly conserved sequence of the protein (FigL-31). All other sequence chanc

identified in this patient are summarized in Tak-10.

CTCCTCAATAGCCATCGCTGT CTCCTCAATAACCATCGCTGT

[

A Clantrel Patient
*

Human LGGMMYVEGYTTAMAIEEYPEAWGS
Chimpanzee LGGMMVVFGYTTAMAIEEYPEAWGS
Bovine LGGMMYVFGYTTAMATEQYPEIWLS
Sheep LGGMMYVEGTTTAMATEQYPEVIWYS
Rabbit LGGMLVVFGYTTAMATEEYPETWGES
Rat LGGMLYVVFGYTTAMATEEYPETWGS
Mouse LGGMLVVFGYTTAMATEEYPETWGS
B

Figure 3-31Conservatio of the nucleotide at position m.14453G>A transi.

(A) Sequence chromatogram showing the m.14453GaAsttion in the patient (indicated by arrow) ¢
compared to control. (B) Alignment of amino aci@gjgences at position 74 (as indicated by an sk)

within MTNDG6 showing the high conservation in diffat specie
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Table 3-10 Sequence changes identified in the materying the m.14453G>A mutation.

|Previously reported as a SNP or pathogenidg

o
"Amino acid change

Sequence changé Mitomap or mtDB Location
m.311C ins. Yes - D-Loop
m.263A>G Yes - D-Loop
m.750A>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m.3106C del. Yes - 16S rRNA|
m.4769A>G Yes No MTND2
m.6776T>C Yes No MTCO1
m.7148T>C Yes No MTCO1
m.8860A>G Yes Thr112Ala MTATP6

m.11914G>A Yes No MTND4
m.12681T>C Yes No MTND5
m.14020T>C Yes No MTND5
m.14453G>A Yes Ala47Val MTND6
m.15326A>G Yes Thr194Ala MTCYB
m.16519T>C Yes - D-Loop
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3.5.6.2 PCRRFLP analysis of the m.14453G>A mutation

PCRRFLP analysis using mismatched primers, to intredao additionaMaelll site
(GTNAC), was carried out to quantify the mutation loaddifierent tissues from tr
patient and mother. This endonuclease cut -type mtDNA into 168 bp and 21
producs, while it cuts mutant mtDNA into 143 bp, 25 bpda21 bp products (Figure-
32). Results showed high levels of mutation inghBent's muscle (65%) but low levels
fibroblasts (39%). The mutation was not found imestigated tissues from the mot

suggesting this occurred as a sporadic mutatidinarpatien

uncut 189
Maelll
Wild-type
miDNA 168 21
Maelll Maelll
Mutant
miDNA
143 25 21
A

7
e L L L 2 B

168bp — | — -
143 bp—
B

Figure 3-32PCFK-RFLP analysisn patient with the m.14453G>A mutati.

(A) Schematic diagram showing the sizes of the PCR ygtedafter cgestion with the restrictio
endonucleasMaelll (B) Quantification of mutation load in differenssiueslane 1 isan uncut DNA sample;
lane 2 isSDNA from a negative control sample; l: 3 is DNA frompatient’s muscle (65%mutant); lane 4 is
DNA from patent’s fibroblasts(39% mutant). Lanes 5, 6, and 7 are DNA fromather’s blood, buccal ar

urine samples, respectively.

3.5.6.3 Measuremenof respiratory chain complex activity

Measurement of the activity of the individual reafory chain complexel and Il and of
citrate synthase fromapient’s fibroblasts showed no biochemical defect in comple
activity (0.334 nmols NADH oxidized.n™.unit citrate synthase(CI/CS)' as opposed to
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the normal complex | activity in human fibroblas{9.197+0.034 mols NADH
oxidized.mir.unit citrate syntha* (CI/CS)) (mean + SDn=8). However, this patiel

showed complex | deficiency in muscle as initiatlyestigated prior to referr:

3.5.6.4 Measurement of ROS levels and mitochondriahass in fibroblasts
from the m.14453G>A patien

Patient fibroblasts stained with DHR probe showdtgh increase in ROS levels with
statistical significance when compared to eachrobfn=6), however, fibroblasts stain

with NAO probe showed no change in mitochondriags (n=4) (Figure :-33).
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Figure 3-33Measurement of ROlevelsand mitochondrial mass in fibroblasts from patieith the
m.14453G>A mutation.

A high increase in ROS levels with no statistic@gngicance was observed in patient sample, while
change in mitochondrial mass en compared to control sampl€xl is a healthy neonatal, C2 ishealthy
pediatric, and C3 is embryonic lung fibroblasts (@83. Error bars represent SEM.

3.5.6.5 Western blot analyss and expression of protein levels i
fibroblasts from the m.14453G>A patien

Results from Western blot analysis showed an iser@aC-20kda protein expressic

levels and no change in MnSOD levels as comparedritrols (Figure -34).
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Figure 3-34Western blot analysis in fibroblasts from the patigith the m.14453G>A mutatic

A high increase of protein expression levels wandga C-20 and aslight increase in MNnSOD levewere

observed when compaa to contro C1, C2, and C3 are healthy controls and error tegmesent SEN

3.5.6.6 The m.14453G>A mutation is pathogen

Full genome sequencing of DNA samples from pat#6, who presented witlspasms,
pigmentary retinopathy, encephalopatincreased blood lactate, changes in basal ga

and defect in complex | activity in mus, identified the m.14453G>A mutation in NI
subunit of complex IThis mutation is believed to be the main causehefdisease fc
several reasons. First,ste heteroplasmic mutation that changjes amino acid at positic
47 from alaningo valine. This is a highly conserved nucleotidethe ND6 subunit ¢
complex | (Figure 3-3B). Several mutations have previously been repontgdin this

region of the N-taminus of this subunit, which is thought to be & spot for mutation

[397]. Second, the mutation was present in all invetgyissues from this patient, witt
high mutation load in muscle and a low load indifdasts. Third, it caused a biochemi

defect in complex | dwity in muscle.
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PCR-RFLP analysis revealed high levels of mutataad in patient's muscle and low
levels in fibroblasts. This is consistent with riésd@rom respiratory chain enzyme activity
measurement, which showed a biochemical defecbommptex | activity in muscle but not

in fibroblasts. The maintenance of complex | atyiu fibroblasts can be attributed to the
low levels of mutation in these cells, which sudgessis still below the threshold to cause
a defect.

Lastly, the presence of this mutation in tissuesnfipatient and the absence in mother’s
tissues confirms that the m.14453G>A has ardemovo and is only restricted to the
patients’ tissues. In conclusion, all given datanfems the involvement of the

m.14453G>A mutation in causing the disease inghigent.

3.3 Discussion

Those identified complex | mtDNA mutations in pat® are main candidates to cause
pathogenicity in investigated patients because théfjl the canonical criteria for
pathogenicity. They are heteroplasmic except th&14b3G>A mutation, which was
homoplasmic.Those transitions change the amino acids in subuwfitcomplex I. In
addition, they affect a highly conserved sequenicéhe protein.They are present in

investigated samples from patients with variabléaton loads.

To further support the roles of those mutationpathogenicity, other cellular properties
were investigated such as ROS levels, mitochondnats, membrane potential, and

protein expression level.

The m.11777G>A and the m.13051G>A mutations weseotily mutations which showed
significant results as both revealed increasen bbth ROS levels and mitochondrial mass
in fibroblasts, while the remaining mtDNA mutatiosisowed no significant changes from
controls.In addition, measurement of membrane potentidibiroblasts from all patients

revealed no statistically significant changes (FegB+35).
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Figure 3-359Vlembrane potential measurement in fibroblasts fiorastigated patient

Results from measurement of membrane potentiahiiemt’s cells using -1 probe showed no significan
change when compared to contol san as values still within the controlalues n=2). Control 1 is a

healthy control and control 2 is a healthy neol. Error bars represent SEM.

The increase of RO&vel can be explained as a consequencéhefrespiratory chain
defect due tantDNA mutation which caused a respiratory chaiefelct in patient #who
carries the m.11777C>A mutatioThe biochemical defect in complex | activity mim
inhibition of complex | activity b rotenone. In the process eliectron transpc through
the complexrotenone prever the electrons from leawncomplex | preventing electrol
from transport. This results in the increase ottetens concentration and tr availability
to produce more ROS [62)vhich can explain the observincreased levels of ROS in tt
patient.However, it is not clear what caused the incredseels of ROSIn patient #3 who
has the m.13051G>A mutation bhas normal OXPHOS. The normal levels of R
production in theother patients could be explain by that those rartatdid not caus
structural modifications of complex I, which mayapla crucial role in ROS producti
process when thewffect the specifi sites to cause ROS producti[62]. Also,
phosphorylation of mitochondrial prote, which protect mitochondria agair

dysfunctionmay affect levels of ROS producti[398].

Mitochondrial masslso was increased in fibroblasts from both pati€#2 & #3). This
increase results from a feedback mechanism to cosape for defective respiratory che

Similarly, this can explain the increase of mitoectival mass in patient with tf
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m.11777C>A mutation, who showed a defect in complaxtivity. It is still not known
what causing the increase of mitochondrial masshen patient with the m.13051G>A
mutation. However, mitochondrial mass does notease in all pathogenic conditions due

to mutations in the mtDNA [399].

Because the increase of mitochondrial mass mayaser protein expression levels, we
checked this by western blotting; however, measargraf protein expression levels in all
patients showed no significance since fibroblagimfpatients (2 & 3) showed low levels
when compared to the other patients which revedigt levels of expression. The
expression levels of MNnSOD revealed no significglminge in the m.11777G>A and the

m.13051G>A patients even with the observed increés@tochondrial mass.

Together, results from biochemical and moleculamege investigations revealed that
these mutations fulfilled the canonical criteria pathogenicity, which make these mtDNA

mutations in complex | strong candidate€ausing the disease in the investigated patients
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Chapter 4

|dentification of two novel and pathogenic
mt-tRNA mutations
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Chapter 4 : Identification of two novel and pathogenic mt-tRNA
mutations

4.1 Introduction

An extensive range of molecular defects have bdentified in the human mitochondrial

genome, many associated with well-characterisedgrpssive neurological syndromes.
These mutations may affect mitochondrial proteintisgsis such as mtDNA deletions or
single nucleotide substitutions, which predominartifect mitochondrial transfer RNA

(mt-tRNA) genes [1, 400]. A recent survey of anlagopulation with mtDNA disease has
shown that mt-tRNA mutations are the most prevalgenetic defect, accounting for
approximately 50% of all genetically-diagnosed sag82]. Those mutations are either
homoplasmic (all copies of the mtDNA are mutated)heteroplasmic (a mixture of

mutated and wild-type genomes in the same celissu¢). Heteroplasmic mutations are
most frequently observed in patients, with variatio levels of heteroplasmy contributing

to the major differences in clinical phenotypesi0

To date, more than 250 mt DNA mutations have besso@ated with human diseases
[402]. Mutations in the mitochondrial tRNA genesrevédentified after the discovery and
characterization of the MERRF mutation (m.8344A>@pd MELAS mutation
(m.3243A>G), respectively, in the late 1980s andyed990s [403-405]. Some of the
mutations in the tRNA genes are correlated withcdigephenotypes and the clinical
phenotypes can be different from mild to severewan lethal [118]. Interestingly, there is
considerable overlap in many cases in which mutatio the same mt-tRNA gene can
give rise to different clinical phenotypes and censely the same clinical phenotype can
be caused by mutations in different mt-tRNA gerf@gure 4-1). Notably, although mt-
tRNA genes represent ~10% of the mtDNA genome, sint®% of mtDNA-related

diseases are caused by mutations in these gertids [40

Mutations in the mitochondrial tRNA genes usualjuse generalised impairment of
mitochondrial protein synthesis. Individual mutasomay affect mt-tRNA function by
different mechanisms, including inhibition of amawylation [407], impairment of mt-
tRNA stability [408], altered processing of the tRINA [409], modification of wobble-
bases [410, 411], reduced association of mt-tRNAhwhe ribosome [412] or a

combination of these mechanisms. These mutationsrgly cause a ‘loss-of-function’ of
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the affected mt-tRNA and are considered functignedicessive, as it is only when they
affect most mtDNA molecules in a cell (70-90%) tletbiochemical phenotype is
observed [207]. However, this concept was recestillenged with the identification of
an mt-tRNA mutation found to cause a biochemicdécteat low levels of heteroplasmy
[402, 413]. Initially, mt-tRNA mutations have beeassociated with multisystem
syndromes, but they also have been observed ienpativith tissue-specific disorders.
Almost 50% of these mutations occur in only threetRNA genes (mt-tRNAUOYR)m¢
tRNA™S, and mt-tRNA®. The greater susceptibility of these mt-tRNA gertes
mutagenesis than others can be explained by thk stahbilised tertiary structure of mt-
tRNAUCYR and mt-tRNAYS [414] and the high content of A-U base-pairs intRiNA "
[415]. In addition, this can explain as well why eomt-tRNA mutation,such as
m.3243A>G, can cause such a broad spectrurglinical phenotypes while different
mutations can be associateith the same clinical phenotype as explained bys&ppe
Attardi and colleagues [412].

Sequence changes in the mt-tRNA genes can be @ileogenic or polymorphic. Some
of these genes are known to be hotspots for polyhisms: mt-tRNA™, mt-tRNA*P, mt-
tRNAMY, mt-tRNA®YS. mt-tRNA"™ and mt-tRNA™. Conversely, some are known to be
hotspots for pathogenic mutations: mt-tRIAVR mt-tRNADS, and mt-tRNA®.
Sequence changes are randomly distributed throagheuifferent structural domains of
the mt-tRNAs that, suggests that all domains atakgprone to mutagenesis [118, 416].
However the mt-tRNA®“YYR) gene was shown to have the greatest pathogenatiomto
neutral changes ratio and the mt-tRN'® gene had the least changes with only one
pathogenic change. Almost 73% of mutations occurrétde stem structuresid~ 94% of
the pathogenic mutations that occurred in stem strastdisrupted Watson—Crick base
pairing, while ~44% of neutral changes occurredhie stem structures and only 57%
disrupted Watson—Crick base pairing [248]. Onlyew inutations have been identified in
the anticodon triplet region, which is known totbghly conserved in all mt-tRNAs. These
are the m.12298T>C polymorphism in mt-tRNA“Y™ [417], the m.15990G>A
pathogenic mutation in mt-tRNX[418] , and the m.5545C>T pathogenic mutation in mt
tRNA Trp [402].

Finally, although some of mt-tRNA mutations exhibrtaternal transmission within
families, sporadic cases are rare [419]. The mtARNutation selection in a rapidly
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replicating tissue such as blood is an importaciofain determining whether this mutati
is transmitted to offspring. Recent results showed sporadic n-tRNA mutations witt

low levels of mutation load in blood cells are liké be inherite(420].
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Figure 4-1Association between I-tRNA point mutations andlinical presentatior.

The majority of mtDNA+elated diseases are caused by mutations -tRNA genes, which represent t
minority of the mtDNA genome. In many cases, oyengas observed between mutations and clir
phenotypes. Associated clinical phenotypes andreynels re shown.CPEO, chronic progressive exter
ophthalmoplegia; MELAS, mitochondrial myopathy, epbalopathy, lactic acidosis, and str-like

episodes; MERRF, myoclonic epilepsy and raggedfiteds; PEC progressive external ophthalmoplec
MNGIE, mitochondrial neurogastrointestinal encephalopathy symé; KSS Kearn-Sayre syndrome

(modified from a Figure courtesy of . Helen Swalwell).

4.2 Aims

In this chapter, | will describe the histochemichipchemical, and molular genetic
investigation of twopatients. ‘he first patient (NCL-1)was investigated because
developed a cleatlinical phenotype related to a mitochondriabchemice defect. The
second patient (Portlarg)-was from a cohort of 6 patients (Tabld¥whowere referred
on the bais of their clinical phenotypes for mitochondri2aNA investigations, thei

muscle biopsies reveal®ibchemical r histochemical defects.

138



Table 4-1 Summary of the clinical presentations ather related investigations in the studied cobbgatients.

Biochemical and histochemical

Patient Age Clinical phenotypes ) o Identified mtDNA mutations
investigations
Learning disability, seizures, hearing loss, COX negativity with ragged red fibres. m.6299A>G MTCOX1
Portland-1 24 ) o silent change
and stroke -Mild COX deficiency.
Recurrent muscle cramps and exercise ] ) o m.6794A>G MTCOX1
Portland-2 34 _ - Ragged red fibres without COX negativity. silent change
fatigue
) o ) -Decrease Complex | and COX activities. )
Severe fatigue, exercise intolerance, progressive ) o No pathogenic mtDNA
Portland-3 62 ] ) -High percentage of COX negativity but S N
ataxia,peripheral neuropathy ) mutation identified
no ragged red fibres.
s devel al del . q h del -Mild complex | deficiency.
ome aevelopmental delay, motor ana speecn delay, . m.12261G>AMTTL2
Portland-4 28 hearing loss. Grand mal seizures, vision loss - Many ragged red fibres and some
and retinitis pigmentosa COX deficient fibres.
o . . - COX deficient fibers but no ragged M13497A>GMTND5
Portland-5 71 Muscle pain with weakness, ptosis, chest pain, and red fibres. silent change
decreased attention span and memory ) o
- Mild complex | deficiency.
Portland-6 74 retinitis pigmentosa silent change

COX deficient fibres.
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4.3 Material and methods
4.3.1 Needle muscle biopsy analysis

Sections from frozen muscle biopsies were cut ufngryostat to perform routine
histological analysis. Haematoxlyin and eosin (H&Hining was carried out as described
(section 2.2.15.1). In addition, combined COX/SDHirsing was carried out as decribed
(section 2.2.15.2).

4.3.2 Long-range PCR analysis

Long-range PCR analysis was carried out as desc(gextion 2.2.12) to screen for large-
scale mtDNA rearrangements in total muscle DNA.

4.3.3 Mitochondrial DNA sequencing

Entire mitochondrial genome sequencing from totalsale homogenate or blood was
performed as described (section 2.2.6) to searcmfdNA point mutations.

4.3.4 PCR-RFLP analysis

Table 4.2 summarises details for this analysis siscprimer position, sequence, restriction

endonuclease enzyme, and annealing temperatuir@gestigated patients.
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Table 4-2 Summary of PCR-RFLP analyses for the 816G and m.12261T>C mutations in NCL-1 ansd Podtarpatients.

Primer Digest Uncut Wild-type Mutant
. Primer . Annealing Enzymes and 9 PCR yp
Mutation o Primer Sequence . . . Temperature products products
Position Temperature Digestion site (C) product (bp) (bp)
€9) (bp)
L503 5-GCACACACACACCGCTGC-3' M'Smﬁ;ﬁgrr@’erse
m.618T>G 61 intrgduce Dral 37 127 108 + 19 127
H639 5 -GGGTGATGTGAGCCCGTTAA-3 site (TTT/AAA)
112221 |  5-GAACTGCTAACTCATGCCC-3' Mutation ereates
58 37 248 192+56 141+56+5
M.12261T>Cl 1120468|  5-AAAGGTGGATGCGACAATGG-3' (ceTeiv)
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4.4 The m.618T>G mutation case

4.4.1 Summary of clinical representations for the n618G>A case

The NCL-1 patient is a 50-year old female who pnése at age 25 with left sided ptosis
that became bilateral. She had limb and respirat@gkness. In addition, she had CPEO,
myopathy, diplopia, dysphagia, and exercise intwlee. Initial results from long-range
PCR appeared to show multiple mtDNA deletions; h@weno evidence of mutations in
the three major mtDNA maintenance genB®LG, SLC25A4, and PEO1) was noted.
Combined COX-SDH histochemical analysis showed ~Z39K deficiency in her muscle

biopsy (Figure 4-2).

She had two daughters. The first (NCL-2) is 28-geaid and clinically asymptomatic.
However, muscle biopsy analysis revealed ~ 3% C@kcigncy, which is abnormal at

this age although no evidence of mtDNA deletions detected on long-range PCR.

Her other daughter (NCL-3) is 27-years old. Shesgméed with deafness and a stroke-like
episode at the age of 19. A CT scan showed thahatlehad two mini strokes. Muscle
biopsy investigations showed no evidence of mtDNAletions and biochemical
assessment of respiratory chain activity was narnival addition, histochemical and

histological analyses showed normal results.

4.4.2 Results

4.4.2.1 Histochemical analysis

The combined COX/SDH staining of the patient’'s neudsopsy showed ~ 25% COX
deficiency with several fibres showing evidence sfbsarcolemmal mitochondrial
accumulation typical of ragged-red changes which suggestive of an underlying

mitochondrial genetic abnormality (Figure 4-2).
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Figure 4-2 Histabgical and histochemical anals of muscle biopsfrom patient with the m618T>.

The figure shows theombined COX/SH staining in muscle biopsy from patient, whicheaked ~25% o

COX deficiency in the patien€OX-positive fibres are brown and CQdéficient fibres are blu

4.4.2.2 Long-ange PCR analyse

Total musle DNA was assessed for la-scale mtDNA rearrangements. In addition to

full-length wildtype 10kb amplicon, a number of fainimaller products were als

amplified, which were initially suggestiveof multiple mtDNA deletions (Figure -3)

although a great proportion of mtDNA deletions wesgpected given the mark

histochemical changes seen in mu:

10 kb

4 kb
3 kb

2 kb

1 ko

0.5 kb
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Figure 4-3 Long-ange PCR analysis of muscle bioj

from patient NCI-1.

Lane 1 isa 10 kb DNA ladder, lane 2 is a P(
product from a patient who héa single mtDNA
deletion (positive control)anes 3 ia PCR product
from a person whohas no mtDNA deletic
(control), lare 4 is the resultant PCR product fri
NCL-1 musck DNA sample, and lane 5 is a P!
product from a patient who hemultiple mtDNA

deletions (positive control).



4.4.2.3 Realtime PCR analysit

Realtime PCR was carried olwas described (section 2.2.13) ftather investigate th
molecular basis of the COdeficiency in individual muscle fiboreONA was prepare:
from lasermicrodissected CO-positive =13) and COXdeficient fibre: (n=15). Specific
sds of primers and probes were used to quantifyam®unt of mtDNA. These we
located in theMTND1 gene, which is rarely deleted in patients and MTND4 gene,
which is deleted in the majority of patienHowever, reslts revealed no evidence
MtDNA deletion in theM'TND4 genesince all values are below the known thresholdi&
for mtDNA deletion, which is about 65[421] (Figure 4-4).

100+

% of Deletion

104 b
-
0 de—p-so-————ascammmee——

COX-Positive COX-Deficient

Figure 4-4 RealFime PCR analyss of individual muscle fibres from NCL-1 patigntassess mtDNA deleti.

This figure iows no evidence of mtDNA deletion the investigated COXositive and CO-deficient

fibres as levelsf mutation loacfall below threshold levels of mtDNA deletion.

4.4.2.4 \\hole mitochondrial genome sequencing

To further investigate the CC(-deficient fibres,which we had proven were devoid

mtDNA deletion, wholemitochondrial genome sequenciwas carried ot on skeletal
muscle DNA.Results showed the iddfication of the heteroplasmig.618T>G mutatiol
in the MTTF gene (MtRNA""Y (Figure 4-5)in addition to other changes (Tabl-3), all

previous reported in the main mitochondrial datab{69, 252]. The MTTF mutation
disrupts a highly conserved base paiiin the anticodon stem of thet-tRNA Phe(Figure
4-6). Amutation at the same location wpreviously reported as novel and pathogenic
the change observed was618 T>C [422].
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éontrol Patient

Figure 4-5Sequence chromatogram showing tr.618T>G transversion in pati¢ NCL-1.

Position of then.618 is shown in both control and patient (inted by arrow’

Table4-3 Sequencehanges identified in patient NCL-1.

Sequence changeg Previously re&?g?:azso? 21\IDPBM pathogenic? Amino acid Change | Location
m.263A>G Yes - D-Loop
m.303C ins. Yes - D-Loop
m.414T7>C Yes - D-Loop
m.618T>G No - MTTF
m.750A>G Yes - 12S rRNA
m.1438A>G Yes - 12S rRNA
m.3107delC Yes - 16S rRNA
m.4769A>G Yes No MTND2
m.5663C>T Yes - MTTN
m.8860A>G Yes Thi1ZAla MTATP6

m.14470T7>C Yes No MTNDG6
m.15326A>G Yes Thil94Ala MTCYB
m.16519T>C Yes - D-Loop
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Patient ATACA CTGAAAA  TGGETT
Human ATECA  CIGRAARA  TOIIT
Gorilla ATRCA CTGARAA  TGIITT
Sheep AGECA CTGAARA  TGECLCT
Whale ADNATA CTGAARA TGIIICT
Rabbit ANGCA CTGAARA  TGET
Mlouge APNGICA CTGAAAA  TGECIT
Fruat fly TOALCA TTGAAGA TGILITA
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Figure 46 Conservation of the nucleotide at positnr618T>G

(A) Schematic representation of the-tRNA™ cloverleaf structure showing the position of thetation in
the anticodon stenftaken and modified fronhttp://mamit-trna.wstrasbg.fr/mutations.asp?idAA=). (B)

Phylogenetic conservation of this region of MTTF gene sequence in different specieswing the highly

conserved base pairing (boxes).

4.4.2.5 PCRRFLP analysis

A mismatch reverse primer was designed to introdDral site (TTT/AAA) in the wilc-

type mtDNA. The endonucleasDral cuts wildtype into 108bp and 19bp, while t
mutant mtDNA and uncut samples rlt in 127bp products (Figure-7-A). Results
showed high levelsf m.618T>G in skeletal muscle from the patienthagh (as high as
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76%) but the mutatiowas absent thepatient’s blood and urine samp In addition, the
m.618T>G was absent itkeletal muscle, blood, and urine sampiesn two daughter
(Figure 4-7-B).

uncut 197
&
mulant miDNA
Dral
wild-type l
tDNA
o 108 19
A
1 2 3 4 5 6 7 h 9 10 11 12
LT

v -

Figure 4-7PCF-RFLP analysis of the m.618T>G mutationpatient NCI-1.

(A) Schematic diagram of PG-RFLP analysis showing the sizes of the producter atigestion witt
restriction endonuclease DrgB) PCF-RFLP analyses to quantify the m.618T>G levels ffedént tissue:
from the patient and her daugld. Lane 1 an uncut DNA sample, lanes 2 aBareDNA samples from
negative controlslane 4 is a patient’s muscle (76% mutant), labe® is patient’s blood, and lane 6
patient’s urine. Lanes 9-are NCI-2 patient’s muscle, blood, and urine. Lanesl20are NCI-3 patient’s

muscle, blood, and uringhe boxed lanes are a repeat of the two samplesntiirm absence of mutatic

To determine whether the m.618T>G mutation segre with the biochemical defes in
individual cells.DNA was prepared fim laser-microdissected COpGsitive n=20) and
COX-deficient fibres =1€). Results showed that tHagher levels of the r618T>G
mutation were dected in CO:-deficient fibres (96.56 + 11.77%than in the COX-
positive fbres (22.35 £ 33.61%)P<0.0001), onfirming segregation of the 618T>G
genotype with respiratg chain dysfunction (Figure-8).

147



100+ [ ——]
S . .
w 804 .
-
=
£
L] .
Iﬁ 60+ .
0 o
©
£ 404 ¢
-
o L]
T
o 20-
RS
0 U L
COX Positive COX Deficient

Figure 4-8Graphical representation of single F-RFLP analysis of the m.618T-.

This graph shows the megercentage and SE values of FFRFLP analysis of2OX-positive and COX-
deficient fibres. COXpositive n=20, 22.35 + 33.61%), COX-deficient fibres=(8, 96.56 + 11.77%) ar
P<0.0001confirming segregation of the 618T>G genotype with respiratory chaipsfunction

4.4.3 The m.618T>G mutation is pathogeni

Many pathogenic mtDNA mutations have been idertifie association with a wic
spectrum of clinical phenotypr The majority of these mutations are found ir-tRNA
genes, resulting inranslationaldefects and subsequent mitochondrial respiratoginc
dysfunction [423, 424]Patients with extraocular muscle involvem(CPEQO) usually
have pathogenic mtDNA rearrangem: [236], while patientswvith myopath, proximal
limb weakness, myalgiaand exercise intolerance usually have an mtDNidtpautation
in a proteinencoding gen([1, 236] Pathogenic point mutations in the-tRNA genes are
usually associated wit@OX deficiency ad abnormal proliferation of mitochondria

muscle tissue [419].

This patient was described to h CPEO and weakness in respiratory muscles and
limbs. Histochemical analys of thepatient’'s muscle biopsy showed CCnegativity in
muscle fibres withragged red fibre, which suggest mitthondrial accumulatic. The
identified m.618T>G mutation within FRNA"" in this patient appeared to be !
pathogenic mutation causative of the disease feerak reasons. This mutan is not a
neutral polymorphicvariant and has not been reported éither of the mitochondri:
genome databas§®9, 252. It is a heteroplasmichange present at hi levels in muscle
tissues but absent in other tissues. Furthernit affectsand disruptsa highly conserved
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base pairing within the tRNA® anticodon stem suggesting this nucleotide has an
important function and its loss may be harmful (ffeg4-6-B), Finally, higher mutation
load was observed in the COX-deficient fibres ampared to the COX-positive fibres

confirming segregation of the mutation with thedhiemical defect.

In summary, the m.618T>G mutation was present gh evels in DNA samples from
skeletal muscle of the patient and absent in DNiyas from blood and urine. Also, it
was absent from DNA samples in different tissuesdgte, blood, and urine) from her two
daughters. This strongly indicates that the m.618Tis sporadic and not transmitted.
However, it is still not known what is causing C@¥gativity in her daughter (NCL-2) as
PCR-RFLP analysis showed absence of the m.618T*dang-range PCR revealed no

evidence of mtDNA deletion.

4.5 The m.12261T>QMTTS2 mutation
4.5.1 Summary of clinical presentations for Portlad-4 patient

As mentioned before (section 4.2), Portland-4 patieas from a cohort of six patients,

whose their samples were sent to be investigatbd.phtient is a 28-year old male who

presented with some developmental delay. He hadmaod speech delay and hearing loss
at the age of 6 years. At 12 years of age, he maddgmal seizures, vision loss, and

retinitis pigmentosa, which are features of Noosgndrome. His father had a history of

migraines, sarcoidosis, and joint pain. His mothad migraines, heart problems, fatigue,
and aerobic exercise intolerance. All observediadinphenotypes and other related

information for this patient and the other patigintsn the cohort are summarised in Table
4-1.

4.5.2 Results
4.5.2.1 Mitochondrial DNA sequencing

Full mitochondrial genome sequencing of muscle hgenate DNA from all patients
identified mostly silent changes or non-pathogematations (Table 4-4). The only
pathogenic mutation identified was in portland-4igra, which was a transition mutation
at nucleotide m.12261T>C in thBITTS2 gene, mt-tRNA*“®Y) (Figure 4.9). The

m.12261T>C sequence change was not previouslytegpar either of the mitochondrial
genome databases [69, 252]. This mutation resieshighly conserved position in the

aminoacyl acceptor stem and disrupts a Watson-®@asle pairing (Figure 4-10)

149



GGCTTTCTCA: GGCTTCCTCAA

Control Patient

Figure 4-9Sequence chromatogram showing the m.12261T>C tiamgh Portlanc-4 patient.

Positionof the m.12261 nucleoticis shown in both control and patient (indicatedabypw)

A
C
Aminoacy| acceptor E
slem G--C a.a. stem a.a. stem
AT r .
G--C ) Patient CTTCCTC
A-T—» 12261 -
éé AAG Humon CTTIIETC
¢ “GGTAC A Tre | |Gonlla CTTIETC
T 1 1 - —
G CC CAT GT C TA IL‘UP ShCCp . .'\,,TT T TTL
A cC Whale LCTTIMrTC
C--G - I
AT Rabbit CTT[TLTC
A-A - -
G--C Maouse - CTTIETT
278 Bat ~CTTITC
C A , .
T A Fruit tlv ATA[TTC
G cT B T
Anticodon
A loop

Figure 410 Conservation of theucleotide at position m.122€

(A) Schematic representation of the-tRNA S“SY) cloverleaf structure showing the position of
mutation in the aminoacyl ceptor stem (taken and modified frorhttp:/mamit-trna.u-
strasbg.fr/mutations.asp?idAA=). (B) Phylogenetic conservation of this region the MTTS2 gene

sequence in different species sling the highly conserved base pairing (box
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Table 4-4 Sequence changes identified in Portfapdtient.

Sequence change Previously rep(_)rted as a SNP or pathogenic? Amino acid Location
Mitomap or mtDB change
m.73A>G Yes - D-Loop
m.263A>G Yes - D-Loop
m.1438A>G Yes - 12S rRNA
m.1811A>G Yes - 16S rRNA
m.2352T7>C Yes - 16S rRNA
m.2706A>G Yes - 16S rRNA
m.3106C ins. Yes - 16S rRNA
m.3720A>G Yes No MTND1
m.4733T>C Yes No MTND2
m.4769A>G Yes No MTND2
m.5390A>G Yes No MTND2
m.5426T>C Yes No MTND2
m.6045T>T Yes No MTCOX1
m.6152T7>C Yes No MTCOX1
m.7028C>T Yes No MTCOX1
m.8860A>G Yes Thrl12Ala MTATP6
m.10876A>G Yes No MTND4
m.11467A>G Yes No MTND4
m.11719G>A Yes No MTND4
m.12261T>C No - MTTS2
m.12308A>G Yes - MTTL2
m.12372G>A Yes No MTND5
m.13020T>C Yes No MTND5
m.13734T7>C Yes No MTND5
m.15326A>G Yes Thr194Ala MTCYB
m.15907A>G Yes - MTTT
m.16051A>G Yes - D-Loop
m.16189T7>C Yes - D-Loop
m.16129G>C Yes - D-Loop
m.16182A>C Yes - D-Loop
m.16183A>C Yes - D-Loop
m.16189T>C Yes - D-Loop
m.16362T>C Yes - D-Loop
m.16519T>C Yes - D-Loop
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4.5.2.2 PCRRFLP analysis

The m.12261T>Qnutationleads to the creation of an additiomsdonucleasMnll site
(CCTC(N)) in the mutated mtDN resulting in three productd41bp 56bp, and 51bp,
while the restriction enzyme only cuts the \-type mtDNAinto two products192bp and
56bp (Figure 4-11-A)Results showenhigh levelsof the m.12261T>C in the patient tf
ranged from 13984% in analysed tissues (Figur-11-B). However, mutation load wz

very low (<1%) in different tissues from relativgsgure +11-C).

248
uncut 1z 2 4 s & 7 8 o
') 248[)})—'--
Wild-ty pe ’Viﬂ
MDNA 192 56 185 bp—» - -m
if nif
mutant Ai” Ai LiLbp—» —
mONA 141 51 56 | B
A
1 2 3 4 3 & 7 3 G 10 11 12
218bp—>-

185 bp —» - _‘-------.
141 bp —* !“ .

C

Figure4-11 PCR-RFLP analysis of tme.12261T>C mutatic.

(A) Schematic diagram of P(-RFLP analysis showing the sizes of the producter atigestion witl
restriction endonucleaskinll. (B) PCRRFLP analysis to quantify the m.12261T>C levelsdifferent
tissues from patient and relatives. Lane an uncut DNA sample, lane 2 BNA sample from a negativ
control, lane 3 igatient’s musclDNA sample (94% mutant), lane 4 patient’s urineEDNA sample (78%
mutant), and lane 5 jgatient’s buccaDNA sample (15%mutant). Lane 6 is mother’s urine DNA sam
and hne 7 is mother's buccal DNA sample. Lane 8 is dmawther’s urine DNA sampleand lane 9 is
grandmother’s buccal DNA samp(C) Levels of the m.12261T>C in blood DNsamples from patient ar
relatives. Lane 1 is an unciNA sample, lane 2 is DNA séple from a negativeontrol, lane 3 isDNA
from patient’s muscle with the m.12261T>C mutafjpositive control, 94% mutantand lane 4 is pati€e’s
blood DNA sample (13%nutan). Lane 5 is mother 's blood DNA samplane 6 is grandother’s blood
DNA sample lanes 7 & 8 are patie’s brothers blood DNA sampleand lanes 9 & 10 are gent’s sisters

blood DNA samplesBoxed lanes are taken from another experir
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To determine whether the m.12261T>C mutation segesgwith the biochemical defects
in individual cells, DNA was prepared from laserenodissected COX-positive£€11) and
COX-deficient fibresi=10). Although high levels of mutation load (up94Po) were seen

in DNA sample from muscle, a significant differeramtween the percentage of the mutant
MtDNA in the COX-positive and COX-deficient fibregas seen. Results showed that
higher levels of the m.12261T>C mutation were dettan COX-deficient fibres (97.10 £
1.101%) than in COX-positive fibres (85.82 + 16.59%F<0.0001), confirming
segregation of the m.12261T>C genotype with regmiyachain dysfunction (Figure 4-12)

100+
*y . W.

90 T LT

80+

70+
60+
50+
40+
304
20+

% Level of m.12261T>C mutation

10+

COX Positive COX Deficient

Figure 4-12 Graphical representation of single FRFR-P analysis of the m.12261T>C mutation.

This graph shows the mean percentage and SE vafue€R-RFLP analysis of COX-positive and COX-
deficient fibres: COX-positivenE11, 85.82 + 16.59%), COX-deficient fibres=(10, 97.10 + 1.101), and
P<0.0001 confirming segregation of the m.12261Te@agype with respiratory chain dysfunction.

4.5.2 The m.12261T>C mutation is pathogenic

Portland-4 patient was described to have develofahdalay, motor and speech delay and
hearing loss. In addition, he had seizure, visiossland retinitis pigmentosa. Initial
analysis of patient’'s muscle biopsy showed COX teigya in muscle fibres and many
ragged red fibres, which suggest mitochondrial amdation. Moreover, biochemical
analysis showed a mild defect of the respiratorgirclcomplex |. The identified mt-
tRNAS®ACY) sequence variant in this patient was demonstrigebe the pathogenic
mutation, causative of the observed clinical presens. This mutation fulfilled the

canonical criteria for pathogenicity of mtDNA mutats [199]. It is not a neutral
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polymorphic variant and has not been reported theeiof the mitochondrial genome
databases [69, 252]. It is a heteroplasmic chartgegher levels in postmitotic muscle
than mitotic cells and affects a highly conservedl@otide within the tRNA structure. In
addition, it disrupts a Watson-Crick base pairia aminoacyl acceptor stem (Figure 4-8).
Finally, this mutation showed high levels of mutatiload in COX-deficient fibres as
compared to COX-positive fibres confirming segregatvith the biochemical defect. All
these given data provide a strong evidence thamti@261T>C mutation is causative of

the disease.

Not only did this mutation show different levels legteroplasmy in different tissues from
the patient, but it was also present in differésgues from mother and grandmother with
low levels of heteroplasmy, which suggests transimms of the mutation to patient. The
presence of this mutation with low levels in botbther and grandmother explains why
they are asymptomatic, while the presence of thisation in the patient but not in the

other siblings can be attributed to mtDNA segremati

Further conclusions from the analysis of the twbgnds investigated in this Chapter will

be discussed in the General Discussion (Chapter 7).
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Chapter 5

Neuromuscular disease presentation with
three genetic defects involving two genomes
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Chapter 5 : Neuromuscular disease presentation with three
genetic defects involving two genomes

5.1 Introduction

Mutations in the human mitochondrial genome (mtDN#Agve been shown to cause
progressive neurological syndromes [1]. These coniynimclude mutations that affect
mitochondrial protein synthesis such as singlegdascale mtDNA deletions and single
nucleotide substitutions affecting mitochondriaansfer (mttRNA) genes [400]. The
majority of mt-tRNA mutations are heteroplasmicthwelinically-affected tissues such as
skeletal muscle exhibiting high mutation loadsdiag to a respiratory chain defe@tis

is best illustrated in individual muscle fibres kvitells exhibiting a mutation load above a
critical threshold, typically ~90% for most mt-tRNAutations, lacking demonstrable
histocytochemical cytochrome oxidase (COX) activity [317, 425, 426However, the
pathogenic threshold may be influenced by seveaalofs, including mitochondrial
morphology and dynamics. Also the situation may derent in replicating cells

compared with that of non-dividing muscle fibre®24

The recent description of a patient with a multisgs presentation due to a novel mt-
tRNA™ (MTTY) gene mutation that was present at low mutantsdadlinically-affected
tissues has challenged the accepted dogma thatt-#BRNA mutations are “functionally-
recessive”The m.5545C>T mutation within the mt-tRNfRcaused a severe multisystemic
disorder and marked respiratory chain deficiencgnewat low levels of heteroplasmy
(<25%) in affected tissues. The pathogenic thresHot the mutation in cybrids was
between 4 and 8%, confirming a dominant mechanisaction regardless of the precise
mechanism [402]. Two hypotheses were proposed tterbenderstand this phenomenon.
First, the central base (A@) of the anticodon triplet of the mt-tRNR at position 5545
interacts with the central base (G) of the codigetr (UGA) and (UGG) in the mRNA and
is essential to determine tRNA specificity. Howevéne m.5545C>T changes the
anticodon from ACU to AUU which makes the mutatedtRINA decode UAA or UAG,
which are termination codons. So the mutated mt&RNmay cause a read-through of the
MRNA adding one Trp residue at the position of #tep codon followed by the
incorporation of a tail of lysine residues spediftey the poly-A sequence at the end of the

transcript. Second, since the third base of th@wcad the mitochondrial genome is usually
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not essential to determine tRNA specifi([427], the mutated tRNA could recognize U(

and UGU codons and incorpce tryptophan in the place of tyrosif#2] (Figure 5-1).

Wild-type tRNAT™ Mutant tRNATP Mutant tRNATP

-v“n' -"w ~w

=0 C=50 G0
G - -

UGA UAA UAG
Trp Stop Tyr

Figure 5-1Schematic representation showing the structurbefrit-tRNA™.

This figure shows structure ¢he wild-type mt-tRNA™, mutantmt-tRNA™, and the possible effect
mutation on codon recognitiofihe wilc-type mt-tRNA'™ anticodon(ACU) recognises tt (UGA) codon on
the mRNA that encodes thmat-tRNA™™. However, the m.5545C>T mutati@mhanges the anticodon frc
ACU to AUU which makes the mutated -tRNA decodedJAA or UAG, which arestop codons, or could
recognize UGC and UGU codons and incorporate tpfo in the place of tyrosir(taken and modified
from [402]).

This chapter presents the m.12283G>A mutation withie m-tRNA"“CN) (MTTL2),

which is another mutation present at low leveld thearly segregates with a functior
biochemical defect as measured by COX activitynghvidual muscle fibrs. Interestingly,
this novel mtDNA mutation represents only one aéé#) confirmed genetic abnormalit

in this patient.

The identification of such mutations has led tethink about the way to diagnose sc
pathogenic mtDNA mutations since these nions may easily escape detection
standard diagnostic screening methods. Indeedyrdaito identify the m.12283G>
mutation the first time | sequenced muscle homogemdDNA from this patient was dt
to mutation load levels, which were below detecthreshold levels. Investigation of tt
patient has highlighted that such mutations mayy d® detected by performing fi

genome sequencing on biochemic-affected individual muscle fibres (C(-deficient).
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5.2 Aims

This chapter will present the clinical, histocheahidiochemical and molecular genetic
investigations in a patient withreeuromuscular disease presentation due to threstigen

defects involving two genomes.

5.3 Clinical presentations

The patient is a thirty-one year old gentleman wfivet presented to a specialist
mitochondrial clinic for investigation of progreesibilateral ptosis, chronic progressive
external ophthalmoplegia and increasing difficgltivith walking but who has an
extensive past medical history going back to clutwth He had always been poor at
running and jumping at school and at the age ofeslevas investigated for drooping
eyelids, difficulty holding a pen and difficulty thi walking. He was found to have a
demyelinating polyneuropathy on neurophysiologitzdting and HMSN type 1A was
confirmed genetically by the demonstration of deggiion of thePMP22 gene on the short

arm of chromosome 17 at another diagnostic centre.

At the age of 25 years he developed gout and piegéem acute renal failure at the age of
30 years. He was found to have a grossly elevalashya urate level of 1.35mmols/L
(normal < 420umol/L) and was subsequently invetggydor a possibléiPRT mutation.
Direct sequencing at another diagnostic Centrealedea c.481G>T mutation predicting a
missense mutation (p.A161S) in a recognised mutatimtspot of the gene. His mother

was later confirmed as being a carrier of thistd«id recessive mutation.

His ptosis had progressed to the point that he reagired bilateral eyelid elevation
surgery earlier in the year. At that time he haderbenoted to have external
ophthalmoplegia but described no diplopia. He hagkvgrip in both hands, required a
stick to walk, and found that his legs often gaweywHe has bilateral ptosis despite the
previous surgery. Eye movements are restrictedl idirections to less than 30There is
reduced muscle bulk in his limbs and power was ceduto MRC grade 4/5 in both
proximal and distal muscles. Deep tendon reflexeeevabsent throughout and there was
impaired sensation to pin prick, light touch anthjgosition sense to above the ankles.
His father and paternal grandfather were descrdse@haky’. The patient’s youngest son

had recently developed difficulty walking.

158



5.4 Methods
5.4.1 Needle muscle biopsy analysis.

Sections from a frozen muscle biopsy were cut usngryostat to perform routine

histological analysis. Hematoxlyin and eosin (H&ining was carried out as described
(section 2.2.15.1) followed by electron microscdpyidentify any structural changes

within the muscle. In addition, combined COX/SDHiising was carried as decribed
(section 2.2.15.2).

5.4.2 Long-range PCR analysis
Long-range PCR analysis was carried out as destc(gextion 2.2.12) to screen for large-
scale mtDNA rearrangements in total muscle DNA.

5.4.3 Mitochondrial DNA sequencing.

The entire mitochondrial genome of both total medosbmogenate and individual laser-
captured single fiores mtDNA was performed as desdr(section 2.2.6) to search for

point MtDNA mutations.

5.4.4 Real time PCR analysis

MtDNA from individual laser-captured COX-positivench COX-deficient fibres was
assessed for any possible mtDNA copy number deplair deletions [428] by real-time
PCR as described (section 2.2.13).

5.4.6 PCR-RFLP analysis

PCR-RFLP analysis was carried out from DNA samgiesn muscle homogenate,
individual single fibres, and other tissues as dlesd (section 2.2.10). Table 5-1
summarises details for this analysis such as pripasition, sequence, restriction

endonuclease enzyme, and annealing temperatures.
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Table 5-1 Summary of PCR-RFLP analysis of patiett the m.12283G>A mutation.

Primer Annealing ) ) Digest )
] Enzyme and Digestion Uncut PCR Wild-type Mutant
Primer Sequence Temperature ] Temperature
site product (bp) products (bp) | products (bp)
(°C) (°C)
Forward-L12177 5°-
ACAACAGAGGCTTACGACC-3°
59 Alul (AG/CT) 37 160 70+53+37 123 +53

Reverse-H12336-

5-TACTTTTATTTGGAGTTGCACC-3°

160




5.5 Results
5.5.1 Histochemichanalysis

H&E staining showed a minor variation in fibre sig1-96 um). Fibres had splits ar
there was some fat and connective tissue rement but only minor inflammat changes
(Figure 5-2A). In addition, occasional internal nuclei and agldfibres were observed (r
shown in the Figure 5-A). The combined COX/SDH sning showed ~ 15% CO
negativity with several fibres showing evidence sifibsarcolemmal mitochondri
accumulation typical of ragg-red changes, which are suggestive of an under

mitochondrial genetic abnormality (Figur-2-B).

Figure 5-2Histochemical analys of muscle biopsfrom patient with the m.12283G>A mutat.

(A) H&E staining of patient muscle showing diffetesizes in fibres, splits, and minor inflammat
changes. (B) COX/SDH stainirshowed some COX negativity (blstained fibres), CO-positive fibres

(brown), and mitochondrial proliferatic
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5.5.2 Longrange PCR analysis

Total muscle DNA was assessed for large scale mtbd&dkrangements using -kb and

16-kb pimers. However, results showed no signs of mtDNAaaimality (Figure -3).

12.0000p

4.072bp
3.054bp

2.036Dhp
1.6360bp

306 bp

Figure5-3 Long-range PCR analysis for the m.122813G>A.

Lane 1 is a 1kb ladder, lane 2 is the resultant p&iduct from patient muscle DNA, lane 3 is the resultz
PCR products from a patient who has a single mtRidition (positive control), lane 4 is a negativatcol

(water).

5.5.3Initial screen for mtDNA point mutations.

DNA from muscle homogenate from patie was initially screened for anmtDNA
changes by sequencinget whole mitochondrial genol. Results showed failure to det:
any novel mtDNA point mutation could cause the alé&e However, reanalysis was cari

out as described (section 5.5

5.54 Real time PCR anlysis

Real time PCR was carried out to further investigdite molecular basis of the C(
negativity within the COXdeficient muscle fibresThis was carried out because the pat
had a mutation in thélPRT gene,which is involved in the purine salvage to prov
nucleosides forde novo DNA synthesis. Mutations irvarious enzymes involved

nucleoside salvage within mitochonc have been shown tcause a defect in mtDN

maintenance, manifesting as mtDNA depln leading to COX deficient [429-432]. On
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this basis, fDNA copy number was measured in individual, I-captured CO:-positive
and COX-deficient fibresln addition, the same technigwas used to quantify IDNA
deletions within individual cells,owever, results showed neithetDNA depletior nor
MtDNA deletion (Figure -4). The latter resultsupported the previous results obtai

from long-range PCR data.

100+

threshold for mtDNA
sees  deletion detection

% Deletion
2

20+
[ ] ® [ ]
10+ °
—— ]
0= .-’-.
COX negative COX positive

Figure 5-4 Reatime PCR analys of individual muscle fibres to assestDNA deletion

Results showed no BNA deletion because all values from analysed (-positive and CO-deficient

fiboreswere below the threshold for mtDNA deletion deteat

5.5.5 Whole mitochondrial genom«sequencing

To further investigate the C(-defident fibres, whole genome sequencing was carrié:
on DNA samples from three random C-deficient fibres. Results showed 1
identification of thenovelm.12283(>A mutation in theVTTL2 (mttRNA"“CUN) gene at
high levels in two COXdeficient fibres (igures 5-5-A and 5-B), but was absent in tt
COX-positive fibres In addition, otherpreviously reported changes, listed in the
mitochondrial DNA database[69, 252], were identifieTable 52). Reanalysis of the
musclehomogenate sequencing chromatogrevealed the m.12283G>A mutation, wh
was initially determined a“wild-type” due to low levels of heteroplasmy at this
(Figure 5-5€), which explain wh it was missed in the initial analysis of the ses#eas

described earlier (section®3).
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LAGGATAACAACTATCCATTG
A

\AGGATAACAACTATCCATTG
B

LAGGATAACAGCTATCCATTG
c |

Figure 5-5S5equencing electropherograms sing the m.12283G>A transitic.

This mutation was present at high levels of mutatt@ad in individual CO:-deficient fibres from the patiel

(A & B), while low levels of mutation load were s in muscle homogenate sample
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Table 5-2 Sequence changes identified in singkedifrom the patient with the m.12283G>A mutation.

Sequence change Previously re&?;?:alafo? ;?DPBM pathogenic? Amino acid change Location
m.73A>G Yes - D-Loop
m.185A>G Yes - D-Loop
m.189A>G Yes - D-Loop
m.263A>G Yes - D-Loop

m.309C ins. Yes - D-Loop
m.310T>C Yes - D-Loop
m.311C ins. Yes - D-Loop
m.334T>C Yes - D-Loop
m.513G>A Yes - D-Loop
m.750A>G Yes - D-Loop
m.1438A>G Yes - 12S rRNA
m.3010G>A Yes - 16S rRNA
m.3107C del. Yes - 16S rRNA
m.4769A>G Yes No MTND2
m.5460G>A Yes Ala331Thr MTND2
m.8251G>A Yes No MTCOX2
m.8860A>G Yes Thr112Ala MTATP6
m.11914G>A Yes No MTND4
m.12283G>A No - MTTL2
m.15326A>G Yes Thr194Ala MTCYB
mM15936A>G Yes - MTTT
m.16148C>T Yes - D-Loop
m.16519T>C Yes - D-Loop
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This mutation at this position affects a nucleotttat resides within the variable DF
loop of the mt-tRNA LeyCUN) structure but does not disrupt Watgonck base pairing.
Sequence comparison has shown that this nucledidsrictly conserved in differel

species suggesting it is of functional importartéigifre :-6).

A
aminoacy! G-T DHU DHU
aowptorstﬂm C-G stem stem
T-A | [
T-A ree Patient AR GGAT AACAACT- ATCC A
g_i g 12273 12290
- C _
cAp AANTARAC crén Hun_lan AA GGAT AACAGCT- ATCC A
TAGG [Ny A Goiilla AA GGAT ABRCAGCT- ATCC A
ATCC T G“ Chimpanzee AA GGAT AACAGTT- ATCC A
/Gc T AT_ ARl Bovine AR GGAT AGTAGTTT ATCC G
A12283 DHU T-A Mouse TA GGAT AATAGTA- ATCC A
loop G-C Rat TA GGAT AGAAGTA- ATCC A
f"é Chicken AR GGAT AAGAGCA- ATCC G
c C Cod BA GGAT AATAGCTC ATCC G
TT GG Xenopus laevis BB, GGAA AACAGTCT ATCC G
A Seaurchin  TA GCAA AAGTGGTT ATGC A
anticodon Eathwomm TG GCAG AATAGTG- CGAC C
A oo B

Figure 5-6Conservation of the nucleotide at positiaril228..

ALeu(CUN

(A) Schematic representation of the-tRN ) cloverleaf structure, illustrating the position thfe

mutation which affects a nucleotide within the DHdp structur (taken and modified frorhttp://mamit-
trna.ustrasbg.fr/mutations.asp?idAA=). (B) Phylogenetic analysis of this region of tMTTL2 gene
confirms that this nucleotide at position m.1228&3 strictly conserved throughout species, provi

compelling eviénce for pathogenici (taken from [413]).

5.5.6 PCRRFLP analysis

The m.12283G>A mutation leads to the of Alul restriction siteallowing the detection
of wild-type mtDNA (cut into three bands of 70, 53 and 37 bpjrfrmutate mtDNA (cut
into two bands of 123 and 37 | (Figure 5-7-A).Results showechigh levels of the
m.12283G>A mutationload in COX-deficient fibres (80%) and 18% in musc
homogenate (Figure 5B). Mutation load was quantified in additional tiss from the
patient and his mother to assess segregation ddtimiit The mutation load was 8%
DNA from patient’s fibroblasts, 4¢in urinary epithelia cell sedimerdnd absent in bucc
epithelia. In addition, this mutation was absenalintissues from mother (blood, bucc
and urine) (Figure 5-7-C).
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Figure 5-7 PCRRFLP analysi of the m.12283G>A in tisges from patient and mott.

(A) Schematic diagram shows sizes of PCR produités digestion with the restriction endonucleads)
Quantification of mutation load in the C(-deficient fibres and muscle homogenate. Lane 1 shbe uncu
DNA sample as @0 bp. Lane 2 shows a negative controlA sample as 70bp and 5: products. Lanes 3
and 4 show high levels of mutation load in DNA fra@®X-deficient fibres. Lane 5 shows low levels
heteroplasmy in muscle homogenate DNA sample. (CR-RFLP analysis tauantify mutation load il
tissues from patient and mother. Lane 1 is an ubd® sample, lane 2 is DNA sample from a nega
control, and lane 3 is DNA muscle sample from aepatwith 18% mutation load levels (positive cotitr
Lanes 4, 5, 6, and 1d&re blood, buccal, urine DNA samples (4% mutamty|, #broblasts (8% mutant) fro
patient, respectively. Lanes 7, 8, and 9 are mi&hBINA samples from blood, buccal, and ur
respectively. The 37bp bandsenot shown in panel B and C because oftthreming of the ge. The boxed

lane is taken from another experim

To determine whether the m.12283G>A mutation segeepwith the biochemical defe
in individual cells.DNA was prepared from las-microdissected COXositive f=14) and
COX-deficient fibres 1f=1E). Results showed higher leveadé the m.12283G>A mutatic
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were detected in COXeficient fibre: (98.14 + 1.35%}han in the CO:-positive fibres
(1.38 £ 0.44%) (< 0.001),confirming segregation of the m.12283G>A genotype v
respiratory chai dysfunction(Figure 5-8)with a remarkable skewing of mutat load

between the two groups.

100+ eeoggao
90+

80+
70+
60+ 0
50+
40+
30+
20+

% level of m.122813G>A mutation

10+

COX +ve Fibres  COX -ve Fibres

Figure 5-8Single fibore PCFRFLP analysis ofhe m.12283G>A mutatic.

This figure shows thatdth COX-positive and COX-deficient fibres confirmeggregation of the utation
with biochemical defedis a significance difference between both groupsdedectedThe mean percentage
and SE values of PCRFLP analysis ¢ COX-positive and COX-deficient fibress follow: COX-positive
(n=14, 1.38 £ 0.44%), COXeficient fibres n=15, 98.14 + 1.35%), and P<0.006dnfirmin¢ segregation of
the m.12283G>A genotype with respiral chain dysfunction.

5.6 The m.12283G>A mutation is pathogen

In this patient with aneuromuscular phenoty we have identifiedhree distinct geneti
diseases, all contributingp the clinical picture: a dominalRMP22 gene duplication
responsible for his demyelinating polyneuropathy, X%-linked recessiveHPRT gene
mutation leading to grossly elevate level of urate in plasma and gout, and a spor:
mitochondrialMTTL2 gene mutation which we show is responsible forGkaEX-deficient
fibres in his muscle biopsy and therefore the nhitwxria CPEO phenotyp Although,
the m.12283G>A ntation waspresent at low levels in muscle homoger several lines
of evidences have proven this mutation to be pathchl and to contribu to the
neurological phenotype in this péent. The m.12283G>A variant is notrecognised
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neutral polymorphic variant and it is not represednin either of the large, publically-
available databases of human mtDNA sequences [62]. 2n addition, this mutation
affects a highly conserved nucleotide, which residéhin the variable DHU loop of the
mature mt-tRNA®'“N structure and does not disrupt Watson—Crick basenggFigure
5-6). Moreover, esults fromsingle muscle fibre analysis clearly demonstrateat the
m.12283G>A mutation segregated with COX-deficiefibres, which harboured
significantly higher levels of mutated mtDNA tharO&-positive fibres. Interestingly,
there was a very clear skewing of the segregatianuiatedmtDNA since all the COX-
positive fibres showed very low levels thfe mutation and all the COX-deficient fibres
showed high mutation levetdose to 100%. This pattern was not observed pusiyoin
the majority of pathogenic mt-tRNA mutations in waiimutationlevels in COX-positive
fibres can approach the critical threshold and roign exceed 90% mutated mtDNA
[317, 425, 426).

Because this patient developed CPEO, IT WAS imtiaypothesised that he had either a
MtDNA point mutation or mtDNA rearrangements. Thigas supported by the
identification of the pathogenic mtDNA mutation, 18276G>A, which like the previously
reported mt-tRNA™CYN) mutation, m.12283G>A, was located MTTL2 and caused
CPEO with low levels of mutation load (18%) [433fowever, initial full genome
sequence and long-range PCR results from muscleogemate in this patient failed to

detect neither mtDNA point mutation nor mtDNA reargements.

This patient was identified with a mutation in theclear-encodetiPRT gene, which is
known to salvage and recycle purine nucleotidesnduDNA synthesis, converting
hypoxanthine to inosine monophosphate (IMP) andigeato guanosine monophosphate
(GMP) [434]. In view of the known role of severalateotide salvage enzymes (e.g.TK2)
in MtDNA maintenance [432], two hypotheses weregssted. First, are the COX-
deficient fibres a secondary phenomenon toHRRT defect leading to a depletion of mt
DNA copy number in these cells, similar to theues of patients harbouring mutations in
the TK2 gene [435-437]? Second, do the COX-deficient §ileehibit mtDNA depletion or
MtDNA rearrangements? Given that these results stiawat the COX-deficient fibres
had neither mtDNA depletion nor deletion, it is gibte that theHPRT mutation is
influencing mtDNA segregation. In summary, all gneed evidence points towards the
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m.12283G>A mutation being a strong candidate in deselopment of the clinical
phenotypes related to the mitochondrial defechis patient.
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Chapter 6

GeneChip resequencing array 2.0
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Chapter 6 : GeneChip resequencing array 2.0
6.1 Introduction

To date, more than 250 pathogenic mtDNA mutatioagehbeen identified within the
mitochondrial genome in association with disea$&. [Given the highly polymorphic
nature of the mitochondrial genome, it is necessargistinguish between pathogenic
MtDNA mutations and the common polymorphic varianots SNPs. To facilitate the
identification of cases caused by pathogenic mtDMétations, accurate and rapid
technigues, which can reduce time and cost arerezfjun addition, these techniques must
be able to detect both single nucleotide changdsanall rearrangement (single nucleotide

deletion or insertion) mutations, or possibly mtDMN®ersions [438, 439].

Currently, several techniques have been developeddétect single nucleotides

substitutions or deletion/insertion mutations witlthe mitochondrial genome. Single-

stranded conformational polymorphism (SSCP) uses dlectrophoretic separation of

single-stranded nucleic acids based on a single pag, which results in a different

secondary structure and hence an altered mobilitheoPCR product through a gel. The
SSCP method was first used in 1989 and appliedreamge of DNA polymorphisms and

sequence variations. This method has been descabenh inexpensive, convenient, and
sensitive to detect genetic variation [440], alfjioufalse negative results have been
reported [441]. It is sensitive to electrophordsisiperature, buffer concentration and gel
concentration [442], and limited to small and sedlddNA mtDNA regions [443].

Denaturing gradient gel electrophoresis (DGGEistlaer technique that has been applied
to identify single nucleotide changes. It is basadhe electrophoresis of PCR-amplified
fragments through polyacrylamide gels containingireearly increasing gradient of
denaturants, so when DNA enters the gradient galibleé-stranded DNA molecules
become partially melted, and their gel-electroptiomaobility decreases [444]. DGGE is a
sensitive method to detect single-base changes mplifled DNA fragments,
heteroduplexes, and does not involve the use ofraghipactivity. UV is used to visualise
fragments after staining with ethidium bromide [f4Blowever, this method is only

limited to small DNA fragments [443], costly, arglriot quantitative [446].

Denaturing high-performance liquid chromatograpbyHPLC) allows the detection of

single base substitutions and small insertionsdetetions, and has been applied to to the
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study of the mitochondrial genome. DHPLC is basaedresmatches between amplified
DNA fragments resulting in the formation of hetauplices. The formed heteroduplices,
which are thermally less stable than homoduplicee then separated by liquid
chromatography at elevated column temperatureq.[HPLC has been has been used to
screen the entire mitochondrial genome [448], mhog an automated, accurate and rapid
method [449]. It can be applied to genotyping, loEketerozygosity and gene expression
analysis [447], although it is still sensitive @ntperature [447] and is not considered to be

a cost effective method [450].

Pyrosequencing technology has also been appliethgodetection and estimation of
heteroplasmic mtDNA point mutations [451]. Thisheology offers a real-time, minimal
sequencing method for the analysis of short to oredength DNA sequences [452] and
uses the detection of pyrophosphate release wheleaties are incorporated into the
extending template [451]. Pyrosequencing has shimwbe rapid, accurate, quantitative
and provided 100% sensitivity and specificity[45@ilst it is also relatively cheap and
does not take a lot of time to runit is [453]. e other hand, pyrosequencing still has a
number of disadvanteges: it is limited to shortusgrpes, unable to determine the correct
number of incorporated nucleotides and the occakioncurrence of nonsynchronized
extension of some sequences due to minus or @uowekhifting, which limits the length of

obtained reliable and correct sequences [452, 45|,

Conventional Sanger di-deoxy sequencing is routinsled to detect sequence changes
within the entire mitochondrial genome, which cam BCR-amplified using pairs of
overlapping primers. It is preferred because ivgles quick, accurate results and allows
the researchers to identify all changes within @ogee; it can also be applied to the study
of somatic mtDNA point mutation in single cells Bi5457]. Although it is able to detect
point mutations and small mtDNA rearrangementss itelatively costly and mutations

present at low heteroplasmic level (20% or belowaymasily escape detection [448, 458].

Surveyor Nuclease has been used to detect hetenoplantDNA mutations [459]. It uses
mismatch-specific DNA endonuclease, named Surveljordlease, which cleaves DNA
heteroduplexes formed by the hybridisation of PG&dpcts from wild-type and mutant
MtDNA [460, 461]. This method provided the abilitysequence the entire mitochondrial
genome. It is able to detect heteroplasmic mtDNAtatans but noted to be time-
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consuming [459]. However, a drawback of this te¢tbgy is that it is not able to detect

homoplasmic mtDNA mutations [461].

More recently, suspension array technology has heed to detect both heteroplasmic and
homoplasmic mtDNA point mutations. The suspensivayaanalysis is based on the use
of multi-microspheres combined with multiple sequesspecific oligonucleotide (SSO)

customized probes and flowmetry [462]. This techrichas been described as rapid
detection system with a detection limit of approately 2%, mtDNA heteroplasmy levels,

is suitable for screening large numbers of samgled,the analysis is relatively cheap as
compared to conventional sequencing [463]. Howeher detection system in this method

is currently limited to mtSNPs of Japanese ethyiaitly [463].

The complexity and limitations associated with poeg methods have led to the
development of the Affymetrix oligonucleotide-basaaday MitoChip, which allows the
analysis of 29 mitochondrial genomes per day [4&4p Affymetrix MitoChip (V2.0) is

an oligonucleotide tiling array for the resequegafi the human mitochondrial genome.

The first generation of MitoChip, MitoChip (V1.0las developed early in 2004. It was
not capable of sequencing the non-coding D-loopore@f the mitochondrial genome
[465] [466], so a second chip, the MitoChip (V2v@s developed in 2006; this contains
probes that match the revised Cambridge Refereagaehce (rCRS) [467]. In addition to
tiling of sequences for the most common haplotyipekiding single-nucleotide changes,
insertions and deletions, it contains segmenthefcontrol region allowing sequence of
the entire mitochondrial genome [464, 466]. Thed@hip system is based on the use of a
standard chip, which is 1.28 cm x 1.28 cm in s@2e.each chip there are over 6.5 million
sections known as features or squares, with eaatirée containing millions of identical
DNA probes. A probe is a 25 base pair (25-mer) tlepgece of DNA that is attached to
the chip and only differs in SNP at position #13g(ife 6-1). Each base of the
mitochondrial genome is interrogated by hybridizatiof fluorescent- labeled DNA
fragments. A comparison study between both MitoGieirsions carried out by Zhou et al.,
revealed that MitoChip (V2.0) gave 99.99% reproHility. In addition, 31 variations in
the D-loop region, which were not detected by (Y1vlere successfully detected in the
(V2.0) chips.
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C T

TGATGTGCTGTGAATGATGCAACAT
TGATGTGCTGTGTATGATGCAACAT
TGATGTGCTGTGCATGATGCAACAT
’I\'GATGTGCTGTGGATGATGCAACA’JI‘

|
Reversed tilling

}t&CTACACGACACCTACTACGTTGT}J&

|
Labelled PCR fragment

Figure 6-1Shwoing the structure of GeneChip used in the MiipG/2.0 Technique

For simplicity one square is shown, which contaimbions of identical probes that difr only in nucleotide
at position #13 known as reversed tilling. The Bidabelled PCR fragments bind to the complimen

revised tilled probe (modified from Dr. Tony Sierffymetrix).

The high sensitivity of the MitoChip (V2.0) makésisuitable tol to be applied for earl
detection and clinical screening mtDNA changes in human tumis [468, 469] and
population genetics [464]The existence of polymorgms within the mtDN, [470]

allows the MitoChip to be used in forensic appimas [464]. Sequencing the enti
mitochondrial genome on the MitoChip involves ofttlyee reactions, reducing both f
time, labour and cost wolved in analysing human mtDNAOn the other hand, tt
MitoChip (V2.0) is unable to detect mitochondriakéretion and deletion mutations.
does not cover the whole genome sequence for gllbgp@ups and not quantitativit may

give miscalls and often results need to be valtiieconventional sequeng.
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6.2 Aims

The aim of this chapter is to investigate the kelity of detecting pathogenic human
MtDNA mutations in nine of our patients with mtDN#sease, previously identified in our
lab, using the MitoChip (V2.0) and to compare tlesutts obtained from both the
conventional sequencing and the MitoChip to evaluathether the MitoChip is a
reproducible tool in a diagnostic setting. All infeation related to the investigated patients

is summarised in Table 6-1.

Table 6-1 Summary of related information to thequas investigated by MitoChip (V2.0).

Sex Age Tissue mtDNA mutation Gene
F 53 muscle m.12315G>A MTTL2
M 38 blood m.11453G>A MTND4
M 13 muscle m.11777C>A MTND4
M 9 muscle m.14709T>C MTTE
M 5 muscle m.14453G>A MTNDG6
M 10 months muscle m.13513G>A MTND5
M 4 fibroblast m.13513G>A MTND5
M 53 muscle m.13042G>A MTND5
F - muscle m.7472Cins MTTSL

6.3 Material and Methods

This project was undertaken in association with Bndy Duncan and Dr. Shamima
Rahman, Institute for Child Health, London) usihg tGeneChip® Resequencing Assay
Kit and the GeneChip Human Mitochondrial Resequeméirray (V2.0) from Affymetrix
according to the manufacture’s protocol or as dlesdrin [466] . Data were analysed and
compared with the rCRS [252]. Briefly, this methadcludes long-range PCR
amplification, PCR products pooling, fragmentatitaibelling, and hybridization, washing

and staining (Figure 6-2).
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Figure 6-2Summary of the methods in the MitoChip (V2.0) asa

After amplification ofthe human mitochondrial genorusing 45 overlapping primer pairs, the PCR prod
were subjected to two runs loihg-range PCR using 2 overlapping primer pairs to gare?307bp and 78:
bp PCR products. The amplified PCR products ween thooled and fragmented using a fragmentz
reagent. Fragmented DNA was labelled with biotinaltow visualisation. DNA fragents were then

hybrodized to the chip followed with washing angliising prior to loading in the system and scan.

6.3.1 Longrange PCFk

The entire mitochondrial DNA sequence was amplilusing two pairs oflong PCR
primers,each containing 50ng of gemic DNA, in a 96well plate using LA PCR Kit Vel
2.1 kit. The Mito3 forward primer sequence-TCA TTT TTA TTG CCA CAA CTA
ACC TCC TCG GAC TE3' and the Mito3 reverse primer 5-CG3AT GTC TTATTT
AAG GGG AAC GTGTGG GCT AT-3 were used to amplify 7814 bjThe Mitol-2
forward primer sequence-ACA TAG CAC ATT ACA GTC AAATCCCTT CTC GTC
CC-3' and the Mito12 reverse primer -ATT GCT AGG GTGGCC CTT CCA ATT
AGG TGC 3’ were used to amplify 9307 bp. The total PCR tieacvolume was 50ul and
thermal cyclhg conditions were as follow95°C for 2 minutes, 95°C for 15seconds, 6
for 7 minutes, 29 cycles, and final extension @miinutes
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6.3.2 Quantitation and pooling of PCR products

The amplified PCR products were analysed for gualitd quantity and were cleaned up

using a DNA Amplification Clean-Up Kit.

6.3.3 Fragmentation and labelling

The pooled DNA fragments were digested with Affymefragmentation reagents and
then incubated at 95°C for 15 minutes to inactivBtdase |. Fragmented DNA was
labelled by adding 2ul of GeneChip DNA labellinggent and 3.4pul of 30U/ul terminal

deoxynucleotidyl transferase according to the mactufe’s protocol.

6.3.3 Hybridization, staining and washing

Prehybridization, hybridization and washing wereried out according to the Affymetrix
CustomSeq Resequencing protocol. The chips wetgylprielized for 15 minutes in 80l
of a solution containing 3 mol/L tetramethylammanighloride, 0.1% Tween 20, and 10
mmol/L Tris, pH 7.8. Next, they were hybridized 8 hours at 48°C at 60 rpm rotation in
a hybridization solution containing: 3 mol/L tetrathylammonium chloride, 100ug/ml
herring sperm DNA, 500ug/ml bovine serum albumi@, mol/L Tris, pH 7.8, 0.01%
Tween 20, and 200 pmol/L control oligo. Eventuatiizjps were washed and stained on
the GeneChip fluidics station using the pre-progreed CustomSeq Resequencing wash

and stain protocol.

6.3.4 Microarray data analysis

Arrays were scanned on a GeneChip scanner thatunesathe fluorescence intensity for
all positions. Data were analysed using two softwarograms: the GeneChip operating
software (GCOS v1.4) and GeneChip sequence analyiisare (GSEQ v4.0). Sequences
were compared to the rCRS.

6.4 Results
6.4.1 Long-range PCR

Two PCR proucts were amplified using the Mito-3wpers as a 7184 bp (Figure 6-3) and
the Mitol1-2 primers as a 9307 bp (Figure 6-4).
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Figure6-3 First long-range PCR for the MitoChip analysis.

The first longrange PCR results in the amplificat of 7184 bp productd.ane 1 is a 1kb DNA ladder; lai
2 is PCR products frompatient with the m.14453G>A mutation; lane ;PCR products frorpatient with the
m.12351G>A mutation; lane 4 PCR products from patient with tH8513G>A mutation; lane 5 PCR
products frompatient with the 14709T>C mutation; lane 6 PCR products frompatient with the
m.13042G>A; lane 7 i®CR products fronpatient with the 11453G>A mutation; lane 8PCR products
from patientwith the m.13051 G>A, lane 9 a negative control (water)lane 10 isPCR products from

patient with the m.7472Cins mutatioand lane 11 is PCR products fropatient with m.11777C>;
mutation.
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Figure6-4 Second long-range PCR for thi¢toChip analysi

The second longange PCR results in the amplificationthe 9307 bp productéane 1 isPCR products
from patient with the m.14453G>A mutation; lane ZPCR products from pant with the r.12351G>A
mutation; lane 3 i$¥CR products fronpatient with the 13513G>A mutation; lane 4PCR products from
patient with the 14709T>C mutation; lane EPCR products fronpatient with the m.13042G>A; lane 6

PCR products from patientithi the 11453G>A mutation; lane 7 PCR products fronpatient with the
m.13051 G>A, lane 8 ia negative controwater), lane 9 is PCR products frgratient with the m.7472Cir
mutation, lane 10 iBCR products frorpatient with m.11777C>A mutation; atahe 11 is 1kb DNA ladde

6.4.2 Microarray data analysit

All information for investigated patients are sunmised in Table 6.1, which includeight
samples withsingle nucleotide chans and one sample with a singiacleotide insertic
(m.7472Cins). Raults showed the ability of the Mithip to pick up all single nucleotic
changes (Figures from®%+o0 €-12). However, because the mutation detecset up in the
Mitochip does not support identification of insens or deletios, the m.7472insC

mutation was nodletected b the MitoChip (Figure 6-13).
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6.5 Discussion

With the increase identification of pathogenic m#®Nseveral techniques have been
developed and applied in a diagnostic setting; ewesome of them are still with
limitations as previously described (section 6lt)this associated project, the MitoChip
array (V2.0) has been to evaluate whether this ateib reproducible and accurate in
detecting mtDNA mutations. This project involve@ tihvestigation of DNA samples from
40 patients in total who has been referred to thgmbstic centre at Queen Square and
UCL in London. Nine of these samples, which we@vpted from our lab, had previously
been identified as harbouring heteroplasmic, pahmgmtDNA mutations to test the
ability of the MitoChip (V2.0) to detect these midas.

Several reasons make the MitoChip (V2.0) valuadxbé in the diagnostic setting. It has the
ability to sequence the whole mitochondrial genama short time and can be applied to a
range of different applications (medical analy&isensics and population genetics, rather
than the simple detection of pathogenic mtDNA matet. It gave an accuracy and
reproducibility greater than 90% and is able teedemtDNA mutations with low level of
heteroplasmy down to a threshold level of 2% muatawDNA [466].

On the other hand, MitoChip (V2.0) has some featutieat could be considered
disadvantageous. Although, it is capable of datgctmtDNA single nucleotides
polymorphisms (SNPS), however, it cannot detect MADinsertion and deletion
mutations, this is because the detection methaesreh labelled DNA binding to the 25-
mer sequence on the chip. In some cases, non-splicifling may occur causing miscall
of the nucleotide. The Mitochip (V2.0) has been rioyed for detecting D-loop region
mutations but cannot detect mutations from AsiaNA, because it is based on the
revised Cambridge reference sequence [467] whitbnbse to the European haplogroup
H2 [463].During data analysis, the first nucleotide calledhe mitochondrial genome is
the nucleotide at position 13, because all prolég;h are tilled on the chip, are identical
in the sequence except nucleotide #13. Because At@Mucleotide position 3107 is not
tiled on the chip therefore all bases after thisifoan are shifted 1 base, which does cause

some problems with the analysis.

The inability of the MitoChip to detect insertiondadeletion mtDNA mutations, is perhaps

the main issue with this method. According to MitaMwebsite, there are more than 250
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MtDNA mutations have been reported. Simple insemidtDNA mutations only represent
~ 2.4% of these reported mutations, which is reddyi very small. The inability of the
MitoChip (V2.0) to detect simple insertion mtDNA tations, as compared to large-scale
MtDNA rearrangements that can be identified by otbehniques, means simple mtDNA
rearrangements can be missed when using the MpoQW¥R.0) to detect mtDNA

mutations and would remain unidentified.

Although there is similarity in mtDNA sample prepions for sequencing between cycle
sequencing and MitoChip, the MitoChip is substdiytieheaper than cycle sequencing and
more time-saving when considering running more tbae chip at the same time. In
conclusion, théhuman MitoChip (V2.0) is a high-throughput tool fotDNA mutation

detection but with some limitations. The understagds that the London lab has reverted
to the analysis of patient samples by conventi@egjuencing, and for the time being
Newcastle Diagnostics are continuing to do the sahi advent of next-generation
sequencing technologies [471-474], in particulartfi® mitochondrial genome [475, 476],

may influence the Newcastle Diagnostics decisiairam the near future.
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Chapter 7 : General Discussion

Mitochondria are ubiquitous cellular organellesserd in all nucleated cells and they are
the only organelles, which contain DNA within manitiaa cells [1]. They are the main
site for ATP generation within most tissues by axide phosphorylation (OXPHOS) [1].
Mitochondrial diseases are multisystem disordersibgtxng clinical, genetical and
biochemical variability [477, 478]. Several factansrease the rate of mtDNA mutations:
the lack of efficient DNA repair systems [237], &k of protective proteins such as
histones and the association with the inner mitadnal membrane which makes the
MtDNA a target for ROS-induced damage via OXHPHQES3].

The work presented in this thesis aims to investigaatients with specific mtDNA
mutations and to understand the role of these muttin causing a phenotype using

biochemical and molecular genetic techniques.

7.1 Investigations of patients with complex | mitoksondrial DNA
mutations

As mentioned in Chapters 1 and 3, complex | isléngest and least understood of the
respiratory chain complexes. Mitochondrial energyetabolism disorders due to
deficiencies in complex | are the most frequentgrs cases. Approximately 20-30% of
those disorders seen in children are due to mutiothe mtDNA. Although this suggests
that the majority of such disorders are due to truta in nuclear genes [325] [324],
MtDNA mutations represent an important cause of gernl deficiency. In this work,

patients were identified with novel and recurrenDMA mutations in complex I. To

confirm pathogenicity of these mutations severalegtigations were carried out on

different tissues from patients.

Patient #2 presented with LHON-like phenotypeswas negative for any of the primary
LHON mutations. The m.11453G>A mutation was cormgdeto cause the disease for
several reasons. It was heteroplasmic, it affebledd and fibroblasts tissues from the
patient with high levels of mutation, it affectethighly conserved sequence in ti@ND4

gene and it was not found in normal individuals.

LHON was previously reported in a patient who Haelit.11778G>A mutation within the
ND4 subunit of complex | and this mutation comprsaa complex | activity [479, 480].
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All the primary LHON mutations are distributed withcomplex | subunits and they all
cause a biochemical defect in complex |. Measuréroémespiration rate revealed that
these mutations affected this rate differently. Tih@460G>A mutation reduced the rate
20—-28%, the m.11778G>A mutation 30—36% and the 4#48 mutation 10-15% [356].
Conversely, the m.11453G>A mutation, which residethin the same complex and
affects a highly conserved nucleotide within theneasubunit, did not affect complex |
activity. As described in section 3.5.15, the mZA8G>A mutation disrupts complex |
binding with ubiquinone, thereby compromising reafary chain function. However, the
maintenance of complex | activity and the normakls of ROS in this patient make it
difficult to explain the role of the m.11453G>A matibn in causing the disease in this
patient. One possibility is that the m.11453G>A ation may cause LHON in this patient
by affecting either the NADH/NAD ratio or OXPHOS hy different pathway than
complex I; other mtDNA mutations caused a defecamplex | activity but did not cause
LHON. Another possibility is that the defect maylyobe seen in the target cells such as

retinal or optic nerve cells, and not in fibrobtapt81].

Patient #3 was presented with clinical phenotypgésied to a mitochondrial disorder. The
m.11777C>A mutation was identified in this patiamd is considered the main cause of
the disease since it metanonical criteria for pathogenic mtDNA mutations. is
heteroplasmic, affected different tissues that wakestigated in both the patient and
relatives and changes a highly conserved amina &cidddition, this mutation caused a
defect in complex | activity, which was associabgth an increase in both ROS levels and
mitochondrial mass. Interestingly, this mutatiofeefs the nucleotide directly next to the
m.11778G>A mutation, which is the most common maoteassociated with LHON [254].
However, none of the patients with the m.11777C>étation presented signs of optic
neuropathy which are the main clinical phenotypesHON patients [482]. In addition,
patients with the m.11777C>A mutation showed dédfer clinical phenotypes, with
severity, from patients with 11778G>A mutation. ThB4 subunit in complex | binds to
ubiquinone during oxidative phosphorlation and thisding is stabilized by the presence
of positively charged amino acids such as arginfkhe&hange of amino acid charge can
cause instability of the binding resulting in a etgfin the electron transport chain [483,
484]. The m.11778A>G mutation changes the aming atposition 340 from arginine to
histidine but with similar charge, the m.11777C>Atation changes the arginine to serine,
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which results in a loss of charge [482]. This coekplain the increase in phenotype
severity in patients with the m.11777C>A mutation.

In addition, the m.11777C>A mutation was descrilpedviously as a disease-causing
mutation in patients with Leigh syndrome [357] lateset encephalopathy [482] and
Leigh-like syndrome [359]. More recently, the m.IIZ>A mutation was reported in an
infant with Leigh syndrome [485]. Similar resultstiveen patients with the m.11778G>A
mutation and the m.11777C>A mutation, i.e. defactamplex | activity and increase in

mitochondrial mass [399], suggest they were aftebtea similar mechanism.

Patient #4 presented with a clinical phenotype tedlato Leigh syndrome. The

m.13051G>A mutation was identified in the subun®3Nof complex I. It affected all

investigated tissues, affected a highly conservath@ acid in the ND5 subunit and was
not found in healthy individuals. It was homoplasmin patient's samples and
heteroplasmic in relatives. However, being homaplasdoes not exclude its role in
pathogenicity since the m.13051G>A mutation hasnbeeeviously reported in a few
patients with Leigh syndrome or Leigh-like diseasé associated with isolated complex |
deficiency [486] [315]. Moreover, this mutation sad a statistically significant increase

in both ROS levels and mitochondrial mass in fittests from the patient.

The m.13051G>A mutation was firstly reported asathpgenic mutation in a Dutch
pedigree, which included two LHON affected brothansl their visually affected maternal
aunt, all of whom were negative for the primary LN@utations [487]. More recently,
the m13051G>A mutation was identified in two breothewho were referred to the
diagnostic lab because they developed phenotypesistent with a mitochondrial
disorder. The first patient (deceased) presenteth vgeizures, pigmentary retinal
degeneration and optic atrophy, while the secorkmahad very acute onset of blurred
vision. Based on clinical presentations they wergpscted to have LHON, however, full
genome sequencing from patients’ samples showed wieee negative for all primary
LHON mutations and the m.13051G>A mutation wasahly mtDNA mutation identified
(Figure 7-1).
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Figure 7-1Sequence chromatogram showing the m.13051G>A tiamsh the two brothe.

Arrows indicate to the position of the m.13051G>A in the tpatients as compared to cont

Histochemical and histological analyses of musdtgpdies from both paties revealed
normal COX/SDH staining except for one C-deficient fibre (Figure -2-A & 7-2-B)

and some COXpositive fibres, which showed an unusual increaseagtivity in the
periphery and pale staining in the center. In aalditimmunohistochemistry realed
normal staining with antibodies against complexubwit (Figure -2-C, D, E, F),
consistent with the biochemical investigations, ahhrevealed no defect in respirat
chain complexes. Although this mutation is belietedoe pathogenic in both jients,
further investigations are still required to suggbe role of this mutation in pathogenici
These include quantifying the mutation load in neisod other affected tissues from

second patient and relatives, where available. &pjgroach iill also help to determin

whether this mutation is inherited or sporg

In addition to being &ot spot for MELAS mutations [340]MTNDS5 harbour a number of
other pathogenic mutatic, which have been shown to causeigh syndrome[488], a
Leigh-MELAS overlapsyndrome[486] and MELAS-MERRFsyndrome[338]. However,
because th&lD5 subunit of complex | is involvein proton translocation machine[84]

and/orubiquinone bindin(85], this may explain whyhe m.13051G>, mutation did not
affed complex | activity in thespatiens. However, both the increase of ROS levels
mitochondrial mass in the main patient makes th&3661G>A mutation a stror

candidate to cause the disease in these pa
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Figure 7-2 Histochemicalnd immunohistochemical analy of the two brothers with the m.13051G

mutation.

COX/SDH staining showing ~ 1% COX negativity in rolgésbiopsies from patient 1 (A) and patient 2 {
Immunohistochemistry analysusing antibody against Complex | (subub&-kDa) showed no defect

complex | activity neither in the CC-deficient nor COXpositive fibres in patient 1 (C) and patient 2

when compared to same sections probed with antibgdinst complex Il (subut-70 kDa) as a control (E
and (F).

The m.13513G>Amutation was identified in patient #5 wh@resente with Leigh
syndrome.This mutation washeteroplasmic, affected lghly conserved amino ac in
ND5 and caused a biochemical defect only in musUnlike most pathogenic mutatior
which mayonly cause diseases when present at high mutabacs, the 13513G>A
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mutation was shown to be pathogenic even when preddow or intermediate levels of
heteroplasmy [315]. However, it is difficult to celate between the m.13513G>A
mutation heteroplasmy levels and complex | actigityce different levels of heteroplasmy
seem to affect complex | activity differently ingmiously published cases. High levels of
the m.13513G>A mutation affected complex | actiiB@2], intermediate levels gave
normal complex | activity [489] but low levels okteroplasmy have been reported to
cause a defect in complex | [315, 393]. This ddfere can be attributed to several factors

such as nuclear genetic background, mtDNA haplatypge and environment [393].

Finally, patient #6 who presented with spasms, pigiary retinopathy, encephalopathy,
increased blood lactate, changes in basal gangliadefect in complex | activity in
muscle, was found to harbor the pathogenic m.14433futation inMTNDG6 subunit of
complex I. This change is heteroplasmic, it chartpeshighly conserved amino acid at
position 47 from alanine to valine and it was fouadaffect all investigated tissues from

the patient.

Several pathogenic mutations have been identiigdeMTNDG6 subunit, which is known
to be a hotspot for LHON disease [397, 490, 49HON/encephalopathy [492] and
LHON/dystonia [493, 494]. The majority of MELAS sytomes are associated with the
mtDNA m.3243G>A point mutation in the mt-tRNAVUR gene, the m.14453G>A
mutation is the firsMTND6 mutation to be associated with MELAS [343]. In gidd, a
previous study showed that mutation in M&@ND6 subunit caused a defect in complex |
assembly and sharp decrease in activity [495]s Ipassible the m.14453G>A mutation

may cause pathogencity in this patient by similachanism.

7.2. ldentification of two novel, pathogenic mt-tRM\ mutations

MtDNA mutations may affect mitochondrial proteim#yesis such as mtDNA deletions or
single nucleotide substitutions, which predominartifect mitochondrial transfer RNA
(mt-tRNA) genes [1, 400]402]. Although mt-tRNA genes represent ~10% @f thtDNA
genome, almost 75% of mtDNA—related diseases arsechby mutations in these genes
[406].

Patient NCL-1 was described with CPEO, muscle weskmnd COX negativity in muscle
fibres with ragged red fibres, which suggest a amtmdrial accumulationThe m.618T>G
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mutation was the only pathogenic mutation idertdifie this patient within n-tRNA”™ It
is not a reportedheutral polymorphi variant, it is heteroplasmiand affects a highly
conserved base pairing within the -tRNAP™ anticodon stem. Also, higher levels
mutation were observed in C(deficient fibres as compared to C-positive fibres

confirming segregation with the biochemical dt.

Unlike other specieshe human n-tRNAP™ has no pairedbases in the anticodon st
which results in a bulgérigure *-3). The previously reported m.618T:>mutation, which
resides next to the anticoc bulge destabilised and destroyed anticodon formation.
Therefore, it may severely affe thesecondary and tertiary structure mt-tRNA”™and its
function [422]. The ptient with the m.618T>(mutation had &linical phenotypes almo
similar to thatseen in our patie, in terms of muscle weakness and COX deficiency
ragged red fibresyhich suggests both mutati¢, which reside in the same position witl
mt-tRNA""™ have the same role in pathogenic In addition,the m.582T>C is anoth
novel mutation in MtRNA™" within the aminoacyl acceptor stewas reported in a
patient with mitochondrial myopathy[419]. Moreover, the m.606A> mutation in mt-

tRNAP" whichaffects the same base pair within the anticodam staspathogenic [496].

Aminoacyl slem

23 3@
l
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Oy Sy Ny
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ccA . AT coc BCT 4
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TCA A, A

a-r ©
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606G <—A-T\

C-G 618G/C
A-T

Figure 73 Proposed secondary structure of the humatRINA™"®

This figure showsthe bulge structure and position other reported mtDNAmutations within themt-
tRNAP" (taken ad modified fron[422]).
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However, it is still not known what is causing COwégativity in the second daughter
(patient NCL-2) who had neither evidence of mtDNaledions nor the m.618T>G
mutation. Full genome sequence of single COX-deificfibre from the patient revealed no
significant change. This raises the possibilityt tttee COX-deficient fibres a secondary
phenomenon to defect in other nuclear encoded deading to a depletion of mtDNA

copy number in these cells.

Patient Portland-4 was described with a clinicaémgitype consistent with mitochondrial
defect, with COX negativity in muscle and a milded# of respiratory chain complex 1.
The m.12261T>C mutation within the mt-tRRA"®") gene was the only pathogenic
mutation identified. It is not a reported neutralymorphism, it is a heteroplasmic change
with higher levels in postmitotic muscle than mittatells and it affects a highly conserved
nucleotide within the tRNA structure. Also, it shedvhigher mutation loads in COX-
deficient fibres as compared to COX-positive fibr@nfirming segregation with the

biochemical defect.

Another unrelated patient, who was described wittochondrial phenotypes similar to
those seen in our patient, was identified with eehdeteroplasmic mtDNA mutation (the
m.12207G>A mutation) within the same gene [423]adidition, retinitis pigmentosa and
progressive sensorineural hearing loss, which weseribed in our patient, were identified
in another patient harbouring the pathogenic m.8228\ mutation within mt-
tRNASAC") [497]. Although, these mutations affect differgmtsitions within the same
gene, they give rise to similar phenotypes, whidggests that they may affect mt-
tRNAS®ACY) function by a similar mechanism. The m.12207G>Atatian is thought to
affect processing of the precursor RNA and aminad acharging of the tRNA,
consequently affecting protein translation [423].

Generally, the mt-tRNA mutations are consideredctiomally recessive and give a
biochemical defect when they affect most mtDNA moales in a cell (70-90%) [207].
However, this concept was challenged after thetifiestions of two mt-RNA mutations

that give a biochemical defect with low mutatioads [402, 413].

A patient was also described (Chapter 5) with thitestinct genetic diseases caused by
three mutations: a dominaRMP22 gene duplication, an X-linked recessiM®RT gene
mutation and the m.12283G>A mutation within the WRUN. The m.122831G>A
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mutation was the only mitochondrial mutation idéet and was thought to have a
pathogenic role for several reasons. It is notpomed neutral polymorphism, it is not
present in control individuals and other patienithwnitochondrial disorder and it affects a
highly conserved nucleotide, which resides withive tvariable DHU loop of mt-

tRNAUUN) Interestingly, there was a very clear skewinghef segregation of mutant
mMtDNA with the biochemical defect in the COX deéiot fibres as compared to the COX-
positive fibres, which showed very low levels otthmutation. This pattern is different
from those seen in the majority of pathogenic mtARmutations, where mutation levels
in COX-positive fibres can approach the criticaleghold, and may often exceed 90%
mutant mtDNA [317, 425, 426]. Although the molegulaechanisms controlling this

process in humans are poorly understood, they movk to be under the control of the

nuclear genome [498].

Finally, the identification of a patient with thrgenetic defects due to mutations in two
genomes is a very rare case. This case and thetrideding of the first, dominant mt-
tRNA mutation [402] further highlights a problem tlviidentifying pathogenic mtDNA
mutations present at low levels, which may eassggape the established screening
methodologies such as direct DNA sequencing. Th&2283G>A mutation is not
behaving in a dominant fashion, but was only idediin this patient by sequencing the
entire mitochondrial genome of laser microdissed@dX-deficient fibres. If this is a
common phenomenon, data indicate that the prevalehpathogenic mtDNA mutations
might be higher in the population than currenthedicted [232] which reinforces the
importance of pursuing a mitochondrial genetic d@gis in patients with clear

mitochondrial phenotypes [499]

7.3 GeneChip resequencing array 2.0

MtDNA is known to be a polymorphic [463] and pramemutations [238]. To facilitate the
identification and quantification of pathogenic MR mutations, accurate and rapid
techniques are required. Currently, several tecleighave been used and offered

advantages and both advantages as described ine€Cbap

The GeneChip, human mitochondrial resequencingy &1@, is one of these techniques
has been used to investigate the entire mitochaingenome. This approach has been

widely used for several reasons. It amplifies there mitochondrial genome using three

195



reactions reducing time, labor and cost for sanppéparation A quarter of the patients
with OXPHOS disease can be genetically diagnosedhlsy technique [500]. It gives
overall accuracy, reproducibility and call ratesaer than 90%. It is able to detect as low
as 2% of heteroplasmy [501]. Not only can MitoClue used in identifying mtDNA
mutations, but it can also be used in differedtesuch aslisease genetics, forensics, and
population genetics. Although all previous featuneske the MitoChip a great tool in
research, it still has disadvantages. It is unableetect mtDNA deletion and insertion
mutations Although the version (2.0) of Mitochip has been ioyed for detecting D-Loop
region mutations, the MitoChip version (2.0) candetect mutations from Asian mtDNA
because it is based on the revised Cambridge nefergequence [467], which belongs to
the European haplogroup H2 [463{.may give miscalls and often results need to be
validated by conventional sequencirg.conclusion, with the increased identification of
MtDNA mutations, thdhauman MitoChip is a high-throughput tool for musatidetection

with some limitations.

7.4 Concluding remarks

In this work, different mutations in the mtDNA weidentified. Some of these mutations
were novel and others were recurrent. In addition ptevious investigations, the
biochemical and molecular genetic techniques haygeld us to better understand the role
of these mutations in causing the disease in thesstigated patients. Also, my
investigations have revealed that not all pathageitDNA mutations have been identified

as the number of cases being described continuasrease.

Interestingly, the identification of the m.12283G>#ithin mt-tRNA-UN with low
mutation loads, has broadened our knowledge abeubehaviour of mt-tRNA mutations,
challenging the general dogma that mt-tRNA mutatiane pathogenic only when they
have high mutation loads. In addition, this findings led us to rethink about the way of
screening pathogenic mtDNA mutations as mutatioresgnt at low levels may easily
escape the established screening methodologiesasudinect DNA sequencing. Moreover,
this finding highlights that mt-RNA with low mutatn loads may function by different
mechanisms than other mt-tRNA mutations with hightation loads.

The comparison study between conventional sequgneimd the MitoChip (V.2.0)
revealed that the second is a high-throughput especwhen investigating large
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populations but it is still not the ultimate tool detect all mtDNA mutations because it is
not able to detect mtDNA insertion and rearrangemeutations. This favors the use of
conventional sequencing, which is more preferredisgnostic labs to avoid missing
simple insertion and small-scale mtDNA mutations.abldition, this shows the need of
next generation sequencing techniques with ultinieéures to overcome disadvantages
associated with old generation sequencing techeigurech will provides a great promise

in diagnostics.
Finally, more effort is required to increase ouowtedge in this field to help us to solve

unexplained issues related to mitochondrial biolagy diseases to contribute effectively

to mitochondrial DNA disease management.
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