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Abstract 

Mitochondrial disorders are among the most common inherited genetic disorders, with a 
combined prevalence of 1:5,000.  These are genetically, biochemically, and clinically 
heterogeneous disorders affecting any organ or tissue in the body.  A poor 
understanding of gene-to-phenotype relationships and pathophysiological mechanisms 
has resulted in sometimes years-long diagnostic odysseys and a lack of curative 
therapies.  Consequently, outcomes are often poor with most patients dying in early 
childhood. 

The aim of this project is to improve patient outlooks by using novel tools to address 
both the diagnostic and therapeutic challenges associated with mitochondrial disease.   

The diagnostic aspect of the study involved the creation of four interactive diagnostic 
resources which can complement next generation sequencing (NGS) technologies to 
achieve more rapid diagnoses for patients.  MitoEpilepsy Map, MitoCardio Map, MitoLiver 
Map, and MitoMedicine Map were created to aid in the diagnosis of mitochondrial 
epilepsy, cardiomyopathy, liver disease, and the entirety of mitochondrial disease, 
respectively.  These, maps were accurate in identifying candidate genes from clinical 
vignettes of genetically confirmed cases of mitochondrial disease in 69-100% of cases.  
These maps will be valuable resources for interpreting NGS results, hopefully facilitating 
quicker and more accurate genetic diagnoses for affected patients.   

The therapeutic aspect of the project aimed to develop a new treatment strategy for 
mitochondrial disease caused by nonsense mutations.  Translational read-through 
therapy involves pharmacological incorporation of a near-cognate amino acid in place of 
a premature stop codon during translation.  A systematic in vitro proof-of-principle study 
was performed in patient fibroblasts harbouring bi-allelic nonsense mutations in ten 
different mitochondrial disease genes.  In five patient cell cultures, translational read-
through therapy was able to restore transcript, protein, and mitochondrial function, thus 
demonstrating in vitro efficacy and paving the way for future clinical development. 

Together, these approaches help improve outcomes for patients suffering from 
mitochondrial disease. 
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Impact Statement 

Mitochondrial disorders comprise a severe and heterogenous group of inherited genetic 
disorders.  Patients often exhibit manifestations in one or more energy-demanding 
organs including the brain, muscle, heart and liver.  Clinical management is complicated 
by years-long diagnostic odysseys and a lack of curative therapies.  The aim of this 
project was to improve upon both these areas.   

On the diagnostic side, four novel computational resources were created to help 
diagnose different types of mitochondrial diseases.  These are accurate gene-to-
phenotype networks which can help interpret next-generation sequencing results and 
improve clinical management for patients.  Since these are freeware tools, they are easily 
accessible to clinicians around the world.  The data for the MitoMaps is derived from over 
4,000 publications pertaining to mitochondrial disease, thereby harnessing years of 
expertise from metabolic specialists and disseminates it in an accessible way.   

Only a few phenomic resources exist today.  To our knowledge, the prototype resource 
Leigh Map which we developed, was the first specific diagnostic phenomic resource for 
mitochondrial disease.  The computational methods developed for this project can be 
utilised for other metabolic disorders in the future.  The novelty of this project resulted in 
several oral and poster presentations for the MitoMaps.  This includes a talk at a 
quadrennial international metabolic conference, which was selected in a pool of over 
3,000 applicants.  In summary, the MitoMaps are a new technology which can help 
achieve more timely and accurate diagnoses for patients and spread knowledge about 
mitochondrial disease to geneticists, clinicians, and scientists around the world.   

The therapeutic aspect of the project focussed on developing a novel therapeutic 
strategy for mitochondrial disorders, which currently lack curative therapies.  Although 
several pharmacological and genetic therapies are currently in development, there are 
scientific, commercial, and logistical challenges that act as barriers to clinical approval.  To 
this end, we performed an in vitro proof-of-concept study of translational read-through 
therapy for mitochondrial disorders.  This approach is unique as it has the potential to 
treat a variety of genetically heterogenous mitochondrial disorders regardless of their 
function.  This approach has been attempted in several other rare genetic disorders 
including cystic fibrosis and Duchenne muscular dystrophy, for which it is approved.   
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The positive results from the proof-of-principle study reported in this thesis pave the way 
for a new therapeutic option for several mitochondrial disease subtypes.  As this is a new 
approach for mitochondrial disorders, this work was accepted for an oral presentation at 
a prestigious global conference for the treatment of mitochondrial disease.   

Overall, the research conducted in the preparation of this thesis has wide-reaching 
impact for patients and families affected by mitochondrial disease by potentially 
improving diagnostic yield and providing a new therapeutic option in future.  These data 
also contribute to a greater understanding of mitochondrial disease.  In summary, this 
project has far-reaching scientific, clinical, and economic impact.   
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RISP  Reiske iron-sulphur protein (RISP) 
RNA  ribonucleic acid 
rNDP  ribonucleoside diphosphates  
RNR  ribonucleotide reductase 
ROS  reactive oxygen species 
rpm  revolutions per minute 
RRF  ragged-red fibre 
RRM2B  p53-inducible R2 subunit  
rRNA  ribosomal RNA 
RTK  receptor tyrosine kinase  
RT-qPCR real-time quantitative PCR  
S  Svedberg unit 
SAM  S-Adenosyl methionine  
SCS  succinyl-CoA synthase 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SEM  standard error of the mean 
Ser  serine 
SLIRP  stem–loop interacting RNA-binding protein  
SMG  suppressor with morphological effect on genitalia  
SNP  single nucleotide polymorphism 
S-phase  synthesis phase of the cell cycle 
SSU  cytoplasmic small ribosomal subunit 
STAT2  signal transducer and activator of transcription 2  
SURF  SMG1C-UPF1-eRF 
T  thymine 
TALEN  transcription activator-like effector nucleases  
TBK1  TANK-binding kinase-1  
TBS-T  Tris-Buffered Saline/0.5% Tween-20 
TCA  tricarboxylic 
TCR  T-cell receptors  
TEFM  mitochondrial transcription elongation factor  
TFAM  mitochondrial transcriptional activator A 
TFB2M  mitochondrial transcription factor B2 
Thr  threonine 
TIM  translocon of the inner mitochondrial membrane  
TK2  thymidine kinase 2  
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Tm  melting temperature 
TMPK  thymidine monophosphate kinase  
TMRE  Tetramethylrhodamine, ethyl ester 
TNB  1,3,5-trinitrobenzene 
TOM  translocon of the outer mitochondrial membrane  
TRID  translational read-through inducing drug 
tRNA  transfer RNA  
Trp  tryptophan 
TYMP  thymidine phosphorylase  
Tyr  tyrosine 
U  uracil 
UPF1  upstream factor 1  
UPRmt  mitochondrial unfolded protein response  
UTR  untranslated region  
UV  ultraviolet 
V  volt 
Val  valine 
VMH  Virtual Metabolic Human  
VUS  variants of unknown significance  
WES  whole-exome sequencing  
WGS  whole-genome sequencing  
ρ0  rho0  

 

α  alpha 
β   beta 
γ  gamma 
δ  delta 
Δ  delta 
ε  epsilon 
ρ  rho 
∞  infinity 
ng  nanogram 
µg  microgram 
mg  milligram 
g  gram 
µL  microlitre 
mL  millilitre 
nm  nanometre 
µm  micrometre 
mm  millimetre 
cm  centimetre 
nM  nanomolar 
µM  micromolar 
mM  millimolar 
M  molar  
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1 Introduction 
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1.1 Principal Introduction 

Mitochondria are dynamic and ubiquitous organelles which serve myriad cellular 
metabolic and homeostatic functions.  They have famously been deemed the 
‘powerhouses of the cell’ owing to their essential role in aerobic adenosine triphosphate 
(ATP) synthesis through the process of oxidative phosphorylation (OXPHOS)1.  In 
addition, mitochondria have a hand in a plethora of other functions including cellular 
calcium homeostasis, initiating caspase-dependent apoptosis, reactive oxygen species 
(ROS) production and signalling, and haem biosynthesis2.  A unique feature of the 
mitochondria is that they have their own endogenous DNA molecules3.  Mitochondrial 
DNA (mtDNA) is considerably smaller (16.6kbp) than its nuclear counterpart (3.2gbp), and 
present in several hundred copies per cell.  mtDNA encodes 37 genes including 13 
protein-coding genes.  The majority of the mitochondrial proteome however, is encoded 
by the nuclear genome and imported into the mitochondria via sophisticated protein 
import systems4.  In total around 1500 proteins, or 8% of the genome, is dedicated to the 
maintenance, regulation, and function of mitochondria. 

Mutations in both the nuclear or mitochondrial genome can lead to disease.  A primary 
mitochondrial disorder is described as a disorder which primarily or secondarily causes 
dysfunction in OXPHOS, or perturbs other elements of mitochondrial function such as the 
pyruvate dehydrogenase complex (PDHC), mitochondrial dynamics, or the biosynthesis of 
essential vitamins and cofactors2.  They are among the most common inherited genetic 
disorders, with a combined prevalence of 1 in 5000 live births5.  These are inherently 
genetically heterogeneous disorders with nearly 375 causative genes.  Since every part of 
the body is reliant on the bioenergetic function of mitochondria, patients present with a 
vast array of symptoms often with combinatorial abnormalities in one or more energy-
demanding organs such as the brain, muscle, heart, liver, and kidneys2.   

The genetic, biochemical, and phenotypic heterogeneity exhibited by mitochondrial 
disorders creates significant diagnostic and therapeutic challenges.  A poor 
understanding of gene-to-phenotype correlation and pathophysiological mechanisms 
has resulted in patients suffering sometimes years-long diagnostic odysseys.  This has 
also led to a lack of curative therapies available for the majority of mitochondrial disease 
patients.  Outcomes are often poor with most patients dying in early childhood. 
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The aim of this thesis collectively is to improve outcomes of patients with mitochondrial 
disease by using novel tools to address both the diagnostic and therapeutic challenges 
associated with these disorders.  The diagnostic aspect of the study involved the creation 
of novel interactive diagnostic resources which can complement next-generation 
sequencing (NGS) technologies to increase mitochondrial diagnostic yield and assist with 
more vigilant clinical surveillance of patients with mitochondrial disease.  Meanwhile, the 
therapeutic aspect of the project aimed to apply the approach of translational read-
through therapy as a prospective treatment for mitochondrial disease.  This was achieved 
by performing a systematic in vitro proof-of-principle study in mitochondrial patient cell 
cultures harbouring bi-allelic nonsense mutations in nine different genes encompassing a 
variety of mitochondrial disorders.  Taken together, these approaches pave the way for 
improved outcomes for patients suffering from mitochondrial disease.   
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1.2 Overview of Mitochondrial Biology 

Mitochondria are dynamic subcellular structures which play myriad roles in cellular 
bioenergetics, metabolism, and homeostasis.  Notably, they are responsible for cellular 
energy generation via the process of OXPHOS, granting them their epithet as the 
“powerhouse of the cell”1.  In addition, they are the site of several catabolic pathways 
including the tricarboxylic (TCA) cycle, fatty acid oxidation, and antioxidant biosynthesis 
(Figure 1.1). 

A unique feature of mitochondria is their endogenous genome.  mtDNA is a small circular 
genome (16.6kbp) present in multiple copies within a single mitochondrion.  It comprises 
37 genes, 13 of which are protein-coding components of the OXPHOS system.  This is 
thought to be the result of an endosymbiotic event in which an archaea-like host 
engulfed an α-proteobacterium over 2 billion years ago6,7.  However, the majority of 
mitochondrial proteins are encoded in the nuclear genome and transported to the 
mitochondria post-translationally via sophisticated protein import mechanisms8.  
Mitochondrial genetics, a field formally introduced in 19699, differs greatly from its 
nuclear counterpart.  In contrast to Mendelian inheritance, mtDNA tends to behave in a 
population-based manner.  Mechanisms, such as heteroplasmy, i.e., the co-existence of 
wild-type and mutant mtDNA and the mitochondrial genetic bottleneck that occurs in 
early life, are unique to the mitochondrial genome and remain poorly understood10-12. 

 

 

 

 

 

 



 

Figure 1.1 Overview of Mitochondrial Function.  Mitochondria serve a multitude of biosynthetic and bioene
functions.  OXPHOS requires the coordinated effort of numerous metabolic reactions and structural compon
including: the replication, transcription, and translation of mtDNA; the production of iron–sulphur clusters; an
production of reducing equivalents and other metabolites from the TCA cycle.  Mitochondrial biosynthetic fu
are necessary for a variety of cellular processes including one-carbon metabolism, which feeds into pathways
responsible for antioxidant defence, DNA methylation, and purine biosynthesis.  Adapted from Rahman and 
2018 [ref 2]. 
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1.2.1 Mitochondria: A Historical Perspective  

The origins of mitochondria date back to the 1840s with the first images of granular 
structures appearing in microscope images.  It was not until the 1890s that pioneers 
Richard Altmann and Carl Benda identified long granule-like structures called ‘bioblasts’ 
which appeared to be ubiquitous throughout the cell9.  Altmann at the time believed 
bioblasts had a parasitic origin and were capable of independent metabolic and genetic 
processes13.  Benda would later coin the term ‘mitochondrion’ in 1898 derived from the 
Greek words “mitos”, meaning thread, and “chondros” meaning granule14. 

The advent of electron microscopy and biochemical testing in the early 20th century led to 
a slew of developments into the mitochondrial structure, function, and origin.  
Rudimentary mitochondrial staining with the redox dye Janus B15 enabled early scientists 
to make foresighted conclusions about mitochondrial structure and function.  Many of 
these early theories, despite later being proven, were impossible to determine without 
biochemical evidence.  These include postulating the mitochondria as a site of reducing 
equivalents required for respiration16 and identifying the mitochondrion as a “bearer of 
genes”17,18.   

Improvements in enzymology then led to the stepwise elucidation of the mitochondrial 
respiratory chain including Warburg’s proposition of Atmungsferment, a so-called 
respiratory enzyme19, Wieland’s insistence on the importance of cellular 
dehydrogenases20, and Keilin’s discovery of cytochrome pigments21.  Disentangling the 
mitochondrial OXPHOS system was the result of a culmination of structural and 
biochemical observations facilitated by the advent of improved mitochondrial 
fractionation and spectrophotometric methods22,23.  Landmark biochemical observations 
include the coupling of the TCA cycle to aerobic respiration24-26, the discovery that two 
ATP molecules are synthesised per one molecule of oxygen27, and the role of phosphate 
bonds in cellular energy conversion28.  These coupled with structural identifications of five 
enzyme complexes and the mobile electron carriers, cytochrome c (cyt c) and ubiquinone 
(Coenzyme Q10; CoQ10) in a globular association on the inner mitochondrial membrane 
helped form a clearer picture of the respiratory chain.  Still, the question remained as to 
the exact mechanism of mitochondrial electron transfer29-38.  The answer lay in Mitchell’s 
Nobel Prize-winning chemiosmotic hypothesis in which he described energy transduction 
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coupled to a proton gradient, the force from which could be used by an ATP synthase to 
phosphorylate adenosine diphosphate (ADP) to ATP39.  The chemiosmotic hypothesis was 
centrally accepted by the 1970s as the way by which energy is transduced across 
biological membranes9. 

A new era of mitochondrial biology was commenced with the discovery of mtDNA in 
yeast mutants3,40.  The advent of restriction enzyme mapping and newly minted DNA 
sequencing methods enabled the full sequence of mtDNA in 19814.  Yeast studies were 
instrumental for elucidating mtDNA loci.  The first identified mtDNA mutant lines had 
incurred multiple non-specific mtDNA deletions leading to a “petite” phenotype41,42.  
Further developments in the availability of new yeast mutants led to the discovery of 
several mtDNA loci, with the conclusion that mtDNA encoded OXPHOS proteins43-45.   

Observations of non-Mendelian inheritance46, polycistronic transcripts, and a different 
codon recognition system led to the belief that the mitochondrial genome was inherently 
more bacterial in nature9.  However, the discovery of elements of mitochondrial gene 
expression including mitochondrial DNA polymerase γ (encoded by POLG) 47-49, RNA 
polymerase (POLRMT)50, and the mitochondrial protein synthesis system51,52 has 
cemented the fact that mitochondria possess their own genetic system in addition to a 
dependence on the nuclear genome. 

 

1.2.2 Mitochondrial Structure 

Mitochondria are double-membraned organelles comprising an outer and inner 
membrane (OMM, IMM, respectively) separated by an inter-membrane space (IMS).  The 
IMM folds into the mitochondrial matrix in thread-like structures called cristae, drastically 
increasing its surface area53 for chemical processes such as OXPHOS to occur.  Although 
expressed in many diagrams as a singular entity, mitochondria in reality exist in dynamic 
networks which can grow and shrink according to cellular conditions and needs54.  
Mitochondrial content can vary greatly among different cell types, for example 
hepatocytes may contain up to 4,000 mitochondria, compared to fibroblasts which have 
only a few hundred55. 
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1.2.3 Mitochondrial Function 

1.2.3.1 Oxidative Phosphorylation 

The human OXPHOS system, conserved from bacteria to higher eukaryotes, comprises 
five multi-subunit enzyme complexes and the mobile electron carriers CoQ10 and cyt c.  

As stated in Mitchell’s chemiosmotic hypothesis, electrons are transferred from 
complexes I-IV, generating a proton-motive force, which allows complex V, an ATP 
synthase, to phosphorylate ADP to ATP39,56.  A schematic of OXPHOS is provided in Figure 
1.257. 

Complex I (NADH:ubiquinone oxidoreductase; CI) is a ~1 MDa multi-protein complex 
comprising 45 subunits, arranged in a characteristic L-shape crossing the IMM.  Fourteen 
‘core’ subunits in two domains are sufficient for energy transduction.  These include seven 
subunits encoded by the mitochondrial genome, known as ND subunits, which constitute 
the hydrophobic Q-module.  The remaining seven core subunits are encoded by the 
nuclear genome and form the hydrophilic matrix-facing N-module.  A third module, the 
P-module is responsible for pumping protons across the IMM58,59.  CI also contains 31 
nuclear-encoded supernumerary subunits, 26 of which are vital to CI stability60.  The 
complex is assembled in a step-wise manner, with the Q-module being assembled first, 
followed by the P-module, and a final incorporation of the N-module61.  CI functions by 
oxidizing reduced nicotinamide adenine dinucleotide (NADH), a reducing equivalent 
formed in the TCA cycle: 

 

𝑁𝐴𝐷𝐻  𝐻   𝐶𝑜𝑄  4𝐻 ⇌  𝑁𝐴𝐷   𝐶𝑜𝑄𝐻  4𝐻  

 

The flavin group of NADH binds the tip of the N-module and is oxidized.  Two electrons 
are then shuttled across a chain of seven iron-sulphur [Fe-S] cofactor clusters to reduce 
ubiquinone to ubiquinol.  This allows four protons to be pumped across the IMM.  CI also 
serves as a gatekeeper of cellular metabolism.  It has reversible activity, meaning it is able 
to use the proton-motive force reduce NAD+ back to NADH62,63 which is important for 
modulating the cellular NAD+/NADH ratio.  CI is also a principal producer of ROS, 
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through the reduction of molecular oxygen to the free radical superoxide.  Combined, the 
redox modulating properties in CI implicate it not only in mitochondrial pathology but in 
wide-ranging areas of health and disease including stem cell function, ageing, and 
cancer63-67. 

Complex II (Succinate-CoQ oxidoreductase; CII) similarly reduces ubiquinone, however 
this time the reaction is coupled to the oxidation of succinate: 

 

succinate  CoQ ⇌  fumarate  CoQH  

 

CII comprises four nuclear-encoded subunits and three prosthetic groups: three [Fe-S]-
clusters, a flavin, and haem68,69.  It has a dual function as a membrane-bound component 
of the TCA cycle where it oxidises succinate to fumarate using flavin adenine dinucleotide 
(FAD) as a cofactor in the SDHA subunit, housing the active site of the enzyme.  The flavin 
group is an acceptor of two electrons which migrate along the [Fe-S]-clusters in the SDHB 
subunit to reduce ubiquinone to ubiquinol.  Electrons from FADH2 are of lower energy, 
therefore no protons are pumped to the IMM from CII.  Metabolic modulations to CII 
subunits have been shown to have wider cellular implications.  For example, 
phosphorylation of subunit SDHA increases CII-dependent respiration, which may act as a 
compensatory mechanism to damaged CI70. 

Complex III (Ubiquinol-cytochrome c oxidoreductase; CIII) oxidizes CoQ10 and reduces cyt 
c, releasing a total of four protons into the IMS: 

 

𝐶𝑜𝑄𝐻   2 𝑐𝑦𝑡 𝑐 𝐹𝑒   2 𝐻 ⇌  𝐶𝑜𝑄  2 𝑐𝑦𝑡 𝑐 𝐹𝑒   4 𝐻  

 

CIII comprises 11 subunits including mobile electron carriers, cyt c, cytochrome c1, and 
cytochrome b, as well as an [Fe-S]-cluster known as the Reiske iron-sulphur protein 
(RISP).  Cytochrome b is encoded via the mitochondrial genome (MT-CYB) and contains 
two haem groups crucial for electron transfer to occur in the complex.  Upon assembly, 
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CIII immediately dimerizes, which is accepted as the functional form of the enzyme71-75.  
Electron transduction through CIII occurs via the Q Cycle, in which two ubiquinol 
molecules are oxidised from CI and CII in divergent electron transfer steps76,77. 

The Q cycle begins when one ubiquinol and one ubiquinone bind the hydrophilic matrix-
face of CIII.  Ubiquinol, which has two electrons, is oxidised.  One electron is transferred 
along the RISP and reduces cytochrome c1, which in turn reduces the single electron 
carrier cytochrome c on the membrane-adjacent part of the complex.  The other electron 
is transferred to the BL haem of cytochrome b which in turn donates the electron to the BH 

haem.  At this point, the electron reduces ubiquinone to the radical intermediate 
ubisemiquinone (Q•-).  The reduction of ubiquinone is one half of the Q cycle; the cycle 
then repeats with a second oxidation of an ubiquinol molecule.  Again, one electron 
travels along the RISP to cyt c while the other is transferred along the haem groups to 
reduce Q•- to ubiquinol.  Four protons are pumped into the IMS with each round of the Q 
cycle and two are retained in the matrix76,77.   

In addition to its electron transduction properties, CIII is also an important regulator and 
producer of ROS.  Superoxide can be generated when Q•- donates its electron to 
molecular oxygen instead of being reduced to ubiquinol78-80.  Importantly, CIII can release 
superoxide into the cytosol, where it is used as a cellular oxygen-sensing molecule by 
stabilising hypoxia-inducible factors HIF-1α and HIF-2α.  Hypoxia responses have been 
implicated in cell differentiation and the progression of tumorigenesis78,81-86. 

The final destination for electrons from complexes I, II, and III is complex IV (cytochrome c 

oxidase; CIV).  This enzyme is a member of the haem-copper oxidase superfamily, a family 
of proton pumping enzymes found in plants and bacteria87.  CIV comprises 14 subunits, 
of which three mitochondrially-encoded core catalytic subunits (MT-CO1, MT-CO2, and 
MT-CO3) catalyse the oxidation of cytochrome c to reduce molecular oxygen, yielding 
water molecules56,88-93: 

 

4 𝑐𝑦𝑡 𝑐 𝐹𝑒 4 𝐻  𝑂  4 𝐻 →  2 𝑐𝑦𝑡 𝑐 𝐹𝑒 2 𝐻 𝑂  4 𝐻  
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The catalytic cycle involves the action of four prosthetic groups: two haem (haem a and 
haem a3) and two copper groups (CuA and CuB).  Reduced cyt c becomes oxidized and its 
electron is transferred to CuA in MT-CO2, then to haem a in MT-CO1.  Electrons are then 
transferred to the catalytic core of the enzyme which contains a binuclear centre (BNC) 
comprising haem a3 and CuB.  Here, two electrons reduce the BNC, after which molecular 
oxygen binds and immediately has its covalent bonds broken.  This results in the 
formation of two intermediary radicals, a ferryl haem group and a tyrosine-copper radical, 
which are subsequently reduced with two additional electrons from the oxidation of cyt c.  
Each electron transfer step (four in total) is coupled to proton pumping across the IMS.  
In addition, four protons are recruited from the matrix to reduce molecular oxygen to 
form two water molecules56,89,91-94.   

CIV was the first respiratory enzyme to have its structure solved.  Three mtDNA-encoded 
subunits form the catalytic core of the enzyme, however, a role for MT-CO3 has not been 
determined91,92,95.  The remaining supernumerary subunits are thought to contribute to 
CIV regulation and stability.  Owing to the high amount of potential energy, CIV is an 
irreversible enzyme and is therefore subject to various types of respiratory control.  
Interestingly, CIV has tissue- and developmental stage-specific isoforms with reported 
differences in COXVI, COXVIa, COXVIb, and COX7a90,96,97.  In addition, the pH of the 
surrounding microenvironment, oxygen concentrations, mitochondrial membrane 
potential, and ATP/ADP ratio also effect the enzyme kinetics of CIV98,99. 

The combined electron transfers of complexes I-IV drive a proton-motive force that 
allows complex V (CV), an F1F0 ATP-synthase, to phosphorylate ADP to ATP, the principal 
energy currency of the cell: 

 

𝐴𝐷𝑃  𝑃  3𝐻 ⇌  𝐴𝑇𝑃  𝐻 𝑂  3𝐻  

 

CV contains two distinct subcomplexes which synthesise ATP through rotary catalysis; the 
F0 subcomplex serves a proton pore which generates torque to allow the catalytic F1 
subcomplex to synthesise ATP100.   The F0 subcomplex contains a ring of c subunits which 
bind and releases protons with conserved negatively charged glutamate residues, 
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allowing rotation through the hydrophobic environment of the phospholipid bi-layer of 
the IMM, and the aqueous environment of the matrix.  F0 is adhered to a membrane-
embedded peripheral stock of a and b subunits which act as a stator.   Two components 
of the peripheral stalk are encoded by the mitochondrial genome, whilst the remainder of 
subunits and assembly factors are encoded by nuclear genes.  The F0 component is also in 
contact with the F1 complex, namely its central stalk comprised of δεγ subunits.  The 
rotation of the central stalk then drives the formation of ATP in the catalytic head group.  
This moiety comprises three pairs of alternating α and β subunits.  The catalytic sites lie 
on the β subunits, which adopt one of three confirmations, “tight”, “loose”, and “open”, 
corresponding to bound ATP, ADP and Pi, or nothing, respectively.  ADP is 
phosphorylated and eventually released in three 120° rotations.  Thus, every 360° 
revolution results in the production of three ATP molecules.  The number of subunits in 
the c-ring dictate the bioenergetic cost of forming ATP.  Yeast for instance, have 10 
subunits, thereby granting a ratio of 3.3 protons per ATP molecule100-105.  CV is present as 
a dimer along the IMM, placed along the curved edges of the cristae.  The location of 
these dimers has been implicated in regulating cristae organisation104,106.   

Although the OXPHOS components have been described here individually, there are 
instances of complexes I, III, and IV adopting quaternary associations with each other to 
form supercomplexes.  The most common of these formations is the respirasome, or 
CI1CIII2IV1.  Although described nearly 20 years ago, the function of supercomplexes is 
somewhat unclear.  On a spectrum of the classical fluid model (no supercomplex 
formation) and the exclusive association of supercomplexes, a plasticity model has been 
proposed in which complexes are able to associate and disassociate from supercomplex 
formation in response to metabolic conditions and cell-type requirements.  In addition, 
supercomplexes have been implicated in ROS signalling and the prevention of 
deleterious IMM protein aggregation.  There are still unanswered questions as to the 
functional significance of supercomplexes and their role in mitochondrial function and 
pathology. 
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Figure 1.2 Overview of Oxidative Phosphorylation.  OXPHOS is a major bioenergetic pathway of the cell by which to produce ATP.  It requires the action of four enzyme 
complexes (CI-CIV) which shuttle electrons and pump protons across the IMS to generate an electrochemical gradient, providing CV with enough force to phosphorylate ADP to 
ATP.  CI oxidizes NADH and reduces ubiquinone to ubiquinol.  CII also reduces ubiquinone to ubiquinol in a reaction coupled to the oxidation of succinate to fumarate in the TCA 
cycle.  CIII oxidizes ubiquinol from CI and CII to ubiquinone in the Q cycle to reduce cyt c.  CIV oxidizes cyt c and reduces molecular oxygen to yield water molecules.  The redox 
reactions in CI, CIII, and CIV pump protons across the IMM.  This generates a proton-motive force that allows CV, an F1F0 ATP Synthase to phosphorylate ADP to yield ATP.  
Adapted from the Kyoto Encyclopaedia of Genes and Genomes [ref 57]. 
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1.2.3.2 Mitochondrial Dynamics and Biogenesis 

In contrast to their schematic representation in most literature, mitochondria are highly 
dynamic organelles which exist as a vast inter-connected network.  They are able to fuse 
and break apart in response to a variety of cellular conditions and requirements.  As 
mitochondria cannot be synthesised de novo107, mitochondrial biogenesis comprises a 
series of events including the harmonised transcription of nuclear and mitochondrial 
factors, adequate protein import systems, and import of phospholipids. 

Mitochondrial biogenesis events begin with the action of transcription factors that elicit 
biogenesis in response to many biological and cellular stimuli including but not limited to 
hypoxia-induced stress, oxidative damage, exercise, temperature, and intracellular 
calcium concentration.  As such, mitochondrial biogenesis can be elicited in response to 
kinase cascades including the nutrient-sensing adenosine monophosphate (AMP) kinase 
(AMPK) pathway or the catabolic and growth-associated mammalian target of rapamycin 
(mTOR) pathway2.  The master regulators of mitochondrial biogenesis include PGC1α and 
nuclear respiratory factors 1 and 2.  Transcriptional changes elicited by these proteins 
include transcription of OXPHOS subunits, and direct interaction with mitochondrial 
transcriptional activator A (TFAM) to achieve the concerted production of OXPHOS 
enzymes108-111. 

The import of the majority of the 90% of nuclear-encoded mitochondrial proteins 
requires the action of a series of multi-protein complexes that recognize positively 
charged mitochondrial target sequences (MTS) at the N-terminus of proteins.  Proteins 
destined for different mitochondrial compartments are processed through distinct 
processing mechanisms.  The entry point of all proteins is the translocon of the outer 
mitochondrial membrane (TOM) complex.  This multi-protein entity contains receptor 
elements, TOMM20, TOMM22 and TOMM70, which recognise and bind to the positively 
charged MTS.  On the cytosolic side, chaperone proteins including ATPase HSP90 and 
HSP70 help anchor the N-terminal MTS to the TOMM70 receptor.  The pre-peptide then 
is transported through the channel protein TOMM40112,113.  Once channelled through 
TOM, pre-peptides enter their final destinations.  Pre-proteins destined for the IMM or 
matrix are channelled through the translocon of the inner mitochondrial membrane 
(TIM23) complex114.  Another multi-subunit entity, TIM23 also has a channel protein 
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(TIMM23) and pre-peptide binding subunits (TIMM50, TIMM17) which recognize the MTS 
and also briefly link TIM23 and TOM during import115-117.  To facilitate matrix 
translocation, the TIM complex recruits the pre-sequence translocase-associated motor 
(PAM), which contains ATPase HSP60 and other chaperone proteins that utilise ATP 
hydrolysis and proton gradient to translocate pre-proteins into the matrix116,118.  Once 
proteins reach the matrix, the MTS is cleaved by mitochondrial processing peptidase 
(MPP) and matrix proteins are folded into their quaternary confirmations.  Pre-proteins 
that contain multiple transmembrane domains such as solute carriers and membrane-
spanning OXPHOS subunits are processed through an alternative translocase TIM22119,120.  
IMS proteins pass through TOM and are then processed by oxidoreductase Mia40 
(CHCHD4 in mammals) which oxidizes IMS proteins by forming di-sulphide bonds.  This 
allows for the transport of pre-IMS proteins through the TOM complex without the need 
for ATP hydrolysis or the electrochemical gradient.  Mia40 oxidizes IMS proteins and 
allows them to fold into their native structures so that they are no longer able to move in 
and out of other mitochondrial compartments116,121,122.  Finally, integral OMM proteins 
including elements of the TOM complex are processed by an additional sorting complex.  
Once pre-proteins pass through TOM into the IMS, TIM chaperones guide OMM pre-
cursors through the sorting and assembly machinery (SAM) complex, where they are 
integrated into the OMM and folded113,123.  Interestingly, several mitochondrial import 
proteins are essential for cell viability including MPP, SAM37, and CHCHD4, highlighting 
the importance of these proteins in mitochondrial biogenesis116,123. 

Also essential for mitochondrial biogenesis is the maintenance of mitochondrial 
phospholipid ultrastructure.  In membranes, phospholipids are crucial for maintaining 
structural integrity, allowing for the passage of molecules and proteins, and cell division.  
There are three types of phospholipids in mammalian cells, however, the most abundant 
are the glycerophospholipids (GPLs) which comprise organellar membranes.  GPLs are 
similar in that they contain a diacylglycerol backbone124.  GPLs spontaneously form bi-
layers owing to their amphiphilic structure; polar head groups face outwards while the 
hydrophobic tail groups associate with each other.  The most abundant GPLs are 
phosphatidyl choline (PC) and phosphatidyl ethanolamine (PE).  PC contains a large head 
group that readily forms a bi-layer in lamellar phase.  The biophysical properties of PC 
allow for membrane fluidity at 37°C.  In contrast, PE contains a smaller head group and 



 
41 

 

forms in a hexagonal phase rather than a bi-layer.  Importantly this allows for membrane 
curvature.  Other types of GPLs include phosphatidyl serine, phosphatidyl inositol (PI), 
and phosphatidic acid, all of which form minor parts of cell membranes125,126.   

The phospholipid compositions of the mitochondrion are highly specialised.  In fact, the 
phospholipid composition of the OMM and IMM differ from each other owing to 
different functional needs125.  Most GPLs are synthesised in the endoplasmic reticulum 
and Golgi apparatus and transferred to the mitochondria via membrane contact sites and 
facilitated by the Endoplasmic Reticulum (ER)-Mitochondria encounter structure complex.  
This is a specialised association wherein contact between the ER and OMM allows for the 
transport of phospholipids and proteins between the two organelles127,128.  The 
predominant lipids of the OMM are PC, PE, and PI, in addition to a small percentage of 
other GPLs and sphingolipids.  PE is especially important as it interacts with the TOM 
complex to facilitate the entry of mitochondrial pre-proteins125,129.  The structurally and 
functionally specialised IMM also comprises heavily of PE and PC, but differs in that it 
contains high levels of cardiolipin (CL), a mitochondrial-specific phospholipid.  Originally 
discovered in the early 1940s, cardiolipin was identified as a phospholipid associating 
with energy-transducing membranes125,130,131.  CL is synthesised de novo in the 
mitochondrial matrix and from GPL pre-cursors including PE, PC, and phosphatidyl 
glycerol (PG).  The main CL biosynthetic enzyme is cardiolipin synthase132,133.  A crucial 
step in CL metabolism is the re-modelling of acyl groups of nascent CL to ensure proper 
function and embedding into the IMM.  The first step of CL re-modelling is de-acetylation 
to monolyso-cardiolipin.  Then, coenzyme-A (CoA)-independent acyltransferase Tafazzin 
mediates the re-acylation to form mature CL, which is transported by scramblase 
enzymes to the IMM and OMM131,134-136.  Mature CL is involved in a variety of 
mitochondrial functions.  Like PE, its small conical head groups are involved in cristae 
ultrastructure.  CL has also been shown to be involved in mitochondrial supercomplex 
assembly, maintenance of the electrochemical gradient, apoptosis, and mitochondrial 
dynamics125,131,137-140. 

Mitochondria are constantly in states of division (fission) and fusion.  These changes in 
mitochondrial morphology can be conferred by a number of cellular and metabolic 
conditions.  Modulation of mitochondrial morphology is important for the mixing of 
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mitochondrial content, segregation of dysfunctional mitochondria, and for mitochondrial 
inheritance.  Fission and fusion are also central to maintaining tissue-specific 
mitochondrial morphologies.  Cardiac and hepatic mitochondria for example are 
numerous and globular.  In contrast, neuronal axons which have distinct short tubular 
mitochondria constantly undergo fission and fusion in response to inhibitory and 
excitatory stimuli.  Finally, fibroblast mitochondria are observed to be in vast tubular 
networks141-143.  Mitochondrial fission and fusion are modulated by dynamin family 
guanosine triphosphate (GTP)ases, adaptor proteins and membrane receptors141,144-146. 

Mitochondrial fusion occurs in four phases.  First, adjacent mitochondria make contact 
with each other, followed by the tethering of the OMM modulated by dynamin-like 
mitofusins 1 and 2, which form homo- and heterotypic confirmations mediated by heptad 
domains to promote the fusion of two trans-adjacent mitochondrial membranes141,143,147-

149.  IMM fusion is modulated by GTPase OPA1.  Notably, OPA1 is spliced into eight 
different isoforms, all of which have differing abilities to induce fusion activity.  Long 
isoforms of OPA1 located on the IMM seem to be exclusively involved in mitochondrial 
fusion and contain sites of interaction with the IMS section of MFN1.  Shorter matrix 
soluble isoforms of OPA1 also exist, with putative roles in mtDNA maintenance.  Short 
and long OPA1 isoforms elicit concerted actions on cristae ultrastructure and respiratory 
supercomplex assembly143,150,151.  Indeed, loss of OPA1 causes a marked difference in 
cristae morphology and reduction in supercomplexes152.  The final stage of mitochondrial 
fusion is content mixing within the newly formed mitochondrion.  Interestingly, fusion can 
be reversed following content exchange between apposing mitochondria, in what is 
known as a “kiss-and-run” fusion event141. 

Mitochondrial fission is the process of dividing a mitochondrion.  Another highly 
regulated process, fission is crucial for mitochondrial content exchange, sequestering 
dysfunctional mitochondria, and for germline mitochondrial inheritance.  The master 
regulator of mitochondrial fission is dynamin-like GTPase 1 (DRP1)153,154.  Typically 
circulating in the cytosol, DRP1 monomers are recruited to the OMM via membrane 
receptor MFF and adaptor proteins MiD49 and MiD51.  Constriction sites are mediated 
through ER-mitochondrial contact, wherein the ER membrane circumscribes the OMM at 
sites enriched with MFF.  DRP1 binds MFF and oligomerizes dynamically to form a two-
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start helical ring structure which dynamically constricts the membrane more than two-
fold from ~150nm to ~70nm.  The final membrane scission step is executed by other 
dynamin-related GTPases, such as DNM2141,144,145,155-157.   

The DRP1 GTPase is highly regulated through post-translational modifications, namely 
through phosphorylation.  Several activating and inhibitory phosphorylation sites have 
been identified on DRP1.  These include an activating phosphorylation on Ser616.  Cyclin-
dependent kinase 1, a central regulator of mitosis, phosphorylates DRP1S616 during 
mitosis, to activate mitochondrial fragmentation that ensures equal organellar transfer to 
daughter cells158.  In addition, signal transducer and activator of transcription 2 (STAT2), 
which comprises part of the interferon-alpha (IFNα) anti-viral signalling pathway also was 
found to phosphorylate DRP1Ser616, possibly to co-ordinate mitochondrial fission and 
immune response159.  The modulation of DRP1 activation has been implicated in several 
cellular processes including calcium signalling, apoptosis, and tumourigenesis157,160,161. 
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1.3 Mitochondrial Genetics 

1.3.1 Mitochondrial DNA 

A unique feature of mitochondria is that they have their own endogenous DNA 
molecules.  Mitochondrial genomes are universally conserved among all eukaryotes, 
although there is some variation with regards to genetic content, size, and structure162.  
Most mtDNA molecules are double-stranded and circular, however, several ciliate, yeast, 
and slime mould species have been observed to have linear mtDNA in vivo163.  Nearly all 
mtDNA molecules are significantly smaller than their nuclear counterparts.  There is great 
variation in genome size and content amongst different species.  Human mtDNA is 
relatively small ~16.6kbp encoding 13 proteins, while the largest mitochondrial genome 
of Arabidopsis thaliana measures ~366.9 kbp and encodes 32 respiratory proteins164.  
What mitochondrial genomes have in common are genes dedicated to the expression of 
protein components of the OXPHOS system. 

The consensus as to the rise of mitochondria is that this occurred through a single 
endosymbiotic event wherein an ancient α-proteobacterial ancestor was phagocytosed 
by an early eukaryotic host7.  Over evolutionary time, organellar genetic material was 
transferred to the nucleus through non-homologous end joining and double-stranded 
breaks.  There is also evidence suggesting that this emigration is in fact still in process163.  
Markers of gene transfer can be found in nuclear eukaryotic genomes in sequences 
known as nuclear sequences of mitochondrial origin.  The closest modern eubacterial 
relatives of mitochondria include intracellular parasites in the Rickettsia, Anaplasma, and 
Ehrlichia genera162,163,165-167.  Indeed, relics of a bacterial ancestor can be found within 
mitochondrial genetics.  Like their prokaryotic ancestors, mitochondria use N-Formyl 
methionine (fMet-tRNAMet) to initiate protein synthesis168, contain polycistronic 
transcripts and use a distinct codon system reminiscent of bacterial protein 
translation162,169.   

Human mtDNA encodes 37 genes: 13 protein components of complexes I and III-V of the 
OXPHOS system along with 22 tRNA and 2 rRNA genes to enable their expression (Figure 
1.3).  Most genes are found on the GC-rich “heavy” strand, while the rest are on the AT-
rich “light” strand.  The weight of the mitochondrial strands can be elucidated according 
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to caesium chloride gradients.  mtDNA molecules are packaged highly efficiently and are 
virtually devoid of intergenic sequences.  A single non-coding region spanning ~1.1kbp is 
found on the heavy strand which contains the heavy strand origin of replication and 
promoter regions for gene expression.  There is a small second origin of replication on 
the light strand4,169.  mtDNA is present in thousands of copies within mitochondria.  Copy 
number varies among different tissues, for instance oocytes have 100,000 copies while 
fibroblasts and leukocytes have a mere few hundred169-171. 

MtDNA molecules are freely dispersed throughout the matrix within histone-free 
nucleoid structures similar to their proteobacterial ancestors, which also have non-
membrane bound nucleoids wherein their genetic materials are located.  Mitochondrial 
nucleoids can be identified as punctate structures on microscope images, typically 
distributed throughout the mitochondrial network172.  The organisation of the 
mitochondrial nucleoid structure requires the action of several adaptors.  The most 
abundant nucleoid protein is TFAM.  In addition to its role in mitochondrial gene 
expression (section 1.3.2.3), TFAM is able to tightly bind duplex mtDNA and compress it 
into compact nucleoids173-176.  In addition, mRNA binding proteins, heat shock proteins, 
tRNA-binding proteins, lipid metabolizing enzymes and cytoskeletal modulators are 
associated with nucleoids.  These coordinate mitochondrial gene expression in response 
to local changes in mitochondrial morphology and global changes in cellular and/or 
metabolic requirements 173,177. 

 Figure 1.3 Structure of Human mtDNA.  Human mtDNA 
is a double stranded circular genome encoding 37 rRNA, 
tRNA, and protein-coding genes.  Adapted from 
Falkenberg 2018 [ref 183]. 
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1.3.2 Mitochondrial Molecular Biology 

1.3.2.1 Mitochondrial DNA Replication 

The replication of mtDNA occurs in all phases of the cell cycle and requires a set of 
factors distinct from the nuclear DNA replication machinery.  POLG is the principal 
replicative enzyme, although there are at least four other DNA polymerases with 
demonstrated mitochondrial function, most likely in a DNA repair capacity49,178-182.  POLG 
is a multi-functional enzyme with polymerase, proof-reading, and exonuclease functions 
all crucial for organismal viability.  The POLG holoenzyme is a heterotrimer, comprising a 
catalytic subunit (Pol γA) and accessory subunit (Pol γB), that is responsible for enhancing 
enzyme processivity by accelerating the polymerisation rate and increasing DNA affinity 
over multiple replicative cycles179,183,184. 

The strand displacement model is currently the most accepted mechanism of mtDNA 
replication183,185,186 (Figure 1.4).  In this model, the heavy (leading) strand is synthesised 
first, starting at the origin of replication in the non-coding region (OH).  The mitochondrial 
Twinkle DNA helicase is a hexameric enzyme that unwinds mtDNA to provide POLG with 
a single-stranded DNA template for leading strand replication187.  Mitochondrial single-
stranded binding protein (MT-SSB) binds to single-stranded mtDNA to prevent ectopic 
binding of the mitochondrial transcription machinery.  Replication continues until the 
machinery reaches the origin of replication of the light strand (OL), two-thirds of the way 
down the heavy strand, at which point synthesis of the two strands is simultaneous188.  
During lagging strand synthesis, POLRMT acts as a primase for POLG.  This creates a 
temporary RNA-DNA hybrid later cleaved by exonucleases RNASEH1 and MGME1189-193.  
Once both nascent strands are produced, POLG executes its 3’-5’ exonuclease function 
which creates a ligation site for mitochondrial DNA ligase III194.  The molecular machinery 
of DNA replication, mitochondrial or otherwise, creates torsional problems which are 
mitigated by topoisomerase enzymes which transiently break and re-ligate DNA, to allow 
molecules to move around each other195.  Single-strand break-inducing Type I 
mitochondrial topoisomerases TOP1MT and TOP3α act in the replicative phases and 
post-replication processing phase to ease steric tension and separate hemicatenate 
nascent mtDNA, respectively196-199. 
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The vast majority of replication events stall after 650nt beginning at the OH and ending at 
a termination associated sequence on the heavy strand.  This linear fragment of DNA 
creates a partial triple-stranded DNA molecule forming a stable D-loop structure, referred 
to as 7S DNA.  The exact function of 7S DNA has yet to be elucidated, however, there is 
evidence that it plays a role in modulating mtDNA copy number183,200.   

 

1.3.2.2 Mitochondrial Nucleotide Pool Maintenance 

Deoxyribonucleotide triphosphates (dNTPs; deoxythymidine triphosphate, dTTP; 
deoxycytidine triphosphate, dCTP; deoxyguanosine triphosphate, dGTP; deoxyadenosine, 
dATP), the basic building blocks of DNA, are required by mitochondria to effectively 
replicate their genomes.  Whilst nuclear genome replication occurs in mitotic cell types 
during S-phase, mtDNA replication occurs both in mitotic (e.g. fibroblasts, lymphocytes) 
and post-mitotic (e.g. cardiomyocytes, neurones, hepatocytes) tissues.   Cells are able to 
produce dNTP pools de novo and also from existing deoxynucleoside precursors, both in 
the mitochondria and cytosol, through a process known as nucleotide salvage.   The 
maintenance and balance of dNTP pools is crucial beyond the mitochondria, required for 
maintaining genome stability and to prevent mutations and gross chromosomal 
abnormalities201,202.   

Figure 1.4 Overview of Strand-Displacement mtDNA Replication.  mtDNA replication initiates at OH and 
to produce a full-length nascent H-strand.  The exposed parental H-strand is bound to mtSSB.  When 
POLG passes OL, a stem–loop structure is formed that blocks mtSSB binding and confers a single-stranded 
loop-region from which POLRMT can initiate primer synthesis.  After 25nt of primer synthesis, POLG 
replaces POLRMT on the L-strand.  Replication of both strands now proceeds in a continuous manner until 
two full, double-stranded mtDNA molecules are synthesised.  Adapted from Falkenberg 2018 [ref 183]. 
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The main regulatory enzyme in the de novo dNTP pathway is the ribonucleotide 
reductase (RNR) complex.  The RNR holoenzyme is a heterotetramer comprising a dimer 
of catalytic subunit R1 and regulatory subunit R2.  RNR reduces ribonucleoside 
diphosphates (rNDPs) to deoxyribonucleoside diphosphates (dNDPs), which are 
subsequently phosphorylated to dNTPs by one of four nucleoside diphosphate kinases 
(NDPKs).  In mitotic tissues, S-phase de novo dNTP synthesis provides sufficient 
nucleotides for both nuclear and mtDNA replication.  In post-mitotic tissues however, the 
RNR complex retains minimal dNTP biosynthesis to provide nucleotides for DNA repair 
and mtDNA replication.  This process is regulated by a p53-inducible R2 subunit 
(RRM2B)202-204.  dTTP biosynthesis requires an additional reductive methylation of 
deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) 
catalysed by thymidylate synthase, a reaction which requires a one-carbon donor from 
the folate cycle.  dTMP is then phosphorylated by thymidine monophosphate kinase 
(TMPK) and NDPK to yield dTTP202,205.  Newly synthesised dNTPs are transported into the 
mitochondrion through mitochondrial solute carriers (SLC25 family of proteins).  dADP 
and its analogues are transported via SLC25A4 (ANT1), SLC25A5, SLC25A6 and 
SLC25A31206.  These transporters also play an integral role in OXPHOS where they import 
and export ADP and ATP, respectively.  dTTP, dCTP, and dGTP and their analogues are 
imported through carriers SLC25A33 and SLC25A36207. 

The constitutively active nucleotide salvage pathway recycles existing nucleoside species 
from existing mitochondrial and cytosolic pools.  In mitochondria, pyrimidine 
(deoxythymidine, dT; deoxycytidine, dC) and purine (deoxyguanosine, dG; 
deoxyadenosine, dA) nucleosides are phosphorylated by thymidine kinase 2 (TK2) and 
deoxyguanosine kinase (DGUOK), respectively, to yield nucleoside monophosphates 
(dNMPs).  Cytosolic counterparts of these enzymes also exist; however, it has been 
demonstrated that quiescent cells do not activate cytosolic thymidine kinase 1, thus 
highlighting the importance of TK2 in maintaining mitochondrial genome stability.  In 
fact, TK2 expression is correlated with the relative mitochondrial content of quiescent 
tissues 208,209.  Mitochondrial dNMPs are phosphorylated by nucleotide monophosphate 
kinases (NMPKs) and then converted into dNTPs by NDPKs.  To date, three mitochondrial 
isoforms of adenylate kinase (AK2, AK3, and AK4)210-212, one mitochondrial cytidylate 
kinase UMP-CMPK2213, and one putative mitochondrially localised thymidylate kinase 
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(TMPK2) have been identified214.  Less is known about mitochondrial NDPKs.  Few studies 
report isoforms with mitochondrial localisation either in the matrix or IMS215-217.  NDPKs 
also form tight complexes with succinyl-CoA synthase (SCS), which catalyses the 
reversible reaction of succinate and ADP to succinyl-CoA and ATP in the TCA cycle.  The 
enzyme is a heterodimer with α- and β-subunits which catalyse the aforementioned 
reaction using GDP and ADP, respectively.  Although the functional significance of this 
association is unclear, it has been postulated that SCS confers a conformational change in 
NDPK or links its activities to the bioenergetic state of the cell.  Indeed mutations in 
SUCLG1 and SUCLA2, encoding the α- and β-subunits of SCS respectively, lead to severe 
mtDNA depletion in post-mitotic tissues218-220.   

The four mitochondrial nucleotide pools are not maintained in equimolar ratios and dNTP 
balance is crucial for maintaining mtDNA stability202.   dTTP pools are especially regulated 
and are kept at a lower concentration compared to the other pools.  TK2 donates a γ-
phosphate from ATP to dT, dC, and dU to yield dTMP, deoxycytidine monophosphate 
(dCMP), and dUMP.  Although it asserts a preferential affinity to dT, there is also a 
negative feedback loop between intramitochondrial dT concentration and TK2 
phosphorylation.  dT is also degraded by the cytosolic enzyme thymidine phosphorylase 
(TYMP).  Mutations in both TK2 and TYMP lead to mitochondrial disorders causing severe 
multi-organ involvement, brought on my gross mitochondrial genome instability and 
nucleotide imbalance221-223.   

 

1.3.2.3 Mitochondrial Transcription 

The condensed mitochondrial genome is transcribed as polycistronic transcripts on both 
strands.  Three species of RNA: transfer RNA (mt-tRNA), ribosomal RNA (mt-rRNA), and 
messenger RNA (mt-mRNA), are encoded on the mitochondrial genome.  Each RNA 
species undergoes unique processing before translation224.  Transcription originates in 
the non-coding region which contains both the heavy and light strand promoters (HSP 
and LSP, respectively).  One area of contention is whether the heavy strand is under the 
control of two promoters (HSP1 and HSP2).  HSP1 is thought to result in the transcription 
of mt-rRNAs while HSP2 creates a near genome-length transcript containing most mRNA 
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and tRNA genes225-227.  The existence of HSP2 has been supported by observations in 

vitro of near-genome length transcripts and the 50-100-fold greater abundance of mt-
rRNAs227,228.  However, contradictory studies have also argued that the relative mt-rRNA 
abundance is determined by differential turnover, suggesting that the heavy strand is 
under the control of a single promoter229. 

POLRMT is the mitochondrial RNA polymerase.  It is closely related to the RNA 
polymerases of T3 and T7 bacteriophages, however unlike its prokaryotic counterparts it 
requires the association with two mitochondrial transcription factors A and B2 (TFAM and 
TFB2M) to bind promoter regions230.  TFAM is a DNA binding protein which is able to 
non-specifically bend DNA into a U-shape to aid POLRMT binding231.  The regulation of 
TFAM is crucial for the modulation of cellular mtDNA content.  Tfam-/- mice exhibit 
respiratory chain defects and mtDNA depletion232.  Freely diffused TFAM is rapidly 
degraded in the mitochondrial matrix by proteases, therefore TFAM exists almost 
exclusively bound to mtDNA233.  Several post-translational modifications modify the DNA 
binding affinity of TFAM including phosphorylation and acetylation234.  Transcription 
factor TFB2M then unwinds mtDNA to induce opening of the promoter235.  The general 
mechanism of mtDNA transcription initiation is complex.  A step-wise method has been 
proposed wherein TFAM first binds 10-15bp upstream of the promoter region, allowing 
POLRMT recruitment to the promoter.  A conformational change is induced in POLRMT 
upon TFAM interaction which permits the final recruitment of TFB2M, completing the 
transcription initiation complex236.  Alternatively, intermediates of POLRMT+TFAM and 
POLRMT+TFB2M have also been observed in vitro.  These complexes are sufficient in 
initiating transcription on their own, but the three factors when together exhibit the 
highest transcriptional activity237. 

The elongation of transcription requires the action of mitochondrial transcription 
elongation factor (TEFM).  TEFM increases POLRMT processivity and ablates regulatory 
premature transcription termination events such as the formation of inhibitory G-
quadruplexes in the non-coding region, that can function as primers triggering mtDNA 
replication238,239.  TEFM allows for the transcription of near genome-length transcripts and 
interacts with a variety of RNA processing proteins during the transcription process240.  In 
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addition, TFAM has been shown to be involved in maintaining transcriptional fidelity as 
well as initiation. 

Transcription termination is regulated by mitochondrial transcription termination factor 1 
(MTERF1).  MTERF1 acts mainly to terminate the heavy strand transcript and prevent 
aberrant antisense transcription of the light strand241.  Three additional MTERF family 
members have been identified although none play a role in transcription termination, 
having instead evolved to function in maintaining translational fidelity236.   

Polycistronic mtDNA transcripts are modified co-translationally in mitochondrial RNA 
granules, which are foci comprising RNA processing proteins and nascent polycistronic 
transcripts240,242.  Most rRNA and mRNAs are flanked by mt-tRNA genes.  The tRNA 
punctuation model explains the post-transcriptional modification of polycistronic mtDNA 
transcripts, whereby mt-tRNA transcripts are excised, thus separating the three RNA 
species through the action of tRNA punctuation.  Excision endonucleases RNase P and 
ELAC2 expunge mt-tRNAs from the 5’ and 3’ ends, respectively243.  Transcript stability is 
maintained by Fas-activated serine/threonine kinases (FASTKs).  Although the exact 
mechanism of this protein family has yet to be identified, knockdowns of various 
members lead to accumulations of cleavage pre-cursors244. 

All mt-mRNAs undergo stabilising polyadenylation, with the exception of MT-ND6, by the 
mitochondrial poly(A) polymerase (MTPAP).  HSP-derived RNAs are stabilised and primed 
for translation through a complex of leucine-rich penticopeptide rich domain containing 
protein (LRPPRC) and stem–loop interacting RNA-binding protein (SLIRP).  The LRPPRC-
SLIRP complex primes mt-mRNAs for polyadenylation and to prevent transcript 
degradation.  The programmed degradation of transcripts is facilitated by polynucleotide 
phosphorylase (PNPT1)224,245.   

To be functional for translation, mt-tRNAs are highly modified to yield mature charged 
mt-tRNAs.  Nuclear tRNAs all include a 3’ CCA terminal sequence, the terminal ribose 
group of which is targeted for aminoacylation246.  In mitochondria, the CCA sequence 
must be added to nascent mt-tRNAs by tRNA-nucleotidyltransferase 1 (TRNT1) which 
preferentially oligomerizes CTP and ATP247.  Select nucleotides in the first base of a codon 
also undergo chemical modification to facilitate non-Watson-Crick base pairing and 
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expand codon recognition.  In addition, on position 37, codon-anticodon interactions are 
strengthened by base modification224.   Mt-tRNAs are stabilised by the post-
transcriptional addition of pseudouridine.  Several pseudouridine synthases (PUS1, 
RPUSD4, RPUSD3, TRUB2) have been implicated in the stabilisation of mt-tRNAs224,248.  
Furthermore, tRNAs are charged with a cognate amino acid for mitochondrial translation.  
This is performed by mitochondrial aminoacyl-tRNA synthetases (ARSs).  Out of a 20 
possible ARSs, 17 are unique to mitochondria (ARS2s) and two are cytoplasmic enzymes 
that possess dual functionality with the cytosol (KARS and GARS) and are recruited to the 
mitochondria through post-translational modifications.  Glutaminyl aminoacylation, 
however, is achieved through the coordinated action of a few extra proteins.  Mt-tRNAGln 
is charged first by the glutamyl-tRNA synthetase (EARS2) and transamidated by the 
heterotrimeric glutamyl-tRNAGln amidotransferase protein complex249.   

Of the three mitochondrial RNA species, mt-rRNAs have far fewer modified residues.  The 
16S mt-rRNA is methylated at three different residues to aid large mitoribosome subunit 
assembly by methyltransferases MRM1-3250,251.  It also undergoes a stabilising 
pseudouridylation catalysed by NSUN4252.  The smaller 12S mt-rRNA is also methylated at 
five residues, a role for which only three methyltransferases, TFB1M, NSUN4, METTL15, 
have been identified.  Modification of all mt-RNA species is crucial for maintaining the 
fidelity of mitochondrial gene expression and respiratory chain function253. 

 

1.3.2.4 Mitochondrial Translation 

Protein synthesis, or translation, is required in mitochondria, bacteria, and eukaryotes.  
Broadly, it involves an mRNA transcript, aminoacylated tRNAs and the macromolecular 
ribosome.  An energetically costly process, protein synthesis requires the coordinated 
action of numerous proteins.  The ribosome contains three sites: the peptidyl (P) site, the 
aminoacyl (A) site, and the exit (E) site.  Aminoacylated tRNAs bind in the A site where 
they launch a nucleophilic attack on an acyl-ester bond in the P site, containing a tRNA 
adhered to the growing polypeptide chain.  This forms a new peptidyl bond and the A 
site tRNA is now adhered to the growing polypeptide chain.  The A site tRNA then now 
moves to the P site and the deacetylated P site tRNA moves to the E site254,255.  This 
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continues until a stop codon is reached, culminating in the release of the nascent 
polypeptide and recycling of the translation machinery.  Owing to their endosymbiotic 
origin, certain elements of the mitochondrial translation process resemble prokaryotic 
translation, however, much of mitochondrial protein synthesis differs from both 
eukaryotic and prokaryotic systems254.  The exact mechanistic details of translation 
initiation, elongation, termination, and recycling in mitochondria need to be further 
clarified.   

Mitochondrial ribosomes (mitoribosomes) are large macromolecular RNA-protein 
complexes that catalyse the formation of the 13 integral OXPHOS components.  The 
mitoribosome comprises a 28S small and 55S large subunit (mt-SSU, mt-LSU, 
respectively).  Altogether, the mitoribosome has 82 protein and 3 structural RNA 
components256.  Both the mt-SSU and mt-LSU are formed from rRNA molecules before 
undergoing several rounds of assembly intermediates then joining together to form a 
mature mitoribosome for translation257.  There is significant structural divergence of 
mitoribosomes from their prokaryotic precursors.  Furthermore, mitoribosome structure 
varies greatly among species, reflecting the variability of inter-organismal mitochondrial 
genomes.  In general, mitoribosomes possess far higher protein content and shorter 
rRNAs than their prokaryotic ancestors254,256.  Like other components of the mitochondrial 
gene expression system, there are many structural deviations of the mitochondrial 
transcriptional machinery from cytoplasmic and bacterial systems.  The absence of 5S 
rRNA in the mammalian mitoribosome is one such major difference.  In the cytoplasm, 5S 
rRNA is required as part of a ribonucleotide protein particle, an essential subcomplex of 
the large ribosomal subunit258.  In addition, 5S rRNA coordinates movement of the small 
ribosomal subunit during protein synthesis259.  In lieu of the 5S rRNA, human 
mitoribosomes use mt-tRNAVal 254,260. 

Initiation is the rate-limiting step of translation.  The initiation complex of the 
mitoribosome comprises the mt-SSU, initiation factors and an fMet-tRNAMet acting as the 
initiator tRNA.  mt-mRNA lacks the 5’ capping structure required in cytoplasmic 
translation.  Although AUG is the most common start codon for human mitochondrial 
proteins, AUA and AUU are also utilised.  In the case of AUG, the codon closest to the 5’ 
end of the transcript is selected as the start codon.  Two mitochondrial initiation factors 
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(IFs) mediate the association of the mitoribosome for translation.  IF3 promotes 
dissociation of the mt-LSU and the mt-SSU.  A second initiation factor IF2, bound to GTP, 
facilitates the placement of fMet-tRNAMet onto the start codon in the ribosomal P site.  IF3 
then becomes displaced, allowing mt-LSU to bind.  Finally, the hydrolysis of GTP releases 
IF2254,261. 

Mitochondrial translational elongation requires the action of three elongation factors 
(EFs).  EF-Tumt delivers the aminoacylated mt-tRNA to the mitoribosome A site in a 
ternary complex with GTP.  Once bound, GTP hydrolysis releases EF-Tumt-GDP.  EF-Tsmt 

dissociates the inactive GDP on EF-Tumt so that it can be restored to its active GTP-bound 
form262.  EF-G1mt is responsible for transcript translocation coupled to GTP hydrolysis263.   

Ribosomes terminate protein synthesis in the presence of a stop codon.  Mitochondrial 
stop codons UAA and UAG terminate 11 of 13 OXPHOS proteins.  Curiously, two genes 
MT-CO1 and MT-ND6 terminate with AGA and AGG, respectively, for which there are no 
cognate mt-tRNAs.  While there is no consensus as to the mechanism of termination for 
these two codons, a prevailing model is that an endoribonuclease elicits a -1 frameshift, 
causing both proteins to terminate at a UAG codon, with the use of a single release 
factor264.  To date, four termination factors with homology to bacterial release factors 
have been identified.  mtRF1a is the homolog of bacterial release factors which 
recognises UAA and UAG codons to initiate release of the nascent polypeptide and 
dismantling of the mitoribosome265.  The remaining factors ICT1, mtRF1, and C12orf65 
have yet to have their precise functions elucidated.   

The final stage of the translation cycle is recycling of the translation machinery including 
ribosomal subunits, deacetylated tRNAs and the nascent polypeptides.  Mitochondrial 
ribosomal release factor (RRF1mt) binds to the post-termination ribosome complex and is 
assisted by EF-G2mt in a GTP-dependent manner266,267. 

Translation of mitochondrial and nuclear components of the OXPHOS systems needs to 
be coordinated, to ensure the fidelity of energy generation and to prevent the 
accumulation of subunits.  Indeed, several phenomena have been demonstrated that 
highlight the synchronous expression of nuclear and mitochondrial proteins.  There is 
evidence that mitochondrial mRNAs are translated on OMM-bound ribosomes268 based 
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on proximity-based ribosomal profiling studies.  In addition, mitochondrial translational 
activators have been shown to create micro-environments to which translation of a single 
mRNA is dedicated and coordinated with assembly with nuclear OXPHOS components.  
For example, the mitoribosome associates with CIV assembly factors COX14 and COA3 to 
preferentially translate MT-CO1 and coordinate its subsequent association to COX4269.  
Furthermore, mutations in MT-CO1 translational activators cause mitochondrial disease 
with an isolated CIV deficiency270. 
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1.4 Mitochondrial Disease 

Mitochondrial disorders are recognised as some of the most common and severe 
inherited metabolic disorders, affecting approximately 1 in 5,000 live births5.  Protein 
defects arising from mutations in both the mitochondrial genome and the much larger 
nuclear-encoded mitochondrial proteome can result in mitochondrial disease.  
Mitochondrial disorders are inherently heterogeneous at the genetic, mechanistic, and 
clinical level.  Patients exhibit manifestations in nearly every organ and tissue in the body; 
especially in energy-demanding tissues such as the brain, muscle, heart and liver.   

The first mtDNA mutations were published seven years after the publication of the 
human mitochondrial genome.  Multiple deletions were identified in patients with 
mitochondrial myopathy271.  The first mtDNA point mutation was an arginine to histidine 
change in ND4, a CI subunit.  It caused Leber’s Hereditary Optic Neuropathy (LHON), a 
progressive maternally inherited disorder characterised by optic nerve atrophy with 
occasional cardiac involvement272.  Two years later, a mutation was reported in the mt-
tRNALeu(UUR) gene which caused mitochondrial myopathy, encephalopathy, lactic acidosis, 
and stroke-like episodes (MELAS) in Japanese patients273.  The m.3243A>G mutation in 
tRNALeu(UUR) is now recognised as one of the most common mtDNA mutations274.  It was 
not until 1995 that the first nuclear-encoded mitochondrial disease gene was identified.  
Bourgeron et al.  found an autosomal recessive mutation in the catalytic subunit of CII in 
two Leigh syndrome patients275.  Since then, enhancements in NGS technologies and an 
increased understanding of the mitochondrial proteome have exponentially increased the 
discovery of causative mitochondrial disease genes.  The mitochondrial proteome 
comprises nearly 1500 proteins of which a third are predicted to cause disease276.  To 
date, nearly 400 mitochondrial disease genes have been identified.  Table 1-1 summarises 
all current mitochondrial disease genes at the time of writing.  These span a multitude of 
modes of inheritance, ages of onset, severities, and clinical features.  This heterogeneity 
has contributed to notorious diagnostic odysseys and a lack of curative therapies2.   
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Gene Functions Gene Defect 

CI Subunits and Assembly 
Factors 

NDUFA1, NDUFA2, NDUFA6, NDUFA9, NDUFA10, NDUFA11, 
NDUFA12, NDUFA13, NDUFB3, NDUFB8, NDUFB9, NDUFB11, 
NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS7, NDUFS8, 
NDUFV1, NDUFV2, NDUFAF1, NDUFAF2, NDUFAF3, NDUFAF4, 
NDUFAF5, NDUFAF6, NDUFAF7, NDUFAF8, ACAD9, FOXRED1, 
NUBPL, RTN4IP1, TIMMDC1, TMEM126B, MT-ND1, MT-ND2, MT-
ND3, MT-ND4, MT-ND4L, MT-ND5, MT-ND6 

CII Subunits and Assembly 
Factors SDHA, SDHB, SDHD, SDHAF1, SDHAF2 

CIII Subunits and Assembly 
Factors 

UQCRB, UQCRC2, UQCRFS1, UQCRQ, UQCC2, UQCC3, CYC1, 
BCS1L, HCCS, LYRM7, TTC19, MT-CYB 

CIV Subunits and Assembly 
Factors 

COX4I1, COX4I2, COX5A, COX6A1, COX6A2, COX6B1, COX7B, 
COX8A, NDUFA4, CYCS, COA3, COA5, COA6 , COA7, COA8, COX10, 
COX14, COX15, COX20, CEP89, FASTKD2, PET100, PET117, PUS1, 
SCO1, SCO2, SURF1, MT-CO1, MT-CO2, MT-CO3 

CV Subunits and Assembly 
Factors 

ATP5A1, ATP5D, ATP5E, ATP5F1D, ATP5MD, ATPAF2, TMEM70, MT-
ATP6, MT-ATP8 

mtDNA Maintenance 
ABAT, AK2, DGUOK, DNA2, FBXL4, MGME1, MPV17, POLG, POLG2, 
RNASEH1, RRM2B, SAMHD1, SLC25A4, SSBP1, SUCLA2, SUCLG1, TK2, 
TWNK, TYMP, TMEM65, XRCC4 

Mitochondrial Translation 

C12orf65, ELAC2, ERAL1, GATB, GATC, GFM1, GFM2, GTPBP3, GUF1, 
LRPPRC, MRM2, MTFMT, MTO1, MTPAP, NSUN3, QRSL1, RMND1, 
TACO1, TRIT1, TRMT5, TRMT10C, TRMU, TRNT1, TSFM, TUFM, 
MRPL3, MRPL12, MRPL44, MRPS2, MRPS7, MRPS14, MRPS16, 
MRPS22, MRPS23, MRPS34, AARS2, CARS2, DARS, DARS2, EARS2, 
FARS2, GARS, HARS2, IARS, IARS2, KARS, LARS, LARS2, MARS2, 
NARS2, PARS2, QARS, RARS2, SARS2, TARS2, VARS2, WARS2, YARS2, 
MT-RNR1, MT-RNR2, MT-TA, MT-TC, MT-TD, MT-TE, MT-TF, MT-TG, 
MT-TH, MT-TI, MT-TK, MT-TL1, MT-TL2, MT-TM, MT-TN, MT-TP, 
MT-TQ, MT-TR, MT-TS1, MT-TS2, MT-TT, MT-TV, MT-TW,  MT-TY 

Cofactor Biosynthesis (CoQ10, 
[Fe-S] Clusters, Lipoic Acid) 

COQ2, COQ4, COQ5, COQ6, COQ7, COQ8A, COQ8B, COQ9, 
PDSS1, PDSS2, BOLA3, GLRX5, IBA57, LIAS, LIPT1, LIPT2, MECR, 
ABCB7, FDX1L, FDXR, FXN, ISCA1, ISCA2, ISCU, LYRM4, NFS1, NFU1 

Mitochondrial Dynamics Defects C19orf70, CHCHD10, DNM1L, EMC1, GDAP1, MFF, MFN2, MIPEP, 
MSTO1, OPA1, SLC25A46, STAT2, TRAK1, YME1L1 

Mitochondrial Phospholipid 
Biosynthesis Defects 

BDH1, CHKB, FA2H, OXA1L, PLA2G6, PNPLA4, PNPLA8, SERAC1, 
SLC44A1, TAZ 

Mitochondrial Protein Import 
Defects AGK, DNAJC19, GFER, PAM16, TIMM50, TIMM8A, XPNPEP3 

Table 1-1 Current Mitochondrial Gene Defects 
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Mitochondrial Quality Control 
Defects 

AFG3L2, APTX, ATAD1, ATAD3A, C1QBP, CLPB, CLPP, CLPX, HSPA9, 
HSPD1, HSPE1, LONP1, MGST1, NNT, PITRM1, PMPCA, PMPCB, 
PNPT1, POP1, PTRH2, SACS, SPG7, THG1L, TPK1, TRAP1, TXN2, WFS1 

PDHC and TCA Cycle Defects DLAT, DLD, MPC1, PC, PDHA1, PDHB, PDHX, PDK3, PDP1, PDPR,  
ACO2, COASY, FH, IDH3A, IDH3B, MDH2, OGDH, PANK2, SLC25A42 

Mitochondrial Solute Carrier 
Defects 

FLAD1, SECISBP2, SEPSECS, SLC19A2, SLC19A3, SLC25A10, SLC25A12, 
SLC25A19, SLC25A22, SLC25A26, SLC25A3, SLC25A32, SLC33A1, 
SLC39A8, SLC52A2, SLC52A3  

Mitochondrial Amino Acid and 
Fatty Acid Metabolism Defects 

ETFA, ETFB, ETFDH, HSD17B10, SLC25A1, ACAT1, ALDH18A1, 
DHTKD1, ECHS1, GATM, HIBCH 

Calcium Homeostasis Defects ANO10, CISD2, CYP24A1, MICU1, MICU2, SLC25A24 
Apoptosis Defects AIFM1, HTRA2, DIABLO 
NAD(P)H Metabolism Defects NADK2, NAXD, NAXE, PYCR1 
Sulphur Metabolism Defects SQOR, ETHE1 
Biotin Metabolism Defects HLCS, BTD 
Haem Metabolism Defects ABCB6, ALAS2, SFXN4, SLC25A38 

Other Proteins Causing 
Mitochondrial Dysfunction 

TKFC, CTBP1, TMEM126A, FGF12, CA5A, ALDH1B1, KIF5A, NBAS, 
ROBO3, TANGO2, STXBP1, DCC, DIAPH1, OPA3, PPA2, C19orf12 
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1.4.1 Mitochondrial Disease Genetics 

The implication of two genomes in mitochondrial disease places mitochondrial diseases 
under the control of a variety of modes of inheritance.  Nuclear encoded gene defects 
usually follow a pattern of autosomal recessive inheritance, although autosomal 
dominant (RRM2B, OPA1), X-linked (AIFM1, NDUFA1), and de novo mutations (DNM1L, 
SLC25A4) in mitochondrial proteins have also been reported151,277-281.  The genetic 
mechanisms of mtDNA mutations are more complex.  Unlike the diploid nuclear genome, 
mtDNA is present in several hundred copies and therefore familial segregation follows 
several tenets of population genetics rather than traditional Mendelian inheritance282. 

Contributing to the genetic complexity of mtDNA mutations is the co-existence of 
mutant and wild-type mtDNA within a single cell or tissue, in a phenomenon known as 
heteroplasmy.  Heteroplasmy often exhibits a threshold effect, in which the mutant load 
is positively correlated with disease severity, although this is not always the case.  Another 
unique aspect of mtDNA genetics is uniparental inheritance.  Upon fertilisation, a 
signalling cascade is activated which results in the ubiquitin-mediated proteolysis or 
autophagic degradation of paternally-derived mitochondria283.   

In human embryos, it was demonstrated that mtDNA populations undergo a genetic 
bottleneck which dramatically changes mtDNA populations over time284,285.  Primordial 
germ cells contain ~1,000-fold less mtDNA content than oocytes, suggesting a massive 
bottleneck of mtDNA molecules, which subsequently segregate into individual organelles.  
Moreover, from Carnegie stages 12-21, there is evidence of selection against non-
synonymous mtDNA variants and deleterious mt-tRNA mutations.  This selection 
coincides with a metabolic shift in the human embryo from glycolysis to OXPHOS 
characterised by an up-regulation in genes required for mtDNA transcription and 
replication284.  Since mtDNA lacks recombination-based DNA repair mechanisms, the 
bottleneck is thought to be a mechanism adapted to counteract the deleterious effects of 
Muller’s ratchet (the accumulation of harmful mutations) over time285.  However, mild 
mutations can sometimes escape germline selection, and the genetic bottleneck then 
rapidly propagates deleterious mutations in the resulting offspring.  In pedigree studies 
of mitochondrial disease, a mother with a low mutation load can give birth to offspring 
with high mutation loads which can cause severe mitochondrial disease286.  The 
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heightened genetic complexity governing mtDNA make diagnosis and therapeutic 
development difficult. 

 

1.4.2 Mitochondrial Disease Pathophysiology 

The pathophysiological mechanisms underlying mitochondrial disease are difficult to 
disentangle.  A starting point for explaining mitochondrial pathology is a bioenergetic 
deficit due to OXPHOS deficiency.  This especially rings true in patients with mutations in 
OXPHOS subunits and assembly factors, but may also play a role in disease involving 
defects in genes regulating mitochondrial morphology and quality control.  As the IMM is 
one of the most proteinaceous membranes in the cell, the insertion, import, and 
degradation of IMM proteins is all highly regulated.  The transfer of OXPHOS complexes 
must also be adequately distributed during fission and fusion events.  Examples of 
secondary OXPHOS dysfunction include mutations in MICOS complex subunit QIL1, 
protein import defects in AGK, and mitochondrial protease LONP12,287-290.   

A bioenergetic defect does explain pathology in certain tissues, such as the brain, which 
relies almost entirely on aerobic respiration for energy generation.  However, many 
patients with severe disease presentations have normal OXPHOS enzyme activities and 
ATP levels.  Similarly, other tenets of OXPHOS dysfunction have been attributed to 
mitochondrial disease pathology, including pathological membrane depolarization and 
increased ROS production (or decreased antioxidant production).  Evidently, the 
pleiotropic presentations of mitochondrial disease patients imply that OXPHOS 
dysfunction is only one aspect of disease pathology2. 

A major paradigm in explaining mitochondrial pathophysiology in recent years is the 
alteration of signalling pathways and global metabolic remodelling in response to a 
mitochondrial gene defect.  Mitochondria are principally bioenergetic organelles, but 
importantly also upregulate anabolic and biosynthetic pathways in starvation and stress-
induced states201.  Implicated in this metabolic switch is one-carbon metabolism, which 
comprises several linked interorganellar pathways that shuttle one-carbon methyl, formyl, 
and methenyl moieties to form molecules required for metabolic regulation.  Processes in 
one-carbon metabolism include the folate cycle and the methionine cycle291,292.  The 
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folate cycle produces pyrimidines, amino acids, and phospholipids required for 
mitochondrial gene expression292.  The trans-sulphuration pathway is responsible for the 
biosynthesis of the potent signalling molecule hydrogen sulphide (H2S), which is later 
cleared by the mitochondrial sulphide oxidation pathway291,293.   S-Adenosyl methionine 
(SAM) produced by the methionine cycle is the principal cellular methyl donor which 
participates in the epigenetic regulation of both the nuclear and mitochondrial 
genome291.   

Mitochondrial defects of mtDNA maintenance and translation, which lead to global 
organellar and cellular stress and consequent perturbed mitochondrial gene expression, 
can  ectopically activate these pathways201.  For example, in the case of the folate cycle, 
mice with a myopathy-causing autosomal dominant defect in the Twinkle helicase 
chronically activate the mitochondrial regulatory enzyme of the folate cycle, MTFHD2.  In 
humans and mice, this enzyme is rarely active in the post-natal period.  Putting the folate 
cycle into overdrive leads to an imbalance of the fragile post-mitotic cellular thymidine 
pool and an accumulation of the antioxidant glutathione, which may contribute to 
aberrant ROS signalling and apoptotic resistance292,294.  Similarly, metabolic and 
transcriptomic profiling of renal oncocytomas, which have selective mtDNA mutations in 
CI subunit-encoding genes, showed a marked increase in glutathione accumulation and 
decrease in glutathione degradation295. 

Global cellular re-programming is induced by transcription factors.  The regulation of 
(patho)physiological mitochondrial stress responses is modulated by activating 
transcription factors (ATFs)201.  ATF4 has been implicated in increasing the production of 
serine metabolites, which contribute to glutathione accumulation and elicit a halt in 
mitochondrial translation296.  In addition to one-carbon metabolism, ATFs also activate 
the mitochondrial unfolded protein response (UPRmt)297.  Mitochondrial stress, caused by 
OXPHOS dysfunction, ROS toxicity, and impaired mitochondrial protein import, activates 
the UPRmt which induces expression of proteases and heat shock proteins to restore 
mitochondrial function298.  In addition, the UPRmt reduces the expression of OXPHOS 
components and halts mitochondrial translation.   In Caenorhabditis elegans, 
mitochondrial dysfunction triggers expression of ATF7 which upregulates innate immune 
response and autophagy in neurones299.  Also in C. elegans, ATFS-1 reduces the 
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biogenesis of OXPHOS components and enzymes of the TCA cycle300.  Mice harbouring a 
mutation in Dars2 also display ATF induction and upregulation of the UPRmt301.  Chronic 
activation of the UPRmt leads to mtDNA genome instability and the accumulation of 
mtDNA deletions, further exacerbating mitochondrial dysfunction302. 

 

1.4.3 Mitochondrial Disease Tissue Specificity 

Mitochondrial disorders are clinically heterogeneous, affecting nearly all organs and 
tissues in the body.  Aerobic respiration-dependent tissues such as the brain, muscle, 
heart, liver, and kidney are especially susceptible to mitochondrial dysfunction.  However, 
the tissue specificity of mitochondrial disease remains poorly understood.  Defects in one 
gene can cause two completely different phenotypes, such as in the case of patients with 
RRM2B mutations.  Adult patients usually have an autosomal dominant progressive 
external ophthalmoplegia while paediatric patients present with a severe 
encephalomyopathy and renal tubulopathy203,303.  It is also not infrequent that patients 
within the same family exhibit different phenotypes, suggesting the role of disease 
modifiers.  Curiously, several mitochondrial gene defects affect characteristic groups of 
organs, while completely sparing the others.  The most dramatic example of this 
phenomenon lies in the disease manifestations of ARS2 gene defects.  For example, 
SARS2 deficiency causes pulmonary hypertension and renal failure, AARS2 deficiency 
causes a fatal infantile cardiomyopathy, and EARS2 deficiency causes a neurological 
presentation characterised by leukodystrophy and brainstem lesions304-306.   

Despite the common element of bioenergetic demand, post-mitotic tissues all have 
different metabolic and structural mitochondrial requirements.  For instance, 
cardiomyocytes and neurones both rely heavily on OXPHOS, but the heart relies heavily 
on fatty acid oxidation to produce ATP; while the brain, in a healthy state, relies almost 
exclusively on glucose metabolism307,308.  In pathological conditions, different tissues may 
possess different capacities to adapt to mitochondrial dysfunction.  Studies in ‘deletor’ 
mice, harbouring a mutation in the mitochondrial helicase twinkle, have shown that 
activation of pathophysiological mechanisms such as integrated mitochondrial stress 
(UPRmt, nucleotide pool imbalance, and alterations in one-carbon metabolism), are 
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modulated globally by the metabolic cytokine fibroblast growth factor 21 
(FGF21)201,292,309.  Also regulated by ATFs, FGF21 secretion is chronically upregulated in 
affected tissues (muscle and heart) in the deletor mouse and responsible for progressing 
the disease into later stages.  Interestingly, elevated levels of FGF21 and activation of the 
mitochondrial stress response are limited to disorders of mtDNA gene expression and are 
not present in isolated OXPHOS subunit defects309,310.   

Uncharacterised moonlighting functions of mitochondrial genes may also partially explain 
tissue specificity.  This can help explain the stark tissue segregation of ARS2 gene defects.  
The efficiently packaged mitochondrial gene expression system is devoid of many 
cytoplasmic proteins and rRNA components.  This results in the absence of certain 
structural components required for translation.  Instead, the mitochondrion has adapted 
itself to utilise mitochondrial components to fulfil the structural requirements of protein 
synthesis.  For instance, mt-tRNAVal has an extra purpose serving as a structural 
component of the mitochondrial ribosome254.  It is possible that the ARS2 genes perform 
in a similar fashion.  Evidence of the dual-functionality of ARS proteins has been reported 
in the cytoplasm wherein the glycyl-ARS (GARS) moonlights as neuronal migration 
protein, thereby explaining the neurological phenotype of GARS mutations311.  In future, 
global multi-omics strategies, such as the transcriptomic and metabolic analyses 
performed in the FGF21 studies will be invaluable for disentangling further mechanisms 
underpinning tissue specificity in mitochondrial disease292,309. 

 

1.4.4 Organ Involvement in Mitochondrial Disease 

1.4.4.1 Neurological Manifestations of Mitochondrial Disease 

The brain despite only comprising 2% of body weight, utilises 20% of energy 
consumption312.  In neurones, aerobically-derived ATP is required for the firing of action 
potentials and synaptic transmission313.  Unsurprisingly, it is one of the most commonly 
affected organs in mitochondrial disease.  Neurological symptoms range from movement 
disorders such as ataxia, dystonia, and tremors, to developmental and cognitive deficits.   
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Epilepsy is among the most commonly observed paediatric mitochondrial disease 
phenotypes.  The bioenergetic deficit in the brain of mitochondrial disease patients 
contributes to dysregulation in excitatory and inhibitory neuronal transmission, resulting 
in seizures313.  Over half of all mitochondrial gene defects cause some form of seizures.  
In addition to a bioenergetic deficit, other pathomechanisms of mitochondrial epilepsy 
include perturbed mitochondrial dynamics, oxidative damage, and impaired calcium 
handling.  Axonal and dendritic mitochondria require different mitochondrial 
morphologies and are therefore heavily reliant on fission and fusion proteins314.  Indeed, 
several fission and fusion defects cause epilepsy159,315,316.  Mitochondria are a major 
organelle for intracellular calcium handling.  Given the role of Ca2+ in synaptic 
transmission, this is thought to be a pathomechanism of mitochondrial epilepsy.  For 
example mutations in the Ca2+/H+ antiporter LETM1 causes Wolf–Hirschhorn syndrome, a 
multi-system epileptic disorder317.  Finally the susceptibility of glutamate transporters and 
potassium channels to oxidative damage highlight an additional area of pathogenesis313.   

Seizures themselves pose a challenge to neuronal energy metabolism and in turn lead to 
mitochondrial dysfunction.  Previously, impaired OXPHOS has been reported in patients 
with acquired temporal lobe epilepsy.  Furthermore, ROS-mediated mtDNA depletion and 
multiple mtDNA deletions are features of chronic epilepsy313,318.  This leads to a vicious 
cycle of epileptogenesis and further mitochondrial dysfunction.  Unfortunately, the 
prognosis for mitochondrial epilepsy patients remain poor, with many patients suffering 
from drug-resistant seizures319.   

Dysfunction can also cause structural deformities in the brain in the form of cerebral 
atrophy, leukodystrophy, or brainstem lesions.  This is observed in the most common 
paediatric manifestation of mitochondrial disease, Leigh syndrome, which is characterised 
by bilateral basal ganglia and/or brainstem lesions observed by magnetic resonance 
imaging (MRI)320,321.  Leigh syndrome patients frequently display movement and central 
nervous system (CNS) dysfunction, in addition to multi-organ involvement.  Similarly, 
characteristic brain abnormalities are hallmarks of mitochondrial disease caused by EARS2 
and SLC19A3 mutations306,322.  Interestingly, brain involvement can also manifest itself in 
the form of mental illness.  Roughly 15% of mitochondrial gene defects cause mental 
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illness such as anxiety, autism spectrum disorder, depression, and memory impairment323-

325. 

 

1.4.4.2 Mitochondrial Cardiomyopathy 

Two-thirds of causative mitochondrial defects may cause cardiac defects.  Again, the 
energetic requirements of the heart make it susceptible to mitochondrial function.  In 
fact, mitochondria comprise a third of cardiomyocyte volume326.  A unique feature of 
heart metabolism is its dependence on fatty acid oxidation to produce cellular ATP.  The 
long carbon chains of fatty acids render them more suitable to coordinate ATP 
production with cardiac contractility on a beat-by beat basis326.  Although the heart is 
metabolically flexible, an over-reliance on glycolysis and increased glucose uptake in the 
heart is pathological326.  The down-regulation of fatty acid oxidation and upregulation of 
glycolysis leads to increased lactate production and anaplerosis.  Furthermore, excess 
glucose uptake in the heart inhibits the breakdown of branched-chain amino acids 
(BCAAs) in the heart.  BCAAs have been shown to contribute to cardiomyopathy 
pathogenesis and cardiac insulin resistance327,328. 

Mitochondrial dysfunction also stimulates pathophysiology outside the realm of energy 
metabolism.  For example, hyper-acetylation of the malate-aspartate shuttle and various 
TCA cycle enzymes alters cardiomyocyte redox state and further inhibits energy 
metabolism.  Furthermore, an increased NADH/NAD+ ratio is a common feature of the 
hypertrophic heart.  This is thought to be modulated by NAD+-dependent sirtuins which 
are a group of deacetylating enzymes (e.g.  SIRT3).  Increased intramitochondrial NADH 
also make mitochondria more susceptible to metabolic stress329-331.  Mitochondrial redox 
ratio remodelling is frequently observed in cardiomyopathy; however, the functional 
implications of hyper-acetylation require further clarification. 

The role of inflammatory response in the failing heart also plays a pathological role.  In 
ischaemic conditions, mitochondrial danger-associated molecular patterns (DAMPs) are 
released into the circulation to trigger an inflammatory response332.  In the failing heart, 
ROS-damaged mtDNA acts as a DAMP and is circulated in the blood to induce NRPL3 
inflammasome activation333.  Thus, inflammation may play a role in the pathogenesis of 
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chronic mitochondrial cardiomyopathy.  Additional cardiac pathophysiology has been 
attributed to calcium overload and inefficient protein quality control mechanisms in heart 
mitochondria334,335. 

Mitochondrial heart disease occurs in the absence of coronary artery diseases, 
valvulopathies, and congenital heart diseases336.  Common cardiac manifestations of 
mitochondrial disorders include hypertrophic and dilated cardiomyopathy (HCM, DCM, 
respectively).  HCM is the presence of increased left ventricular wall thickness (>15mm).  
This causes both systolic (contractility) and diastolic (relaxing) impairment.  Myofibril 
organisation and replacement fibrosis is commonly observed microscopically.  The left 
ventricle is responsible for circulating oxygenated blood throughout the body.  A 
common occurrence in HCM patients is left ventricular outflow tract obstruction, which is 
an inability of the blood to reach the aorta337.  DCM is characterised by the dilation of the 
left ventricle causing severe diastolic dysfunction.  It is often the late-stage of HCM.  DCM 
causes compensatory changes in the vasculature and the heart, including increased 
diastolic blood pressure, increased pre-load and afterload, and reduced arterial 
compliance338.   

Clinical outcomes for mitochondrial cardiomyopathy patients are poor.  In a natural 
history study of mitochondrial cardiomyopathy patients, 71% died of heart failure339.  
Children suffer greater rates of sudden death from DCM than adults.  However, 
cardiomyopathy arising from inborn errors of metabolism (IEMs) confers a greater chance 
of survival following heart transplantion338. 

 

1.4.4.3 Mitochondrial Liver Disease 

Hepatopathy is a relatively common mitochondrial disease presentation, particularly in 
early childhood340.  Hepatocytes have a high mitochondrial density and mtDNA copy 
number341 which provides sufficient ATP for hepatic detoxification functions.  As such, 
they are highly susceptible to mitochondrial dysfunction.  Multiple respiratory chain 
deficiencies and abnormal mitochondrial ultrastructure are frequently reported in chronic 
liver diseases342. 
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Information is lacking on the pathology of mitochondrial hepatopathy, though there has 
been extensive study on mitochondrial dysfunction in chronic liver diseases such as non-
alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH), and in liver 
dysfunction associated with diabetes mellitus (DM).  Observations from this body of work 
shed light on putative pathomechanisms underpinning mitochondrial hepatopathy.  
Similar to the pathology of mitochondrial cardiomyopathy, metabolic maladaptation 
plays a role in mitochondrial hepatopathy.  For example, the accumulation of fatty acids 
in the mitochondrial matrix is key in the development of insulin resistance in the liver343.  
The liver is especially vulnerable in the face of oxidative damage.  Under physiological 
conditions, ROS are important signalling molecules, with wide-ranging effects on cell 
migration, viability, and differentiation2.  However, the pathological over-production of 
ROS leads to a perturbed mitochondrial network, increased phospholipid peroxidation, 
activation of an inflammatory response, and hyper-activation of apoptosis344,345.   

In DM and NAFLD, mitochondrial dysfunction leads to increased lipid peroxidation, 
causing damage to mitochondrial membranes and subsequent susceptibility to necrosis, 
fibrosis, and apoptosis of hepatocytes346.  Perturbed lipid metabolism caused by 
mitochondrial dysfunction also leads to insulin resistance in the liver347.  Cholesterol 
biosynthesis is upregulated during liver injury leading to glutathione depletion 
(decreased ROS detoxification) and increased sensitivity to inflammatory mediators348.  
There is also evidence that respiratory chain uncoupling, i.e.  the disaggregation of 
electron transport and ATP synthesis, plays a role in liver pathology.  In NAFLD, OXPHOS 
is uncoupled by proteins UCP2 and UCP3 to dissipate the proton-motive force and quell 
ROS production.  However, this function also decreases ATP output and leads to AMPK-
mediated activation of apoptosis349,350.  Indeed, mutations in subunits and assembly 
factors of the ROS-producing complexes I, III, and IV of the respiratory chain lead to 
mitochondrial liver disease, supporting, at least in part, the role of ROS in mitochondrial 
hepatopathy351-353. 

Natural history studies of mitochondrial hepatopathies place the prevalence of liver 
involvement at 10-20%354,355.  Liver dysfunction is a common feature of paediatric 
mitochondrial disease that is not observed as frequently in adults.  Initial presentations 
include biochemical signs such as elevated liver transaminases, hypoglycaemia, and 
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hyperammonaemia.  Steatosis, or the accumulation of fat in the liver is often detected 
early and this can progress into life-threatening fibrosis (scar tissue formation) and 
cirrhosis.  Bile duct dysfunction in the form of cholestasis is also observed356.   

Phenotypes in other organs may mask liver involvement in mitochondrial disease and 
affect clinical management.  Such is the case in Alpers-Huttenlocher syndrome caused by 
POLG mutations.  The neurological symptoms (seizures) often appear first and can initially 
be more severe than the liver disease.  Transplantation outcomes in mitochondrial 
hepatopathy patients are varied, with survival hovering around 50%340.  For example, one 
patient with Alpers-Huttenlocher syndrome survived 8 years post-transplant357.  However, 
the multi-systemic nature of mitochondrial disorders can lead to death by other causes 
post-transplantation.  Commonly, undiagnosed neurological involvement can also lead to 
death.  In a study of transplant outcomes in children with hepatocerebral mitochondrial 
DNA depletion syndrome (MDDS) caused by DGUOK mutations, 57% of patients died 
within 24 months post-transplantation358. 

 

1.4.4.4 Other Organ Involvement 

Since the mitochondrial proteome is expressed nearly ubiquitously throughout the body, 
nearly every organ or tissue is affected.  Among the most commonly affected tissues is 
the muscle.  Mitochondrial myopathy is often a stand-alone disorder, especially in adults, 
but it also can be part of a larger multi-system presentation.  The contractile 
requirements of the muscle make it heavily reliant on OXPHOS.  Furthermore, the 
contractile failure of smooth muscle precedes death in several mitochondrial disease 
patients.  Myopathic manifestations of mitochondrial disease include exercise intolerance, 
degeneration of muscle fibres, and myalgia.  These are accompanied by hallmarks of 
muscle dysfunction such as elevated creatine kinase, lactate, and rhabdomyolysis 359.   

Dysfunction to the sensory nervous system such as neuropathies of the eyes and ears, are 
also common manifestations.  The phenotypic spectrum of mitochondrial disease spares 
no organ or system.  Other affected organs include the kidney (end-stage renal failure, 
proteinuria), bone marrow (neutropenia, leukopenia, recurrent infections), long bones 
(rhizomelia, skeletal dysplasia), endocrine system (premature ovarian failure, hypo- and 
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hyperthyroidism), blood and coagulation disorders (anaemias, coagulopathies), and 
dermatological features (hypertrichosis, abnormal skin pigmentation).  In most cases, 
these features are observed as part of a multi-system disease360,361. 

 

1.5 Diagnosis of Mitochondrial Disorders 

The genetic and clinical heterogeneity of mitochondrial disorders make them particularly 
difficult to diagnose.  Patients often endure years-long diagnostic odysseys before 
receiving a definitive answer.  Few mitochondrial disorders fit into classical syndromic 
presentations and patterns may be difficult to determine by non-metabolic specialists.  A 
lacking diagnosis is problematic, as this restricts clinical intervention, adequate genetic 
counselling, and psychological well-being of families.   

 

1.5.1 The Mitochondrial Diagnostic Odyssey 

The diagnosis of mitochondrial disorders involves a multitude of testing methods 
including clinical, biochemical, and genetic modalities.  Historically, a patient with a 
suspected mitochondrial disease would be readily tested for common mtDNA and 
nuclear DNA mutations in a single-gene test in DNA extracted from blood or urine.  
Common mutations tested through this method include m.3243A>G, m.8344A>G, and 
m.8993G>C mtDNA mutations which cause MELAS, myoclonic epilepsy with ragged red 
fibres (MERRF), and maternally inherited Leigh syndrome, respectively.  POLG, TWNK, and 
TYMP mutations were also tested in the context of multiple mtDNA deletions274.  
Furthermore, mtDNA abnormalities can be checked using restriction fragment length 
polymorphism (RFLP) analysis, which used to be the case for detecting m.3243A>G362. 

Genetic tests are often coupled with biochemical and histological assays to validate 
mitochondrial involvement.  Histologically, CIV and CII can be stained to check for 
corresponding enzyme deficiencies.  Furthermore, a failure to detect CII-negative fibres 
may exclude nuclear DNA involvement in suspected mitochondrial disease, as CII is the 
only OXPHOS enzyme devoid of any mitochondrially-encoded proteins.  Also common in 
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some mitochondrial disorders is the ragged-red fibre (RRF).  This is an accumulation of 
abnormal mitochondria on the periphery of the sarcolemmal membrane visualised with a 
Gömöri trichrome histochemical stain.  RRFs can be detected in various mtDNA disorders 
but also in nuclear disorders of mitochondrial gene expression363.  Biochemical evaluation 
of OXPHOS enzymes are also used to confirm mitochondrial disorders.  OXPHOS assays 
can be performed in any cell type, but are often performed in skin fibroblasts owing to 
their collection via a relatively non-invasive biopsy procedure in comparison to muscle 
and liver364.  However, owing to their largely glycolytic metabolism, fibroblasts frequently 
do not fully exhibit the extent of OXPHOS dysfunction in patients.  Pathological 
biochemical changes are usually more pronounced in affected tissues such as muscle and 
liver.  Biopsies are often avoided however, especially in paediatric patients as the use of 
general anaesthesia can trigger metabolic decompensation361.  Despite being considered 
a gold standard in mitochondrial disease diagnosis, tissue biopsies are recommended to 
be limited to severe cases of multi-systemic suspected mitochondrial disease patients in 
neonatal intensive care units365.  Further functional testing such as mtDNA copy number, 
CoQ10 levels, and dNTP levels can also be measured to help validate or establish a 
diagnosis365.   

Historically, patients with inconclusive results with the aforementioned techniques would 
undergo DNA sequencing, namely whole-exome sequencing (WES).  Advances in NGS in 
recent years make it more cost-effective, quicker, and easier than ever before and this is 
now the first-line diagnostic action in most mitochondrial centres around the world366,367.  
Moreover, whole-genome sequencing (WGS) is becoming increasingly available, which is 
valuable in identifying disorders caused by deep intronic, splice site, and copy number 
variants not possible by WES368.  In addition, WGS is more adept at detecting exomic 
variants than WES369.  In the omics era, global non-targeted analyses of transcriptomes 
and proteomes have also led to successful diagnoses of mitochondrial disorders and 
inevitably these approaches will play a role in identifying and phenotyping gene defects 
in future370,371.   
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1.5.2 Phenomics 

The aforementioned diagnostic methods for mitochondrial diseases may take months or 
years to achieve an accurate diagnosis.  This is problematic as individuals may be missing 
out on, albeit limited, disease modifying therapies.  In a study of the outcomes of WES-
based diagnosis in neurometabolic disorders, a genetic diagnosis contributed to an 
actionable clinical intervention in 44% of cases372.  While most mitochondrial disorders 
lack a curative therapy, a few are potentially treatable, notably the vitamin and cofactor 
deficiencies.  Patients with SLC19A3 mutations may benefit from thiamine 
supplementation while patients with HIBCH mutations benefit from N-acetyl 
cysteine373,374.  Evidently, a definitive diagnosis has a positive impact on clinical 
management of mitochondrial disorders, not to mention the psychological benefit to 
families.   

A current challenge of NGS-based diagnoses lies in data interpretation.  In a typical NGS 
filtering pipeline, hundreds of thousands of genomic variants are narrowed down in 
sequential steps, including eliminating common population variants, and selecting for 
predicted disease-causing variants, and appropriate modes of inheritance367.  While 
variant filtering significantly narrows down lists of causative variants, there are often a 
large number of variants of unknown significance (VUS).  VUS make it difficult to 
determine whether a variant is indeed pathogenic or a result of naturally-occurring 
individual variance (each individual is thought to have 100 loss-of-function variants per 
genome) 360,375.  Phenomics is the complete characterisation of (preferably standardised) 
phenotypic manifestations associated with a particular gene defect.  There is evidence 
that it has utility in improving the diagnostic rate of difficult-to-diagnose genetic 
disorders, including mitochondrial disorders361,376,377.  In medicine, human phenotypes 
have been numerated and standardised in what is known as the human phenotype 
ontology (HPO).  So-called HPO terms describe a variety of clinical, psychological, and 
biochemical disease presentations.  HPO notation encourages standardisation among 
phenotypes and eliminates regional synonyms.  For example, ‘hypotonia’ can be denoted 
as ‘floppiness’ or ‘decreased muscle tone’ in different publications.  HPO gives this 
phenotype a name and number (muscular hypotonia; HP:0001252).  The use of HPO is 
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universally adopted in most phenomic resources and the computational nature of the 
system allows it to be effectively integrated377.   

Several gene-to-phenotype databases and/or knowledge bases currently exist, including 
large-scale international expert-curated knowledge bases such as ClinVar, ClinGen, and 
Phenome Central378-380.  Various tools can be integrated within the bioinformatics 
pipeline of analysis of WES/WGS which use machine learning and data mining of several 
clinical and biological knowledge bases to enhance predictive capability.  Resources such 
as ‘Phenolyzer’ and ‘PHEVOR’, for example, automatically consult several rare disease 
knowledge bases and, based on text inputs from the user, provide a candidate gene list 
based on both known gene-phenotype associations and alternative genes within the 
same gene family376,381-383. 

However, there are also several niche expert phenomic resources developed by experts 
within a specific disease field to enhance diagnosis and/or clinical management.  Such 
resources have been created for Fanconi anaemia and rare cardiac disorders384,385.  IEM 
Base, is one such resource which is an expert-curated knowledgebase and predictive 
platform for hundreds of metabolic disorders including mitochondrial diseases386.  Table 
1-2 catalogues all current live phenomic resources at the time of writing.   

In our group, we created our own phenomic resource for a mitochondrial disorder, Leigh 
syndrome.  Leigh Map (www.vmh.life/#leighmap) is a gene-to-phenotype interaction 
network that documents all causative genes of Leigh syndrome and their associated 
phenotypes361.  At the time of writing, Leigh Map contains 92 causative mitochondrial 
Leigh syndrome genes and 241 phenotypes across several organ systems, all expressed in 
universal HPO terms361.  The user-friendliness of Leigh map is conferred by the use of the 
Molecular Interaction NEtwoRks VisuAlization (MINERVA) framework, a molecular 
modelling platform that mimics the user interface of Google Maps to navigate cellular, 
metabolic, and phenotypic networks.  Previously, MINERVA has been utilised to create a 
pathophysiological map of Parkinson disease and also to reconstitute the entirety of 
human metabolism387,388.  When tested on a cohort of genetically confirmed Leigh 
syndrome cases from a national mitochondrial disease clinic, Leigh Map was able to 
identify the correct candidate gene 80% of the time (with 90% elimination of genes on 
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the map).  The aptitude of Leigh map for correctly identifying Leigh syndrome candidate 
genes demonstrates the utility of phenomic resources in the mitochondrial clinic361.   
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Type of Resource Resource Name URL Disease Area Reference  

Phenotype-Genotype Database 

ClinGen clinicalgenome.org GD 380 

ClinVar ncbi.nlm.nih.gov/clinvar GD 379 

Online Mendelian Inheritance 
in Man 

omim.org GD 389 

Orphanet Rare Disease 
Ontology 

orphadata.org/cgi-bin/inc/ordo_orphanet.inc.php RGD 390 

Niche Phenomic Knowledgebase 

ALS Online Genetics Database alsod.iop.kcl.ac.uk ALS 391 

Fanconi Anaemia Mutation 
Database 

www2.rockefeller.edu/fanconi Fanconi Anaemia 385 

IEMBase iembase.org IMDs 386 

Table 1-2 Selection of Current Phenomic Resources 
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Metagene metagene.de IMDs N/A 

Face2Gene face2gene.com IMDs 392 

Leigh Map vmh.uni.lu/#leighmap Leigh syndrome 361 

Osteogenesis Imperfecta 
Variant Database 

oi.gene.le.ac.uk/home.php 
Osteogenesis 
Imperfecta 

393 

PhenoDis mips.helmholtz-muenchen.de/phenodis 
Rare Cardiac 
Disorders 

384 

Predictive Diagnostic Tool 

Exomizer sanger.ac.uk/science/tools/exomiser GD 394 

Find Zebra findzebra.com RGD 395 

FunSimMat funsimmat.de GD 396 

Gene Cards genecards.org GD 397 
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GeneIO bioinformatics.ibioba-mpsp-conicet.gov.ar/GenIO RGD 398 

PhenIX compbio.charite.de/PhenIX GD 399 

PhenGen phen-gen.org RGD 376 

Phenolyzer phenolyzer.wglab.org GD 383 

Phenominer phenominer.mml.cam.ac.uk GD 400 

Phenomizer compbio.charite.de/Phenomizer GD 377 

Phenotate phenotate.org GD N/A 

Phenotips phenotips.org GD 401 

PHEVOR yandell-lab.org/software/phevor.html GD 382 

ALS: Amyotrophic Lateral Sclerosis; GD: Genetic Disorders; IMDs: Inherited Metabolic Disorders; RGD: Rare Genetic Disorders 
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1.6 Treatment of Mitochondrial Disorders 

The complexity of mitochondrial disease contributes to a lack of therapeutic options for 
patients.  With the exception of a handful of vitamin and cofactor defects, there are 
currently no disease modifying curative therapies for mitochondrial disorders.  
Contributing factors to this current state include a poor understanding of disease 
pathomechanisms, poor disease models, the inaccessibility of the double-membraned 
mitochondrion, and the logistical challenges of running clinical trials for ultra-rare 
disorders2. 

The current clinical management of mitochondrial disorders relies heavily on 
symptomatic management.  A vitamin or cofactor cocktail is usually prescribed with 
variable clinical benefits.  CoQ10, L-arginine, thiamine, biotin, and riboflavin 
supplementation can help feed biosynthetic pathways and induce partial enzyme activity 
in affected proteins.  Other forms of symptomatic treatment are specific to the 
manifestations of the patient.  Seizures can be treated with anti-epileptic drugs or a 
ketogenic diet; cardiac dysfunction can be treated with β-blockers; and renal insufficiency 
is treated with haemodialysis.  As previously mentioned, organ transplant is also an 
option, but must be carefully considered in cases of multi-system disease2,402.   

However, the outlook for mitochondrial disease therapeutics is positive, with dozens of 
therapies in development and reaching clinical trial stages (Figure 1.5).  Table 1-3 
summarises all current mitochondrial disease clinical trials as indicated from 
clinicaltrials.gov.  Furthermore, disease modelling has also improved greatly.  Mouse 
models of multiple mtDNA deletions, mt-tRNA point mutations, MDDS, epileptic 
encephalopathy, OXPHOS defects, CoQ10 biosynthesis defects, and mitochondrial 
translation defects have all been published292,301,403-406. 
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Figure 1.5 Selection of Mitochondrial Disease Therapies Currently in Development.  Despite the absence of approved 
curative therapies for mitochondrial disease, several pharmacological and genetic approaches to ameliorating the 
pathology of mitochondrial disease are under investigation.  Adapted from Rahman and Rahman 2018 [ref 2]. 
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Therapy Clinical Trial 
Identifier Phase Mechanism of Action 

Inclusion Criteria 
 Primary Outcomes Measure(s) 

Disorder Age Range 
(Years) 

Lipitor NCT03351998 4 Statin PMD 35-65 Difference in mitochondrial respiratory function  

REN001 NCT03862846 1 Mitochondrial 
Biogenesis Enhancer MM 16+ IAE 

EPI-743 NCT01370447 2 Mitochondrial Redox 
Modulator PMD 1+ Change in neuromuscular function, IAE, NPMDS 

KL1333  NCT03888716 1 Mitochondrial Redox 
Modulator 

MELAS, MM, 
MRCD, PMD 18-75 IAE, ECG, Incidence of abnormal vital signs, Incidence of abnormal 

physical examinations 

Nicotinamide 
Riboside NCT03432871 N/A Mitochondrial Redox 

Modulator 
MELAS, MM, 
PEO, PMD 18-70 

Bioavailability, IAE Change in blood analytes, Temperature Blood 
pressure, Pulse, Mitochondrial Biogenesis, Respiratory Chain 
Enzyme Analysis, mtDNA copy number 

KH176 NCT04165239 2 Mitochondrial Redox 
Modulator 

MELAS, 
MIDD, MM, 
PMD 

18+ Cognitive function 

Table 1-3 Ongoing FDA-Registered Mitochondrial Disease Clinical Trials 
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Thymidine and 
Deoxycytidine  NCT03639701 1/2 Nucleosides 

MDDS2 - 
Myopathic 
Type 
Thymidine 
Kinase 2 
Deficiency  

All Liver transaminase levels, Blood lymphocyte count, Creatinine, 
ECG, Incidence of Diarrhoea 

RTA408 NCT02255435 2 Anti-oxidant and Anti-
inflammatory FA 16-40 FARS 

GS010 NCT03293524 3 Gene Therapy LHON 15+ BCVA  

RT001  NCT04102501 3 Mitochondrial 
Phospholipid Stabiliser FA 12-50 CPET 

CTI-1601 NCT04176991 1 Frataxin Carrier Protein FA 18+ IAE 

MIN-102 NCT03917225 2 Mitochondrial 
Biogenesis Enhancer FA 12-60 Change from baseline in spinal cord area cervical segment C2-C3 

BCVA: Best corrected visual acuity; CPET: cardiopulmonary exercise testing; ECG, Electrocardiogram; FA: Friedreich Ataxia; FARS: Friedreich Ataxia Rating Scale; IAE: Incidence of 
adverse events; LHON: Leber Hereditary Optic Neuropathy; MDDS: Mitochondrial DNA depletion syndrome; MELAS: Mitochondrial encephalopathy lactic acidosis and stroke-
like episodes; MIDD: Maternally inherited diabetes and deafness; MM: Mitochondrial myopathy; MRCD: Mitochondrial respiratory chain deficiencies; NPMDS: Newcastle 
paediatric mitochondrial disease scale; PEO: Progressive external ophthalmoplegia; PMD: Primary mitochondrial disease 
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1.6.1 Pharmacological Treatment Strategies for Mitochondrial Disease 

A pharmacological therapy can be defined as a treatment with a chemical compound 
which elicits a mechanistic change to a cellular component.  In the context of 
mitochondrial diseases, these can include vitamin and cofactor administration discussed 
above, but also comprise administration of a variety of novel compounds, many of which 
are in clinical trials.  The role of ROS in mitochondrial disease pathophysiology has been 
previously discussed.  A number of antioxidant analogues have been developed, aimed at 
ameliorating the deleterious effects of ROS on membrane integrity, DNA damage, and 
activation of apoptotic pathways.  Idebenone (Raxone®) was amongst the first 
mitochondrial antioxidants to be developed and its efficacy in mitochondrial disorders 
has dated back to the 1990s407.  It was reported to improve respiration in rat brain 
mitochondria and counteract lipid peroxidation and cerebral vascular lesions.  Idebenone 
is a synthetic analogue of CoQ10 which has a shorter chain, granting greater solubility for 
improved pharmacokinetics.  It also readily crosses the blood brain barrier, making it 
especially attractive for the treatment of neuromuscular mitochondrial disease.  In clinical 
trials, idebenone has demonstrated mild improvement of neurological phenotype in 
Friedreich’s Ataxia and is currently approved for treatment of LHON, for which it was 
found to mildly improve visual acuity and colour contrast sensitivity408,409.  Currently, 
idebenone has also completed clinical trial for MELAS (NCT00887562).  Another CoQ10 

analogue EPI-743, is proposed to be 1,000-10,000-fold more potent than both CoQ10 and 
idebenone410.  It was shown to improve neuromuscular function in children with Leigh 
syndrome410.  The function of these CoQ10 analogues seems to have effects in restoring 
redox balance and counteracting ROS, notably by increasing glutathione production410,411.   

Since mitochondrial dNTP pool imbalance contributes to the pathogenesis of MDDS, 
nucleoside precursor supplementation has been proposed to counteract dNTP pool 
imbalance.  In mice, substrate enhancement therapy through dT and dC administration in 
Tk2-/- mice improved mtDNA copy number and life span in the encephalomyopathic 
animals412.  Nucleoside therapy for other forms of MDDS has been proposed, however 
causing further dNTP imbalance through supplementation may potentially induce 
unexpected and unpredictable side effects.  Furthermore, there is evidence that 
mitochondria play a role in the toxicity of other nucleoside-based therapies.  For example, 
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anti-retroviral reverse transcriptase inhibitors such as 3′-azido-2′,3′-dideoxythymidine 
(AZT) elicit deleterious effects on TK2 and DGUOK, leading to mitochondrial disease-like 
side effects in patients413.  AZT and other nucleoside analogues used for the treatment of 
acquired immune deficiency syndrome (AIDS) have also been found to be preferentially 
incorporated by POLG, resulting in gross mitochondrial genome instability414.  In fact, 
POLG is the DNA polymerase most sensitive to nucleoside analogue treatment after the 
retroviral reverse transcriptase415.  As a result, mitochondrial myopathy is an observed 
side effect of AIDS patients using these drugs416.  Thus, further study on the effects of 
nucleoside supplementation therapy need to be conducted in different disease models of 
MDDS.   

The restoration of redox balance in the mitochondria is also a therapy currently 
undergoing clinical trials.  Disrupted redox in the form of the NADH/NAD+ ratio has wide-
ranging cellular effects, namely epigenetic changes via the action of NAD+-dependent 
sirtuin signalling proteins and intramitochondrial changes in ROS production and calcium 
signalling.  Supplementation with nicotinamide riboside, an NAD+ precursor, improved 
mitochondrial disease phenotypes in two mouse models417,418.  A clinical trial of 
nicotinamide riboside has recently been completed (NCT03973203).  Other therapies 
including the cardiolipin stabiliser Elamipretide (MTP-131) and the mitochondrial 
biogenesis activator bezafibrate have recently completed phase 3 clinical trials following 
phase 1 successes419 (NCT02398201).  However, a press release from the manufacturer 
revealed that MTP-131 failed to improve patients’ walking distance in the 6-minute walk 
test420.   

 

1.6.2 Genetic Treatment Strategies for Mitochondrial Disease 

In addition to novel drug therapies for mitochondrial disorders, a number of genetic 
therapies are also in development.  For nuclear genes this includes adeno-associated 
virus (AAV)-mediated gene therapy, wherein the functional copy of a gene is packaged in 
a modified AAV vector and injected into patients/animals.  Gene therapy is considered a 
cure for mitochondrial disease as it would rescue the molecular defect.  AAV vectors are 
non-integrating and expressed as episomes in the nucleus, having capacity for housing a 
transgene up to 4.8kbp in length.  However, over time, transgene expression attenuates.  
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The immunogenicity of viral vectors including AAV is a challenge which needs to be 
mitigated in future therapy and trial designs.  In fact, pre-acquired immunity to AAV has 
been proposed as a factor in low efficacy in clinical trials421.  Currently, several AAV gene 
therapies are in clinical trials for a range of disorders including haemophilia, Parkinson 
disease, and age-related macular degeneration (NCT02396342, NCT01621581, 
NCT01024998, respectively)422-424.  Currently, two gene therapies hold FDA approval for 
the treatment of retinal dystrophy and spinal muscular atrophy425,426.   

AAV-mediated gene therapy in mitochondrial disease has been tested mostly in mouse 
models.  Overall, the results in mice have been promising427-431.  For example, peripheral 
neuropathy was corrected in a Slc25a46 mutant mouse model of a mitochondrial 
dynamics defect431.  Similarly, liver function improved in the form of cirrhosis prevention 
in Mpv17-/- mice with hepatic MDDS427.  The most clinically advanced gene therapy for 
mitochondrial disease currently in clinical trials is a recombinant mitochondrial gene 
therapy for delivering the gene ND4 to the eyes of LHON patients via a single intravitreal 
injection.  This unique transgene is localised to the nucleus (having been re-coded in the 
nuclear genetic code) and has an engineered MTS to be imported into the mitochondria 
post-translation432.   

Genome editing, that is, the manipulation of organismal DNA, in the mitochondrial 
genome is more difficult owing to problems accessing the double membraned-
mitochondrion, importing nucleic acids, and the presence of hundreds of mtDNA in a 
single cell.  Furthermore, the absence of double-strand break repair mechanisms in 
mtDNA make clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 
gene editing impossible using current available methods.  Notwithstanding these 
challenges, genetic strategies for therapeutic mtDNA manipulation do exist.  These are 
focussed on selectively degrading mutant mtDNA copies thereby shifting heteroplasmy 
towards wild-type.  Mitochondrially-targeted transcription activator-like effector 
nucleases (TALENs), which are protein complexes comprising DNA-binding and 
endonuclease components, selectively eliminated a common 5kb mtDNA deletion and 
shifted heteroplasmy in patient-derived cybrid (patient-derived mtDNA fused with an 
immortalised cell line) lines433.  Likewise, the use of mitochondrially targeted zinc finger 
nucleases was able to shift heteroplasmy in vivo in a mouse model harbouring the 
m.5024C>T mutation in mt-tRNAAla434. 
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1.6.3 Translational Read-Through Therapy 

In a more specific genetic approach for treating genetic disorders, a particular class of 
mutation types and the protein translation machinery are targeted.  Nonsense mutations, 
that is, point mutations which change an amino-acid codon to a premature termination 
codon (PTC), are amenable to this type of targeted therapeutic intervention in an 
approach called ‘translational read-through’ therapy.  In vivo, a PTC is dealt with in one of 
three ways: (1) translation terminates pre-maturely, resulting in the formation of a 
truncated protein which is most likely non-functional, (2) the PTC-containing transcript is 
degraded by nonsense-mediated mRNA decay (NMD), and (3) the translation machinery 
incorporates a near-cognate tRNA in place of the PTC and continues translation.  The 
latter case can result in the formation of a full-length functional protein.  The third 
scenario, denoted as translational read-through, is a naturally occurring process, 
happening approximately once in every 100-1000 open reading frames435.  In fact, there 
is evidence that translational read-through is a physiological process.  For example, 
retroviruses such as human immunodeficiency virus 1 (HIV-1) depend on read-through to 
adequately translate their replicative proteins436,437.  The equilibrium of translational 
termination and read-through can be shifted pharmacologically through the action of 
translational read-through inducing drugs (TRIDs) and NMD inhibitors435. 

 

1.6.3.1 An Overview of Cytoplasmic Protein Translation 

Protein synthesis in the cytoplasm is an energetically costly process.  Proteins are 
produced by ribosomes situated outside the nucleus on the ER, with four stages to their 
translation from RNA: initiation, elongation, termination, and recycling.  Following 
transcription, mRNAs are spliced, capped at their 5’ end, and polyadenylated at their 3’ 
end.  mRNAs transcribed in the nucleus are shuttled out with the aid of molecular 
chaperones through the nuclear pore complex438.  Translation initiation is modulated by 
eukaryotic initiation factors (eIFs).  GTP-bound eIF2 forms a ternary complex with a 
tRNAMet, which will recognize the start codon.  This ternary complex associates with the 
40S cytoplasmic small ribosomal subunit (SSU) creating a 43S intermediate.  Loading of 
mRNA onto the ribosome involves the actions of eIF4F, eIF4A, eIF4B, and eIF4H on the 5’ 
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cap, and poly(A) binding protein (PABP) and eIF3 on the 3’ end.  The 43S complex must 
then scan the mRNA for the initiation codon, usually the first AUG codon flanked by a 
Kozak recognition sequence which differentiates the initiating methionine codon.  In 
higher eukaryotes, the consensus Kozak sequence is GCCGCCRCCAUGG439.  Scanning for 
the initiation site is an ATP-hydrolysis-dependent process facilitated by eIF1.  GTP 
hydrolysis of the eIF2 ternary complex places the tRNAMet in the ribosomal P site.  GTP-
bound eIF5B then facilitates binding of the 60S cytoplasmic small ribosomal subunit 
(LSU).  Subsequently GTP hydrolysis allows eIF5B to dissociate from the complex440.   

The next step is the elongation of the polypeptide chain.  This occurs through the 
formation of peptide bonds.  These are modulated through the action of eukaryotic 
elongation factors (eEFs).  eEF1A is a GTPase which is in a ternary complex with 
aminoacylated tRNAs (homologue of mitochondrial EF-Tu).  Once codon-anticodon 
interactions are ‘sensed’, eEF1A hydrolyses GTP and dissociates from the complex and the 
correct tRNA is incorporated in the ribosomal A site.  The amino group of the A site tRNA 
launches a nucleophilic attack on the ester bond on the P site tRNA, resulting in the 
transfer of the polypeptide chain, now one amino acid larger, onto the A site tRNA.  
Finally, eEF2 translocates the mRNA to the next open reading frame (ORF) and the 
previous P site tRNA to the E site, where it dissociates and the A site tRNA into the P site.  
This process is also facilitated by conformational changes in the ribosome.  This process 
repeats until a stop codon is reached441. 

Translation termination is triggered by the presence of a stop codon (UGA, UAG, or UAA, 
in eukaryotes) in the ribosomal A site.  Eukaryotes have two release factors (eRF1 and 
eRF3), which mediate termination and polypeptide release.  eRF1 recognises all three stop 
codons, through its specialised motifs.  A NIKS (Asn–Ile–Lys–Ser) motif is instrumental for 
binding the first uracil of the stop codon while a YxCxxxF (Tyr-x-Cys-x-x-x-Phe) motif and 
Glu55 residue allow for binding with purine bases in the later bases of the stop codon442.  
The solved crystal structure of eRF1 revealed that a conserved GGQ motif was responsible 
for coordinating a nucleophilic attack on the P site, allowing polypeptide release443.  
Importantly, the structure of eRF1 mimics that of an aminoacyl-tRNA, allowing its 
stoichiometric incorporation on the ribosomal A site443.  eRF3 is a GTPase closely related 
to eEF1A.  Its GTP hydrolase activity allows eRF1 to dissociate from the ribosome.  eRF1 
and eRF3 are often schematically represented as a complex, however recent work reveals 
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that translation termination is a sequential process and the association of eRF1 and eRF3 
is controlled.  DDX19 is an ATPase with well-characterised functions in mRNA export.  
However, its yeast homologue Dbp5 forms a ternary complex with eRF1 and ATP and 
helps ensure adequate eRF1 binding on the A site (Figure 1.6A).  Another ATPase, Rli1 
(human ABCE1), is bound to eRF3 on the ribosome and ushers in the Dbp5-eRF1-ATP 
complex into the ribosomal A site (Figure 1.6B).  ATP hydrolysis allows for proper eRF1 
positioning, poised for nucleophilic attack and Dbp5 dissociation.  Only now can eRF3 
bind eRF1 (Figure 1.6B).  After GTP hydrolysis, eRF3-GDP then complexes with Hcr1 
(human eIF3J) which is delivered by eIF3 (Figure 1.6D).  Dbp5 is then recycled to back to 
the NPC444,445.  Ribosomal recycling is the final stage of the translation cycle.  Upon 
polypeptide release, Rli1/ABCE1 hydrolyses ATP and dismantles the ribosomal subunits 
and mRNA (Figure 1.6E).  It also stimulates peptidyl hydrolysis by eRF1.  mRNA and tRNA 
components are removed by eIF2D and DENR441.  A schematic of eukaryotic translation 
termination and recycling is provided in Figure 1.6.
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Figure 1.6 Overview of Eukaryotic Translation Termination.  In the cytosol, eRF1 is in a complex with ATPase DDX19.  This 
ternary complex is ushered into the ribosomal A site by a quaternary complex of ABCE1, eRF3, ATP, and GTP (A).  ATP 
hydrolysis by DDX19 confers correct eRF1 positioning and allows eRF3-GTP to bind eRF1 (B).  PABPC1 binds eRF3 to ensure 
termination fidelity (C).  GTP hydrolysis by eRF3 causes polypeptide release.  eIFJ3 promotes eRF3 release from the ribosome 
(D).  Release factor ABCE1 hydrolyses ATP to dismantle the SSU and LSU (E). 
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1.6.3.2 An Overview of Nonsense-Mediated mRNA Decay 

Nonsense-mediated decay (NMD) is a cellular surveillance pathway that degrades PTC-
containing transcripts during translation.  These transcripts are often targeted to prevent 
downstream deleterious effects and aggregation of truncated proteins.  The principal 
factor in NMD is upstream factor 1 (UPF1), a protein with helicase and ATPase activity.  It 
has a non-specific mRNA binding affinity but often binds to any accessible transcript on 
the 3’ untranslated region (UTR) (Figure 1.7A)446.  ATP hydrolysis allows UPF1 to 
translocate across mRNA and bind to NMD-promoting factors.  UPF2 and UPF3 are also 
related factors that mediate the progression of NMD.  During NMD, UPF1 is in a complex 
with the suppressor with morphological effect on genitalia 1 complex (SMG1C), 
comprising kinase SMG1 and regulatory subunits SMG8 and SMG9 (Figure 1.7B)447. 

The recognition of a PTC is an important first step of the NMD pathway.  The recognition 
process is poorly understood, but the contextual position of the stop codon plays a role.  
Two contexts are especially important: the location of the PTC relative to exon-exon 
junctions, and the distance of the PTC from the poly(A)-tail448.  The exon junction 
complex (EJC) is a heteromeric multi-protein complex that aggregates around exon-exon 
junctions after mRNA splicing.  In this way the EJC acts as a ‘bookmark’ of where introns 
used to be.  The EJC is key in the recognition of PTCs and normal termination codons.  
During translation elongation, EJCs are sequentially removed by the ribosomal-associated 
protein PYM, which interferes with the complex’s ability to bind mRNA449.  Therefore, the 
sole presence of an EJC close to a stop codon indicates to the surveillance system that it 
may be a PTC.  In general, if a PTC is located more than 50-55 nucleotides upstream of an 
EJC, NMD is triggered.  This is because under normal translation conditions, ribosomes do 
not translocate through the 3’UTR of mRNA.  EJCs readily associate with UPF2 and UPF3 
to promote formation of a UPF1-UPF2-UPF3 complex (Figure 1.7B)448.  Furthermore, the 
increased distance from the poly(A) tail is thought to play a role in the regulation of PTC 
recognition.  In physiological conditions, PABPC1 binds to eRF3, in a conformation that 
ensures the fidelity of translation termination (Figure 1.6C)450.  Since this interaction is 
sufficient to suppress NMD, the absence of PABPC1 within the vicinity of a PTC further 
commits the transcript to NMD degradation. 
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When a PTC is recognised, the SMG1C-UPF1 complex translocates and binds to eRF1 and 
eRF3, forming the SMG1C-UPF1-eRFs (SURF) complex (Figure 1.7B).  ATPase DHX34 
dissociates SMG1C and UPF1 from eRF1 and eRF3 and triggers UPF1 phosphorylation by 
SMG1C (Figure 1.7B).  The EJC mediates association of UPF2 and UPF3 to UPF1.  The 
phosphorylation of UPF1 commits the PTC-containing mRNA to degradation by 
recruiting endonucleases and other mRNA-degrading enzymes.  SMG6 is a 5’-3’ 
endonuclease which degrades mRNA upstream of the PTC (Figure 1.7C).  In addition, a 
heterodimer of SMG5 and SMG7 associates with a number of mRNA decay enzymes, 
including de-adenylases and de-capping enzymes447,451.  SMG5/7 also recruits 
phosphatase PP2A to recycle UPF1.  The redundant actions of SMG6 and SMG5/7 ensure 
degradation of PTC-containing transcripts.  The helicase activity of UPF1 allows access of 
the transcript to exoribonuclease XRN1447,448 (Figure 1.7C).   

In addition to eliminating aberrant mRNAs, NMD also serves several physiological control 
functions.  It is important in regulating the abundance of 10% of the transcriptome.  For 
example, in the adaptive immune system, T-cell receptors (TCRs) undergo programmed 
recombination events which confer increased ability to recognise pathogenic antigens.  
However, two-thirds of these recombination events result in frameshift PTCs which are 
degraded by the NMD pathway452.  Transgenic mice expressing a dominant-negative 
form of Upf1 demonstrated aberrant thymocyte development, as the presence of PTC-
containing TCRs was sufficient to ablate further TCR rearrangements453.  Conversely, the 
suppression of NMD is also important from a regulatory standpoint.  Many proteins with 
long 3’UTRs may be erroneously targeted by the NMD pathway owing to their natural 
long distance from the poly(A) tail.  Such is the case for apoptotic genes, which require 
the suppression of NMD in order to initiate caspase-dependent apoptosis454.  In times of 
stress, ATF transcription factors suppress NMD to produce stress response effectors.  
Similarly, NMD suppression strengthens the fidelity of autophagy by stabilising ATF4 
mRNA447.  Thus, both the suppression and activation of NMD play diverse roles in 
modulating eukaryotic gene expression. 

 

 

 



 
90 

 

Figure 1.7 Overview of Nonsense-Mediated mRNA Decay.  During normal translation elongation, the EJC is removed by PYM 
and new aminoacyl-tRNAs enter the A site and UPF1 is non-specifically bound to the 3’ UTR (A).  Upon PTC recognition, UPF1 
and the SMG1C bind to eRF3 and are anchored to the EJC by UPF2 and UPF3.  (B).  UPF1 phosphorylation by SMG1 leads to the 
ribosome release and recruitment of SMG6 and SMG5/7.  SMG6 and SMG5/7 recruit endonucleases and de-capping enzymes 
and de-adenylases, respectively.  Finally, mRNA is degraded by exonucleases.  The degradation process may be assisted by the 
exosome (C). 

A 

B 
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1.6.3.3 Overview of Translational Read-Through 

The process of translation termination is not 100% efficient.  Sometimes, in lieu of the 
eRF1-eRF3 pre-termination complex, a near-cognate aminoacyl-tRNA will bind instead 
and translation elongation will continue.  The efficiency of naturally occurring 
translational read-through in basal conditions is estimated to be 0.1%-1%435.  There are 
several molecular events that culminate in nonsense read-through.  For example in yeast, 
Dbp5 mutants (Section 1.6.3.1) are unable to recruit eRF1 to the A site, preventing 
polypeptide release444.  Furthermore, there is evidence that stop codon read-through 
serves a physiological purpose and its activity can be modulated in vivo.  eIF3 is one such 
read-through factor, which prevents recognition of the terminal base of a PTC, resulting is 
a shift in equilibrium towards read-through455.  One purpose of natural read-through 
mechanisms is to promote diversity in the organismal proteome.  Indeed, ribosomal 
profiling has revealed that read-through is a pervasive process in Drosophila 

melanogaster allowing for richer C-terminal variation456.  Furthermore, this phenomenon 
is conserved in yeast and humans, highlighting the putative physiological importance and 
areas of therapeutic manipulation of translational read-through. 

 

1.6.3.4 Translational Read-Through Inducing Drugs 

Translational read-through inducing drugs (TRIDs) are chemical agents that promote the 
shift towards near-cognate tRNA binding in favour of the eRF1-eRF3 pre-termination 
complex (Figure 1.8).  The earliest identified class of TRIDs were aminoglycoside 
antibiotics such as gentamicin, streptomycin, and geneticin (G418)457.  Traditionally, these 
drugs are used to treat a range of infections from both gram-negative and gram-positive 
bacteria.  Generally, aminoglycosides inhibit bacterial protein synthesis by binding to the 
16S rRNA on the bacterial SSU.  The conformation of the A site is altered with 
aminoglycoside treatment which results in mis-translation of proteins, inducing whole-
cell dysfunction and death458. 

The identification of aminoglycosides as read-through agents dates back to the 1960s 
when Breckenridge and colleagues showed that streptomycin treatment disrupted the 
proof-reading mechanism of the ribosome to allow the full-length translation of PTC-
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containing transcripts in Escherichia coli457.  In addition, gentamicin and G418 appear to 
be especially good read-through agents in vitro.  The precise mechanism of read-through 
action varies across different aminoglycoside species and is not known for all of them.  
For example, G418 elicits readthrough by changing the conformation of two rRNA bases 
to favour near-cognate tRNA binding459. 

The caveat of aminoglycosides as a translational read-through therapy is the well-
reported nephro- and ototoxicity associated with high-dose administration of these 
drugs460.  Furthermore, the concentrations at which read-through occurs (~1M) are far 
too high to be safely used in a clinical setting (safe doses in patients <10µM)459.  In light 
of these caveats, the past decade has seen the rise of a number of novel non-
aminoglycoside read-through compounds.  The first of these to be identified was 
Ataluren.  It was identified in a library screen comprising ~800,000 compounds and 
filtering those that promoted read-through of UGA codons, which are the lowest affinity 
stop codons461.  Structurally, Ataluren has no homology to aminoglycosides and elicits 
read-through for all codons, UGA>UAG>UAA461.  Ataluren likely acts upon the ribosome 
to confer read-through activity462.  So far, Ataluren is the only TRID approved for clinical 
use.  It has completed phase 3 trials in Duchenne Muscular Dystrophy (DMD), cystic 
fibrosis (CF), gaining Food and Drug Administration (FDA) and European Medicines 
Agency (EMA) approval for the former463,464.  Moreover, Ataluren has been found to have 
in vitro efficacy in rare metabolic disorders465.  In recent years, several ‘designer’ read-
through compounds have been identified.  These include ELX-02, a synthetic 
aminoglycoside which features read-through activity without the toxic effects of 
prolonged aminoglycoside use and RTC13, a drug which has generated good read-
through activity in mdx mouse models of DMD466,467. 
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1.6.3.5 Nonsense-Mediated Decay Inhibitors 

The interconnectedness of NMD and translation also make NMD pathway factors 
potential therapeutic targets for translational read-through therapy.  General inhibitors of 
translation are among the most common inhibitors of NMD, as translation and NMD are 
concurrent processes.  These include cycloheximide and pateamine A which interfere with 
60S ribosomal binding and translation initiation, respectively468.  Other commonly used 
compounds such as the chemotherapeutic agent 5-azacytidine also have been shown to 
inhibit NMD469.  There has been work done on an anti-inflammatory compound called 
Amlexanox which has demonstrated read-through activity in vitro470,471, although the 
exact NMD-inducing function of Amlexanox has yet to be determined.  Amlexanox has 
emerged as a notable drug for translational read-through therapy.  It has successfully 
demonstrated transcript, protein, and functional restoration in in vitro models of human 
disease such as aspartylglucosaminuria and recessive dystrophic Epidermolysis 
Bullosa470,472.  Finally, a few synthetic NMD inhibitors (NMDIs) exist, such as NMDI1 and 
NMDI14 which disrupt the interaction of UPF1 with SMG5 and SMG7, respectively473,474.   
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Figure 1.8 Overview of Translational Read-Through.  In the presence of a PTC, the most likely consequence is translation 
termination.  However, translation termination can be prevented when a near-cognate aminoacyl-tRNA enters the ribosomal A 
site instead of the eRF1-eRF3-GTP complex.  Elongation then continues until a natural stop codon is reached.  Translational 
read-through therapy is the pharmacological promotion of an equilibrium shift towards translational read-through. 
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1.7 Aims and Objectives 

The overall aims of this PhD thesis focussed on the development of novel strategies to 
help mitigate the onerous diagnostic and therapeutic diagnostic challenges for 
mitochondrial disorders, with a long-term goal to improve overall disease prognosis.  The 
specific aims were: 

1.  To help improve the rate of diagnoses for patients.   

i.  Construct four novel computational tools for use in conjunction with NGS 
technologies, to help achieve faster and more accurate diagnoses for patients.  
The four tools are for the diagnosis of mitochondrial epilepsy, cardiomyopathy, 
hepatopathy, and the entirety of mitochondrial disease. 

ii.  Utilize the literature as data inputs and document all gene-to-phenotype 
interactions in patients reported with primary mitochondrial disease using a text-
mining tool.   

iii.  Validate the diagnostic aptitude of the resources using clinical vignettes of 
patients with genetically confirmed mitochondrial disease. 

In the era of digital medicine, it is imperative to create novel resources that are 
compatible with the latest technology.  Achieving a diagnosis serves many benefits.  It 
can lead to changes in clinical management, access to new treatments, more informed 
reproductive counselling, and a psychological benefit to families.  The prototype resource 
created to test out this computational strategy was for one of the most common 
paediatric phenotypes of mitochondrial disease, Leigh syndrome361.  This resource 
showed an 80% success rate in predicting the candidate gene in test cases.  We therefore 
aimed to replicate the strategy with other larger common mitochondrial disease 
phenotypes including mitochondrial epilepsy, cardiomyopathy, liver disease, and the 
entirety of mitochondrial disease. 

2.  To help provide efficacious therapeutic options for mitochondrial disease. 

i.  Procure fibroblast cell cultures from patients with a range of mitochondrial 
diseases caused by bi-allelic nonsense mutations.   
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ii.  Develop quantifiable and relevant cellular phenotyping outputs, specific to the 
nature of the underlying gene defect. 

iii.  Perform an in vitro proof-of-principle study of translational read-through 
therapy for mitochondrial disease.   

This approach aims to target mutation subtypes, specifically nonsense mutations which 
cause premature translation termination.  We aim to pharmacologically target the cell’s 
translation machinery to “read through” the stop codon and continue translating, thereby 
creating a functional protein and possibly ameliorating disease phenotypes.  Since this 
approach targets a mutation type rather than an aspect of mitochondrial structure or 
function, there is potential to treat a variety of mitochondrial disorders.   

Taken together, these two strategies aim to improve patient outcomes for patients with 
mitochondrial disease. 
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2 Materials and Methods 
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2.1 Creation of Phenomic Resources for Mitochondrial Disease 

This section details the computational methods for developing diagnostic gene-to-
phenotype resources for common mitochondrial disease phenotypes.  This work was 
done in collaboration with Professor Ines Thiele from National University Ireland, Galway 
and Dr Alberto Noronha from the Luxembourg Centre for Systems Biomedicine.  In total 
4 resources were created in this study, the MitoEpilepsy Map, MitoCardio Map, MitoLiver 
Map, and the MitoMedicine Map, building diagnostic resources for mitochondrial 
epilepsy, cardiomyopathy, hepatopathy and the entirety of mitochondrial disease, 
respectively.  While the content of the maps differs with respect to specific genes and 
phenotypes, the basic methodology remained the same.  Therefore, the collection of 
resources created in this study will hereafter be denoted as the MitoMaps. 

 

2.1.1 Systematic Literature Review and Phenotypic Classification 

To document all gene-to-phenotype associations observed in mitochondrial disease, a 
systematic literature review was performed to collect all data pertaining to mitochondrial 
disease genes and all of their corresponding phenotypes.  This was initially done for the 
prototype resource Leigh Map, and was subsequently applied to the MitoMaps created 
during this PhD.  Analytical text mining was performed using QDA Miner (Provalis 
Research®).  To enhance standardisation, all phenotypes were expressed in HPO 
terminology377. 

First, an initial knowledgebase of ~4,000 scientific publications served as the foundation 
for data collection for the maps.  Stemming from an initial knowledgebase from Professor 
Shamima Rahman (PhD supervisor)’s personal archive of literature reports of patients 
with mitochondrial disease, the repository of papers was significantly expanded to 
include publications from PubMed, Google Scholar.  The types of publications utilised to 
build the MitoMaps were case reports, scientific publications describing gene defects that 
caused mitochondrial disease, published conference abstracts, and natural history studies 
from 1951-2020 (these include historic case reports of patients whose genetic defects 
were not elucidated until much later).  PubMed and Google Scholar were queried 
monthly to identify every single publication pertaining to 369 mitochondrial gene defects.  
Altogether, there were nearly 4,000 publications collated for the literature review. 
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To document phenotypic associations associated with particular gene defects, text mining 
was utilised to quickly identify phenotypic terms within the publication text.  This was 
done utilising text mining software QDA Miner (Provalis Research®), which converts 
multiple complex PDF files into indexed plain text (Figure 2.1A).  Thus, all ~4,000 
publications pertaining to mitochondrial disease gene defects were converted into a large 
text file.  The original papers were indexed, so that they could be identified within this 
large text repository.  QDA Miner has been used for other clinical research purposes such 
as querying electronic medical records and transcripts of patient interviews475,476.   

QDA Miner also allows for the query of specific terms.  This feature was used to 
document phenotypes associated with mitochondrial gene defects.  Owing to the 
standardised format of most scientific papers, clinical patient descriptions are usually 
found in the methods, results, or supplementary sections.  Thus, these are the relevant 
parts of the publication that need to be read to document gene-to-phenotype 
associations.  This text-mining approach significantly reduced the time it took to scour 
the 4,000 papers consulted to build the MitoMaps, as the relevant areas were quickly 
identified, eliminating the need to read the entirety of a publication (Figure 2.1B).  
Phenotypes were then recorded onto an excel spreadsheet in a cell corresponding to the 
gene defect. 

For the phenotype-specific maps (MitoEpilepsy Map, MitoLiver Map, and MitoCardio 
Map), the phenotype of interest (epilepsy, hepatopathy, and cardiomyopathy) were also 
queried to validate gene-disease associations.  These search terms were: “seizure”, 
“convulsion”, “epilepsy”, “epileptic”, “spasm”, “status epilepticus”, “cardiomyopathy”, 
“hypertrophic”, “dilated”, “liver”, “hepatic”, “liver disease”, “liver dysfunction”, 
“hepatopathy”, “liver failure”, “hepatic involvement”, and “hepatic failure”. 

All phenotypic, demographic, and other physiological data (seizure semiology, 
electroencephalogram (EEG) findings, antiepileptic drug treatment and response, liver 
biopsy, echocardiography, electrocardiogram, transplant findings, neuroimaging data, 
biochemical test results, and histology results) pertaining to mitochondrial disease genes 
were also obtained via text mining of publications and organised into a spreadsheet.  A 
minority of reports needed to be analysed manually owing to formatting errors in QDA 
Miner (Figure 2.2A).   
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Once all gene-to-phenotype associations were recorded, phenotypes were placed into 
Phenomizer to obtain their HPO terms and numbers (Figure 2.2B).  At this stage, 
phenotype synonyms were eliminated and each distinct phenotype was added on a 
horizontal row of an excel spreadsheet and each gene defect was added onto a vertical 
column (Figure 2.3C).  This resulted in a matrix of 369 gene defects x 614 phenotypes 
(226,566 cells in total).  A gene-to-phenotype association was then indicated by adding a 
“Y” to the cell at the intersection of a gene and phenotype (Figure 2.2C).   

In the case of determining HPO terms for specialised diagnostic tests for epilepsy, this 
required the guidance of an expert, Dr Rachel Thornton, Consultant Neurologist at Great 
Ormond Street Hospital.

Figure 2.1 Overview of QDA Miner Function.  QDA Miner is a research software which facilitates the 
systematic review of text documents.  All publications pertaining to mitochondrial disease gene defects 
were uploaded onto QDA Miner, at which point all formatting and images are removed and only article text 
remains.  The individual papers are automatically indexed (A).  The text retrieval function of QDA Miner 
allows for the query of relevant article sections to find gene-to-phenotype associations (B). 

A 

B 
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Figure 2.2 MitoMaps Database Preparation Workflow.  Gene-to-phenotype associations were initially recorded in text format in an 
excel spreadsheet (A).  Phenomizer was used to identify the standardised HPO term and number for each phenotype and synonyms 
were eliminated (B).  A large database was created with gene defects on the y-axis and HPO phenotypes on the x-axis.  A gene-to-
phenotype association was then denoted on the matrix with a “Y” (C). 

A 

C 

B 
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2.1.2 Data Integration 

The layout of the MitoMaps was constructed using Cell Designer v4.4, a software which 
allows the user to draw compartmentalised cellular models.  Each mitochondrial disease 
gene included on the MitoMaps was a specific data point.  The genes were arranged 
according to mitochondrial location and functional group.  The data collected from the 
systematic literature review were then integrated using the Molecular Interaction 
NEtwoRks VisuAlisation (MINERVA) Platform, a framework which mimics the application 
programming interface (API) of Google Maps to create molecular models477.  All gene-to-
phenotype interactions were inputted into a submap, which is accessed within the map.  
The submaps were automatically generated by first converting the entire excel 
spreadsheet containing all gene-to-phenotype associations (marked with a “Y”) into a 
plain text file.  Next, a Python script was run (written by Dr Noronha) to generate the 
submaps on Cell Designer.  Python is a programming language widely used in 
bioinformatics owing to its easy-to-read syntax and range of applications478. 

To computationally link the whole-cell layout of several genes to their specific submap, 
an interaction file was created in Cell Designer.  This file acts as a roadmap to inform the 
MINERVA platform about which submaps are associated with which genes.  This is done 
by obtaining the position, or species alias of each gene in the main layout and matching 
it to a specific submap file.   

Three files comprising (1) the general layout, (2) all the submaps documenting 
phenotypic associations, and (3) the interaction file linking 1 and 2, were uploaded onto 
the MINERVA platform and the MitoMaps were generated.  MINERVA allows for the 
navigation and querying of disease genes and phenotypes for diagnostic and clinical 
management purposes (Figure 2.3; Appendix A1).  

 

2.1.3 Validation of MitoMaps 

The MitoMaps were validated using anonymised test cases, provided in most cases by 
Professor Rahman (PhD supervisor).  These cases comprised clinical vignettes and 
biochemical results, with no genetic information, from patients seen in the Mitochondrial 
Disease Clinic at Great Ormond Street Hospital with established genetic diagnoses (via 
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candidate gene, whole-exome, or whole-genome sequencing) and the phenotypes of 
interest.  Furthermore, additional cases were provided by colleagues around the world 
from specialist liver centres to help test the MitoLiver Map.  The biochemical and clinical 
phenotypes were used as inputs in the MitoMaps.  The ‘top hits’ (any gene associated 
with >50% of the original query phenotypes) from these queries were listed as possible 
candidate genes.  In a minority of cases, genes which cause distinguishing phenotypes 
(e.g.  immunological or endocrinological phenotypes) but did not display >50% of the 
query were also included in the candidate gene list.   

In addition, to test the MitoMedicine Map, 10 real-time cases were provided by Professor 
Rahman , in order to observe the utility of the resource in a real-life situation wherein a 
patient is referred to a metabolic clinician, an NGS test is ordered, and detailed 
phenotypes are recorded in their electronic medical records. 
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Figure 2.3 Bioinformatics Workflow for Integrating the MitoMaps Online.  The knowledgebase of 
mitochondrial disease phenotypes was made into a plain text file, and a Python script was run to create a 
submap comprising a single disease gene and all of its reported phenotypes (A).  A layout of the 
mitochondrion was created with each disease gene featured in its respective mitochondrial compartment.  In 
addition, an interaction file was created which linked the layout to the submaps (B).  Finally, the submaps, 
interaction file, and layout were uploaded to MINERVA (C). 

A 

C 

B 
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2.2 Experimental Methods for Translational Read-Through Therapy 

2.2.1 Research Approval and Ethics 

This project was registered under 16GE16 and fibroblasts for this study were obtained 
after informed parental consent, following ethical approval from the National Research 
Ethics Service, London Bloomsbury Committee.   

 

2.2.2 Mitochondrial Patient Fibroblast Cohort 

A total of 21 cell cultures were obtained for the project.  Owing to growth difficulties and 
time restrictions, a total of 10 of these cell cultures were tested for this thesis (an 
additional four were utilised for an adjacent study).  Six patient cell cultures were 
Professor Rahman’s patients from the mitochondrial disease clinic at Great Ormond 
Street Hospital.  The remainder of the patient cultures were obtained by performing a 
systematic literature review of the knowledgebase used to create the MitoMaps and 
using search terms in QDA Miner, in order to identify mitochondrial disease patients 
reported to have bi-allelic nonsense mutations.  The relevant principal investigators were 
then contacted to request and subsequently arrange a transfer of cells, if a research 
collaboration was agreed upon.  Table 2-1 provides details of all the cell cultures kindly 
provided by our international collaborators.  In addition, one healthy control fibroblast 
cell culture was utilised for all experiments (courtesy of Prof.  Maria Bitner-Glindzicz). 
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Table 2-1 Mitochondrial Patient Cell Cultures Collected in this Study 

Gene cDNA  
Mutation Zygosity Protein  

Mutation 
No.   
Patients Laboratory 

AGK c.306T>A;  
c.241C>T CH p.Tyr102Ter;  

p.Arg281Ter 1 Paracelsus Medical University, Salzburg, 
Austria 

BOLA3 c.136C>T H p.Arg46Ter 1 Department of Paediatrics, University of 
Colorado, Aurora, USA 

COA8 c.235C>T H p.Arg79Ter 1 Neurological Institute “Carlo Besta”, 
Milan, Italy 

COQ8A c.547C>T; 
c.1042C>T CH p.Gln183Ter; 

p.Arg348Ter 1 Neurological Institute “Carlo Besta”, 
Milan, Italy 

COQ9 c.730C>T H p.Arg244Ter 2 Great Ormond Street Hospital, London, 
UK 

DGUOK c.313C>T H p.Arg105Ter 1 Royal Free Hospital, UCL, London, UK 

MGME1 c.259T>G H p.Trp152Ter 1 University of Bonn Medical Center, 
Bonn, Germany, 

MPV17 c.359G>A H p.Trp120Ter 1 University Medical Center Hamburg, 
Hamburg, Germany 

PDHX c.742C>T H p.Gln248Ter 1 Department of Biochemistry, University 
of Oxford, Oxford, UK 

PDHX c.14G>A H p.Trp5Ter 1 Department of Biochemistry, University 
of Oxford, Oxford, UK 

PDHX c.1336C>T H p.Arg446Ter 1 Department of Biochemistry, University 
of Oxford, Oxford, UK 

PDHX c.1159C>T H p.Gln387Ter 1 Department of Biochemistry, University 
of Oxford, Oxford, UK 

RRM2B c.850C>T H p.Gln284Ter 1 Institut INSERM, Paris, France 

SERAC1 c.547C>T H p.Arg183Ter 1 Great Ormond Street Hospital, London, 
UK 

STAT2 c.1836C>A H p.Cys612Ter 2 Great Ormond Street Hospital, London, 
UK 

SURF1 c.751C>T H p.Gln251Ter 1 Great Ormond Street Hospital, London, 
UK 

TTC19 c.656T>G H p.Leu219Ter 1 Neurological Institute “Carlo Besta”, 
Milan, Italy 

TTC19 c.232C>T H p.Gln78Ter 1 Great Ormond Street Hospital, London, 
UK 

XRCC4 c.673C>T H p.Arg225Ter 1 Neurological Institute “Carlo Besta”, 
Milan, Italy 

CH: Compound Heterozygous; H: Heterozygous 
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2.2.3 Clinical Summaries of Mitochondrial Disease Patients Tested for 
Translational Read-Through Therapy 

This section summarises the clinical heterogeneity of the patient cohort from which 
fibroblasts were derived for the translational read-through therapy proof-of-principle 
study.  The reports are summarised from the literature, or from the consulting physician, 
where appropriate.   

 

2.2.3.1 Primary CoQ10 Deficiency Caused by a Nonsense Mutation in COQ9 

Two fibroblast cell cultures from our cohort were from two relatives harbouring a C to T 
transition at position 750 of the COQ9 cDNA.  The COQ9 protein is an enzyme of the 
CoQ10 biosynthetic pathway479. 

The first patient was originally reported in 2001480.  He was the seventh child of healthy 
unrelated Pakistani parents.  He presented in the neonatal period with feeding difficulties, 
hypothermia, and “shaking of both arms.” Investigations revealed a severe multi-systemic 
disorder involving hypotonia, renal tubulopathy, coagulopathy, epilepsy, and 
hypertrophic cardiomyopathy.  Examination revealed a passive neonate, unresponsive to 
his immediate environment, with a weak cry.  Biochemically, he displayed lactic acidosis.  
He was treated with oral CoQ10; however, it was ineffective and the patient passed away 
at the age of two years480.   

The second patient is unpublished, but is the son of the sister of the above patient.  He is 
the first child of healthy consanguineous Pakistani parents.  Like his uncle, he presented 
with seizures and severe lactic acidosis.  He also has global developmental delay, 
progressive microcephaly, and dystonia.  At the time of writing, this patient is still alive, 
however he has severe global developmental delay and a four-limb dystonic movement 
disorder.   

 

 

 



108 
 

2.2.3.2 Hepatocerebral MDDS Caused by a Nonsense Mutation in DGUOK  

One fibroblast cell culture was derived from a patient with hepatocerebral MDDS 
harbouring a C to T transition at position 313 of the DGUOK cDNA.  The DGUOK protein 
is a kinase responsible for phosphorylating dG and dA in the mitochondrial matrix to 
yield deoxyguanosine monophosphate (dGMP) and dAMP, respectively.  These dNMPs 
are then further phosphorylated by NDPKs to eventually produce dGTP and dATP, two of 
the building blocks of mtDNA208.   

The patient was a boy who was the first child of healthy unrelated German parents.  He 
initially presented at the age of two days with hypothermia, feeding problems, and 
respiratory distress.  Subsequent investigations revealed a hepatocerebral disease.  His 
liver disease was characterised by cholestasis, jaundice, hyperbilirubinaemia, and elevated 
liver transaminases.  Neurologically, he also displayed hypotonia, hyperreflexia, and 
nystagmus.  He died of progressive liver failure at 5 months of age481.   

 

2.2.3.3 Hepatocerebral MDDS Caused by a Nonsense Mutation in MPV17 

Our group of patient fibroblasts included cells from an additional patient with 
hepatocerebral MDDS482.  The patient harboured a G to A transition at position 359 of the 
MPV17 cDNA.  Not much is known about the function of MPV17, however it is thought to 
play a role in the maintenance of mitochondrial dTMP pools, possibly through the action 
of the folate cycle483. 

The female proband was the third child of consanguineous Iraqi parents.  She presented 
in the first two months with dehydration, diarrhoea, jaundice, and hepatomegaly.  She 
also later developed microcephaly, coagulopathy, and neurological involvement 
characterised by pathological brain abnormalities detected by MRI.  She exhibited severe 
liver abnormalities including hyperbilirubinaemia, elevated liver transaminase activity, and 
hepatocellular degeneration.  She passed away from liver failure at the age of 11 
months482. 
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2.2.3.4 MDDS Caused by a Nonsense Mutation in RRM2B  

One fibroblast cell line used in this study came from an individual with a homozygous C 
to T transition at position 850 of the RRM2B cDNA.  RRM2B is a p53-inducible subunit of 
the RNR complex.  It is required in post-mitotic tissues to maintain small amounts of 
dNTPs for DNA repair and mtDNA replication203. 

The patient was born to consanguineous Moroccan parents and presented with 
hypotonia and lactic acidosis at the age of one month.  She rapidly deteriorated after 
developing neurological features and renal tubulopathy and died at two months of age.  
The subject had two other affected siblings with a similar clinical course203. 

 

2.2.3.5 3-Methylglutaconicaciduria with deafness, encephalopathy, Leigh-
like Syndrome caused by a Nonsense Mutation in SERAC1 

One of the unpublished patient fibroblast cell cultures used in this study came from a 
patient with a novel homozygous c.547C>T transition in the SERAC1 cDNA.  Although the 
exact function of SERAC1 has yet to be determined, current evidence suggests that it is 
involved in the remodelling of PG phospholipids.  PG is an important pre-cursor of CL 
and its aberrant remodelling may have downstream consequences on mitochondrial 
function484. 

The patient is the child of consanguineous Omani parents and presented at birth with 
glucose instability.  She presented with a classic 3-Methylglutaconicaciduria with 
deafness, encephalopathy, Leigh-like (MEGDEL) syndrome phenotype accompanied by 
liver failure at five months of age.  At the time of writing, the patient is still alive and has 
an older sister who is similarly affected. 
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2.2.3.6 Mitochondrial Fission Defect caused by a Nonsense Mutation in 
STAT2 

Two of the patients from our cohort of patients with bi-allelic nonsense mutations had a 
multi-systemic disease caused by a C to A transversion at position 1836 of the STAT2 

cDNA.  Although well-reported to function in the JAK-STAT kinase cascade, STAT2 is also 
a regulator of mitochondrial fission by phosphorylating DRP1 at a serine residue crucial 
for DRP1 activation159.   

Both siblings were children of non-consanguineous Albanian parents.  Patient 1 initially 
presented with fever, lethargy, conjunctivitis, inflamed throat and lymphadenopathy 
following a mumps, measles and rubella (MMR) vaccination.   He later was readmitted 
because of abnormal posturing, low CD4-positive T-cell count, hepatopathy, and renal 
tubulopathy.  He also had immunological dysfunction, characterised by elevated C-
reactive protein and thrombocytopaenia, and neurological symptoms including seizures, 
chorea, and visual impairment159.   

Patient 2, the younger sister of Patient 1, presented at 13 months of age following an 
MMR vaccination.  She had lymphopaenia and coagulopathy.  She also had a mild renal 
tubulopathy.  Overall, she had a less severe clinical course than her brother.  At the time 
of writing, both siblings are alive.   

 

2.2.3.7 Leigh Syndrome caused by a Nonsense Mutation in SURF1 

One of the cell cultures in our fibroblast cohort was from a Leigh syndrome patient with 
SURF1-deficiency.  SURF1 is a putative CIV assembly factor possibly responsible for 
inserting a haem group into the MT-CO1 catalytic subunit485.  The patient had a loss-of-
function C to T transition at position 751 of the SURF1 cDNA.   

The patient, a female, was the first child of unrelated parents who initially presented at 10 
months with hypertrichosis, motor delay, and unsteady gait (patient 11 in Wedatilake et 

al.  2013)485.  A year later she developed further neurological involvement including 
dysarthria, ataxia, and peripheral neuropathy.  She also had a severe CIV deficiency in her 
muscle and fibroblasts.  MRI showed characteristic bilateral hyperintense lesions in the in 
the globus pallidus.  The patient died at seven years of age. 
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2.2.3.8 Leigh Syndrome caused by a Nonsense Mutation in TTC19 

One patient whose fibroblasts were investigated in this study was an Italian patient with 
CIII deficiency caused by a nonsense mutation in the late-stage CIII assembly factor 
TTC19.  The mutation was a T to G transversion in position 656 of the TTC19 cDNA486.  

The catalytically active CIII homodimer is assembled first by the sequential addition of 
subunits to membrane-bound MT-CYB, followed by the incorporation of the [2Fe-2S] 
RISP.  RISP incorporation results in the production of N-terminal protein fragments which 
are removed by TTC19 to form a functional CIII dimer.  Accumulation of RISP fragments 
lead to CIII dysfunction and increased ROS production487.   

The patient was the child of unrelated Italian parents.  She presented at five years with 
mild intellectual disability and an ataxic gait.  Further neurological involvement developed 
over the course of several years including nystagmus, dysphagia, dysdiadochokinesis, 
hemiparesis, and tremor.  An MRI at 18 years of age showed necrotic lesions, 
leukodystrophy, and cerebellar atrophy.  Her muscle showed a severe CIII deficiency.  The 
patient was wheelchair bound at the time of the original report; however, her current 
status is unknown486.   

 

2.2.4 In silico predictions of Mutant Transcripts 

Several databases are available which use algorithms to determine the functional 
consequence of a gene mutation.  All cell cultures utilised in this study were subject to in 

silico prediction of mutation consequence.  In the case of nonsense mutations, the 
transcript is either degraded by NMD or forms a truncated protein.  All mutations were 
analysed using the online tool Mutation Taster (http://www.mutationtaster.org/)488, which 
uses a Bayesian prediction algorithm to determine the effects of a particular mutation. 

 

2.2.5 Fibroblast Tissue Culture 

Primary patient dermal fibroblasts (derived from skin punch biopsies) served as an in vitro 
cellular system on which to test TRID and NMDI treatments.  Fibroblast models are 
beneficial as they are taken directly from patients, however, there are some caveats 
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including slow growth, lack of cellular phenotype for some gene defects, and finite 
number of passages prior to the occurrence of senescence. 

 

2.2.5.1 Feeding Cell Lines 

Patient and control fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium 
supplemented with glucose and sodium pyruvate (DMEM; Gibco, 11995065).  DMEM was 
supplemented with 10% fetal bovine serum (FBS; Gibco, 10500064), 1% 10,000 U/mL 
Penicillin-Streptomycin (Pen-Strep; Gibco, 15140122), 50µg/mL uridine (Sigma, U3003), 
and 250µg/mL anti-fungal agent amphotericin B (Gibco, 15290018).  Fibroblasts were fed 
twice or thrice weekly depending on the growth of the cell lines.  Fibroblasts were grown 
in an incubator at 37°C at 5% humidified CO2. 

 

2.2.5.2 Passaging Cells 

When fibroblasts reached 80-90% confluency, they were split into increasing numbers of 
flasks or plates.  This was done by aspirating off the media, washing the cells one time 
with Dulbecco’s Phosphate Buffered Saline (DPBS; Gibco, 14190144).  DPBS was aspirated 
off and 0.25%-trypsin-EDTA (Gibco, 25200072) solution was added to the flasks, followed 
by a 5-minute incubation at 37°C.  The trypsin was then inhibited with DMEM and the 
trypsinised cells, now in suspension were split into T25, T75, or T175 flasks, 10cm plates, 
or 6-well plates, depending on the application.  Table 2-2 details specific volumes of PBS 
and trypsin used for passaging. 
 

Table 2-2 Tissue Culture Passaging Reagent Volumes 

Plastic ware DMEM (mL) PBS (mL) Trypsin (mL) 

6-Well Plate (Corning, 10578911) 4 2 0.5 

10cm2 Culture Dish (Corning, 430167) 10 2 1 

T25 Culture Flask (Falcon, 353108) 5 2 1 

T75 Culture Flask (Corning, 430641) 15 5 3 

T175 Culture Flask (Sarstedt, 833912002) 35 10 5 
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2.2.5.3 Cell Treatments 

Fibroblasts were treated with one of three TRIDs, gentamicin (C21H43N5O7), Ataluren 
(C15H9FN2O3), or RTC13 (C14H9N3O4S) or the NMDI Amlexanox (C16H14N2O4).  Where 
applicable, untreated patient cells were treated with a sham treatment of 2% dimethyl 
sulfoxide (DMSO; Sigma, 1019000), as this was the maximum volume of DMSO added in 
the treated cells (500µM Amlexanox).  The dosages of each drug treatment are outlined 
in Table 2-3.  Drug solutions were added directly to the medium and the cells were 
incubated for at least 24 hours.   

 

Table 2-3 Summary of TRID and NMDI Doses Utilised in This Study 

Drug Class Dose Range Stock 

Gentamicin (Sigma, G1272) TRID 25-800µg/mL 10mg/mL in ddH2O 

Ataluren (MedChem Express, HY-14832) TRID 5-100µM 25mM in DMSO 

RTC13 (Sigma, SML1725) TRID 2.5-20µM 10mM in DMSO 

Amlexanox (Cayman Chemical, 14181) NMDI 25-500µM 25mM in DMSO 

 

 

2.2.5.4 Harvesting Cell Pellets 

Cell pellets were obtained by aspirating off the media, washing once with PBS, and 
trypsinising.  After a 5-minute incubation at 37°C, the trypsin was inhibited by adding 
media.  The suspension was then transferred into a 15mL falcon tube and was spun down 
at 1000 x g for 5 minutes at room temperature.  The supernatant was aspirated off and 
the pellet was used for further experiments or stored at -80°C depending on the 
application. 

 

2.2.5.5 Cryopreservation of Cells 

Fibroblasts were cryopreserved to provide stocks for future work.  The media was 
aspirated off and the cells were washed once with DPBS and trypsinised.  After a 5-
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minute incubation at 37°C, the trypsin was inhibited with DMEM.  The cell suspension was 
transferred into a 15mL falcon tube and was centrifuged in a Heraeus Pico R centrifuge at 
1000 x g for 5 minutes at room temperature.  The supernatant was aspirated out of the 
tube and the cell pellet was re-suspended in freezing medium (FBS+10%DMSO).  500µL 
of the cell suspension was transferred into a cryo-vial and placed in a Mr.  Frosty freezing 
container (Thermo Scientific, 5100-0001) filled with 250mL of isopropanol.  The cells were 
then frozen for 24-48 hours at -80°C to ensure gradual freezing at -1°C/hour.  After this 
period, the cryo-vials were transferred into a liquid nitrogen tank and stored until future 
use. 

 

2.2.5.6 Reconstituting Cryopreserved Cells 

Cells were retrieved from liquid nitrogen tanks and cryo-vials were warmed up to 37°C.  
The cell suspension was transferred into 9.5mL of DMEM in a 15mL falcon tube.  The cells 
were centrifuged at 1000 x g for 5 minutes at room temperature.  The supernatant was 
aspirated and the cell pellet was reconstituted in fresh DMEM and transferred into a T25 
culture flask.  The flask was then topped up with the appropriate amount of DMEM. 

 

2.2.5.7 Mycoplasma Testing 

Mycoplasmas represent a group of bacteria that lack a cell wall.  As a result, they are 
resistant to many β-lactam antibiotics and penicillin.  While cell cultures can be infected 
with several contaminants (bacteria, yeast, and fungus), mycoplasma infections are 
unique in that they cannot be seen.  Despite this mycoplasma infections have several 
impacts on cell activity including altering macromolecular synthesis, sensitivity to viruses, 
and the respiratory chain489. 

Therefore, cultured fibroblasts were routinely tested for mycoplasma infections using the 
Lonza MycoAlert® Assay kit (Lonza, LT07-218).  Cell pellets were harvested as in section 
2.2.5.4 and 1mL of the cell supernatant was collected and kept at 4°C.  100µL of the 
supernatant was added to one well of a flat white-bottomed 96-well plate (Grenier Bio-
One, 655075).  In addition, positive and negative controls from the manufacturer were 
added to the plate for validation (Lonza, LT07-518).  100µL of mycoplasma detection 
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reagent was added to the sample and the mixture was incubated at room temperature 
for 5 minutes.  A luminescence reading was then measured at 1 second integration on a 
Tecan 200 plate reader.  100µL of substrate was then added to the wells and incubated 
for 10 minutes.  A second luminescence reading was taken.  The second luminescence 
reading was divided by the first to obtain a ratio of mycoplasma contamination. 

 

2.2.5.8 Mycoplasma Elimination Treatment 

If cells were found to be contaminated with mycoplasma, they were treated with 10µg/mL 
ciprofloxacin hydrochloride solution (Generon, Q901) for 12-14 days.  The cells were then 
re-tested using the Lonza MycoAlert Assay kit. 
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2.2.6 Sanger Sequencing 

Each cell line included in this study had its homozygous nonsense mutation confirmed via 
Sanger sequencing.  The dideoxynucleotide (ddNTP) chain termination method, known as 
Sanger sequencing, involves the use of fluorescently labelled ddNTPs in addition to 
dNTPs in the reaction mix.  As the polymerase chain reaction (PCR) product is amplified, 
the polymerase will sometimes incorporate a ddNTP into the amplification product 
instead of a dNTP.  When this occurs, DNA synthesis terminates because ddNTPs do not 
have a phosphodiester bond required to continue DNA synthesis.  ddNTP incorporation is 
random, thereby producing different length DNA fragments which all have a ddNTP at 
their terminal end.  Historically, these fragments were separated using agarose gel 
electrophoresis into different size bands, and aligned to obtain a full sequence.  However, 
modern advances have allowed this electrophoresis to be performed in tiny capillaries, 
with fluorescently labelled ddNTPs read with a laser within the capillaries to obtain the 
sequence490,491. 

 

2.2.6.1 DNA Extraction 

Fibroblast cell pellets were harvested as described in section 2.2.5.4 and DNA was 
extracted using the DNeasy Blood and Tissue Kit (Qiagen, 69504) according to the 
manufacturers’ protocol.  Briefly, the DNA pellet was re-suspended in PBS, treated with a 
proteinase, and the cells were lysed.  Following lysis, the DNA was precipitated onto a 
spin column membrane.  The membrane was washed and the DNA was eluted into a 
1.5mL Eppendorf reaction tube. 

The DNA concentration and quality of the samples were obtained using a NanoDrop 
spectrophotometer.  A NanoDrop measures the amount of UV light absorbed (at 260nm) 
by nucleic acid molecules, with the amount of absorbance being proportional to the 
amount of nucleic acid in 1µL of sample.  The NanoDrop also provides information about 
the quality of the nucleic acid, and the presence of contaminants.  If the DNA samples 
were satisfactory, they were moved on to PCR amplification. 
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2.2.6.2 PCR Amplification 

PCR allows for the amplification of a small manageable genomic region of interest with 
the addition of all the components required for normal DNA replication.  Specifying the 
genomic region of amplification requires short primers specific for the gene of interest.  
Primers flank the 5’ and 3’ ends of the region of interest.  Primers for each of the 16 
genes investigated were designed using the NCBI primer blast tool.  Primers were 
considered desirable if they were specific to the region of interest (no off-target PCR 
products of within 500bp of the target), had ~50% GC content, and a melting 
temperature (Tm) of 60°C (table 2-4). 

PCR reactions were set up as described in table 2-5 in 0.2mL DNase- and RNase-free 
reaction tubes and cycled on an ABI Veriti™ Thermal Cycler in conditions described in 
table 2-6. 
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Table 2-4 Sanger Sequencing Primer Sequences 

Gene Forward Primer (5'-3') Reverse Primer (5'-3') Amplicon Length 
COQ9 CCTTGGGTAGGAACTGCCTC AAAGAGGGTTCCCCAATGGC 253 
DGUOK TTTGGGGAGGTAGGGGTGTG GGGCTCCAGCTGTACTTTCA 212 
MPV17 AAGCCCTGGGGTTCAGAGTA GTCCAAGGGAAGCCAAAGGA 311 
RRM2B CTTGCCAGTTGGCCTCATTG ACCAGCCTCCTACTTCAGTT 293 
SERAC1 GCTGTGACCCGGTCTCCATA AAGATGGCAAAGGAGGTGGT 341 
STAT2 TGGATTCCAAACCTGGGCTG GAGCCAGGCAGAAAGGAGAG 294 
SURF1 TCCAGAAAGGAACCACTGGC ATGGCCTTTACGTTGGGTGA 291 
TTC19 GGAATTTGCTGTTGCTGGCTA ACACCTTCTCCTTCTGCTCC 390 

 

Table 2-5 PCR Genome Region Amplification Reaction Mix 

Reagent 1 Reaction 
Nuclease-free ddH2O 13.35-14.35µL 
MgCl2 [50mM] (Promega,  M7841) 2.40µL 
NH4 Buffer (Promega,  M7841) 6.00µL 
dNTPs [10µM] (Invitrogen, 10297018) 0.60µL 
Forward Primer [10µM] (Sigma) 1.50µL 
Reverse Primer [10µM] (Sigma) 1.50µL 
5% DMSO (VWR Chemicals, N182) 1.50µL 
Betaine [5M] (Sigma, B0300) 1.0µL 
Taq Polymerase (Promega,  M7841) 0.15µL 
Total Volume 28-30µL 
DNA Template (50ng) 1-2µL 

Total Reaction Volume 30µL 

 

Table 2-6 Thermal Cycling Protocol for PCR Genome Amplification 

Process Temperature Time Ramp Rate Number of Cycles 
Denaturation 95°C 3 Minutes 

-1°C/s 

1 
Denaturation 95°C 3 Minutes 

35 Annealing 60°C 30 Seconds 
Elongation 72°C 1 Minute 
Elongation 72°C 7 Minutes 1 
Hold 4°C ∞ N/A 
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2.2.6.3 Agarose Gel Electrophoresis 

To check whether the PCR amplification was successful, 6µL of PCR product was loaded 
onto a 1%(w/v) agarose gel stained with 20,000x GelRed (Biotium, 41003) and 
electrophoresed at 90V for 60 minutes.  Since DNA is negatively charged, the current 
allows the bands to migrate towards the positive electrode.  GelRed is an intercalating 
dye which fluoresces under ultraviolet (UV) light.  The gel was imaged on a BioRad 
ChemiDoc system.  A sample gel is provided in Figure 2.4.   

 

 

 

 

 

Figure 2.4 Sample Agarose Gel of PCR Amplifications for Sanger Sequencing.  All Sanger sequencing 
experiments were validated with agarose gel electrophoresis before moving on to chain termination DNA 
sequencing.  Control (A, D) and patient (B, E) wells show a single amplification product demonstrating 
successful PCR amplification.  Control wells (C, F) which was only water show a lack of amplification. 
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2.2.6.4 DNA Purification 

The DNA was cleaned of DNases and primer dimers using 2µL of exonuclease shrimp 
alkaline phosphatase (ExoSAP) (Affymetrix, 78201) per 5µL of PCR product.  ExoSAP 
catalyses the dephosphorylation of 5’-phosphomonoester bonds, thereby removing any 
residual dNTP products492.  The reaction was incubated at 37°C for 15 minutes followed 
by an enzyme inactivation step at 37°C for 15 minutes in an ABI Veriti™ Thermal Cycler. 

 

2.2.6.5 BigDye Terminator Sequencing Reaction 

BigDye terminase is a master mix for ddNTP PCR as previously described490.  Appropriate 
master mixes were constructed according to the reaction mix as described in table 2-7.  
All reactions were performed in an un-skirted 96-well PCR plate (Alpha Laboratories, 
LW2200).  The cycling protocol was performed in an ABI Veriti™ Thermal Cycler as 
described in Table 2-8.  2µL 3M NaAc (pH 5.2) and 50µL 100% EtOH were added to each 
sample and incubated for 20 minutes at room temperature to precipitate the PCR 
products.  The plate was then centrifuged for 40 minutes at 3000rpm at room 
temperature.  The supernatant was then thrown off the plate and the pellets were re-
suspended in 1/10X Tris-EDTA buffer.  The plate was then sent off to be sequenced in 
house.  Both the forward and reverse sequences were analysed using Sequencher v.5.3. 
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Table 2-7 BigDye Terminator Sequencing Reaction Mix 

 

Table 2-8 BigDye Terminator Thermal Cycling Protocol 

 

 

 

 

 

 

 

 

 

 

Reagent 1 Reaction 
Nuclease-free ddH2O 2.0µL 
Big Dye Terminase 3.1 (ABI, 4337454) 0.5µL 
Big Dye Buffer 1.5µL 
Primer (Forward or Reverse) 1.0µL 
Betaine [5M] 2.0µL 
Purified PCR Product 3.0µL 
Total Reaction Volume 30µL 

Process Temperature Time Ramp Rate Number of Cycles 
Denaturation 95°C 2 Minutes 

-1°C/s 

1 
Denaturation 95°C 20 Seconds 

35 Annealing 50°C 10 Seconds 
Elongation 60°C 2 Minutes 
Hold 4°C ∞ N/A 
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2.2.7 Real-Time Quantitative PCR 

The measurement of transcript expression was utilised as a baseline test, to check 
whether or not mutated mRNA was being degraded as a result of NMD.  In cells, RNA 
expression can be detected using real-time quantitative PCR (RT-qPCR).  Inherently 
unstable mRNA is converted to complementary DNA (cDNA) using the viral-derived 
enzyme reverse transcriptase.  cDNA can then be measured to quantify gene expression 
levels.  In addition, quantitative RT-PCR was performed as a functional read-out for TRID 
and NMDI therapies. 

 

2.2.7.1 RNA Extraction 

Fibroblasts were grown to 90% confluency on a 6-well plate (Corning, 10578911) and 
treated with either TRID or NMDI as described in section 2.2.5.3 for 24 hours.  1mL of Tri 
Reagent (Sigma, T2494) was added to each well to lyse the cells.  The mixture was 
pipetted up and down three times before transfer to a 1.5mL Eppendorf tube.  The 
homogenate was stored in -80°C until the extraction was carried out.   

200µL of chloroform was added to each tube and the tube was shaken vigorously for 15 
seconds and incubated at room temperature for 15 minutes.  The samples were then 
centrifuged at 12,000 x g for 15 minutes at 4°C.  This centrifugation separates the sample 
into 3 phases: (a) aqueous (top) phase (RNA); (b) interphase (DNA); and (c) bottom phase 
(protein).  The aqueous phase from each sample was carefully transferred into a fresh 
DNase-RNase-free 1.5mL reaction tube.  Special care was taken to avoid incorporating 
the matter from the other phases.  500µL isopropanol was added to each sample to 
precipitate the RNA.  The sample was vortexed briefly and incubated at room 
temperature for 10 minutes and then centrifuged at 12,000 x g for 10 minutes at 4°C. 

The supernatant from each sample was removed, leaving a precipitated gel-like RNA 
pellet.  The RNA was washed by adding 1mL of 80% ethanol into each sample, vortexing 
briefly, and centrifuging at 7,500 x g for 5 minutes at 4°C.  The supernatant was removed 
and the washing step was repeated two more times.  After the last wash, the supernatant 
was removed and the RNA pellets were dried for 3-5 minutes and then re-suspended in 
3-5mL nuclease-free ddH2O. 
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The RNA was quantified using a NanoDrop in the same manner described in section 
2.2.6.1.  Intact RNA measuring at least 50ng/µL utilised for subsequent RT-qPCR 
experiments. 

To check for RNA integrity, 1µg of RNA was loaded onto a 1%(w/v) agarose gel at 80V for 
60-120 minutes, stained with 20,000X Gel Red Staining Solution, and visualised on a 
ChemiDoc imaging system.  RNA is considered intact if there are 5S, 18S, and 23S visible 
bands with little to no smearing.  A sample RNA gel is provided in figure 2.5. 

 

 

 

 

 

 

Figure 2.3 Sample Agarose Gel of Extracted RNA.  Agarose gel electrophoresis of RNA extracted from 
fibroblasts demonstrate intact RNA with detectable 28S, 18S, and 5S bands. 
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2.2.7.2 DNase Treatment 

Patient and control RNA samples were treated with DNase (Promega, M6101) to remove 
any residual DNA to prevent interference with transcript readings.  The reaction mix is 
highlighted in Table 2-9.  10µL of the DNase reaction mix was added to one well of an 
un-skirted 96-well plate.  The plate was then incubated in a thermal cycler at 37ºC 
followed for 15 minutes followed by a 15-minute inactivating incubation at 80ºC.  DNase-
treated RNA samples were stored at -20ºC. 

 

2.2.7.3 Reverse Transcription 

DNase-treated RNA samples were reverse transcribed using the GoScript Reverse 
Transcription System (Promega, A5004).  The RNA annealing reaction mix was incubated 
in a thermal cycler at 70°C for 5 minutes, followed by an immediate incubation in a 
thermal cycler.  The reaction mix and cycling conditions are summarised in tables 2-10 
and 2-11, respectively.  The resulting cDNA samples were stored at -20°C for future use. 
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Table 2-9 DNase Treatment Reaction Mix 

 

Table 2-10 Reverse Transcription Reaction Mix 

 

Table 2-11 Reverse Transcription Thermal Cycling Protocol 
Process Temperature Time Ramp Rate 
Annealing 25°C 5 Minutes 

-1°C/s 
Extension 42°C 1 Hour 
Enzyme Inactivation 70°C 15 Minutes 
Hold 4°C ∞ 

 

 

 

 

Reagent 1 Reaction 
Nuclease-free ddH2O 0-7.0µL 
10X DNase Buffer 1.0µL 
RNase-Free DNase 1.0-8.0µL 
RNA Template (200ng-1µg) 1.0µL 
Total Reaction Volume 10.0µL 

Annealing Reagents 1 Reaction 
RNA Template (500ng-1µg) 4.0µL 
Oligo dT(15) Primer [50µM] (Promega; C1101) 0.5µL 
Reverse Transcription Reagents 1 Reaction 
5x GoScript Reaction Buffer 4.0µL 
MgCl2 [2.5mM]  2.0µL 
dNTP [10mM] 1.0µL 
GoScript® Reverse Transcriptase (Promega, A5004) 1.0µL 
RNasin Recombinant Ribonuclease Inhibitor (Promega, N2515) 0.5µL 
Total Reaction Volume 20.0µL 
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2.2.7.4 Primer Design and Validation 

PCD primers were designed to amplify the cDNA of the gene of interest (GOI).  The level 
of expression of the GOI was normalised to two housekeeping genes, ACTB (β-actin) and 
B2M (β2-microglobulin).  GOI primers were designed using the NCBI Primer Blast tool.  
Primers were selected to be specific to the region of interest (no off-target PCR products 
within 500bp of the target), ~50% GC content, and with a Tm of 60°C.  A list of all primers 
used in this study are summarised in table 2-12. 

Primer efficiency was first tested for each gene by performing serial dilutions of factors of 
10 with primers.  The values from these readings were then plotted onto a standard 
curve.  The primer efficiency was calculated using the equation below.  Only primers with 
an efficiency of 90-110% and a Pearson correlation coefficient (r2) >0.99 were utilised for 
RT-qPCR.  The primer efficiencies of a selection of genes are provided in Figure 2.6.   

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 1 10 100% 

 

Table 2-12 RT-qPCR Primer Sequences 

Gene Primer Type Forward Primer (5'-3') Reverse Primer (5'-3') 
ACTB Reference ATGACCCAGATCATGTTTGA AGAGGCGTACAGGGATAG 
B2M Reference TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT 
COQ9 GOI GGCGGAGAAGAGGAAGACAG GGGATGTTGTGAGGGAGCAT 
DGUOK GOI AGTTCCATGGCCAAGAGCC CCCACAGCAATGTTGCCTTC 
MPV17 GOI TGGCACTCTGGCGGGC CATCAGGGACCCAGCTGTC 
RRM2B GOI AGAGAGGTCTTATGCCAGGACT TGGAACATCAGGCAAGCAAAG 
SERAC1 GOI ACATCAGCCAAGATACTGCGG GAGTCGCGTGGTTTTGTCAT 
STAT2 GOI CCTGCTCTCAGTTGGCAGTT CAGTCCTACAGTTCTGCCCG 
SURF1 GOI GGGGTGCTTTGACCATTCCA TCCTGGGAACGAACCCTCTA 
TTC19 GOI AGCGAGCCAAGTTGAGCATT GCATTTTCAAGCTGACCCCG 

GOI: Gene of Interest 
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2.2.7.5 RT-qPCR 

RT-qPCR was performed to measure the expression of genes of interest in control and 
patient fibroblasts.  This method requires all of the components of a traditional PCR 
reaction in addition to the fluorescent dye SYBR Green.  SYBR Green binds to dsDNA, 
therefore as the cDNA replicates and increases in abundancy, there is increased SYBR 
Green fluorescence.  The output of the machine is the number of cycles in which the 
fluorescence of SYBR Green exceeds the background fluorescence.  This value is known as 
a threshold cycle (CT), which is used as an abundance of gene expression. 

Primer efficiency reactions were performed in an optical skirted 96-well plate (ABI, 
4326659) sealed with optical seals, so as to not interfere with SYBR Green fluorescence 
(ABI, 4311971).  The reaction mixes and cycling conditions are summarised in table 2-13 
and tables 2-14 and 2-15, respectively.  SYBR Green is provided as a master mix of DNA 
replication components (DNA polymerase, dNTPs, and buffer) and SYBR Green dye (ABI, 
4368577).  Primer efficiency reactions were performed in an ABI Step-One Real-Time PCR 
Machine.  To facilitate the large number of PCR samples required for the wide-screen of 
16 cell lines, treated patient and control fibroblast RT-qPCR was performed in 384-well 
plates (Roche, 05102430001) and cycled in a Roche Lightcycler 480 qPCR machine.  All 
samples were analysed in technical and biological triplicate.   

Relative quantification was obtained using the ΔΔCT method using the equation below493.  
ΔΔCT is the change is threshold cycle between the patient and control samples.  Relative 
quantification is the amount of transcript relative to the reference (control).  The RQ of 
healthy controls are always 1 (i.e.  20=1). 

 

𝑅𝑄 2 ∆∆  
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Table 2-13 RT-qPCR Reaction Mix 

 

Table 2-14 ABI Step-One Real-Time PCR Machine Thermal Cycling Protocol 

 

Table 2-15 Roche Lightcycler 480 PCR Machine Thermal Cycling Protocol 

 

Reagent 1 Reaction 
Nuclease-free ddH2O 2.2µL 
cDNA Template (10ng) 2.0µL 
2X Power SYBR Green PCR Master Mix (ABI, 4367659) 5.0µL 
Forward Primer [200nM] 0.4µL 
Reverse Primer [200nM] 0.4µL 
Total Reaction Volume 10.0µL 

Process Temperature Time Ramp Rate Number of Cycles 
Denaturation 95°C 8 Minutes 4.4°C/s 1 
Denaturation 95°C 5 Seconds 4.4°C/s 

40 Annealing 60°C 15 Seconds 2.2°C/s 
Extension 72°C 10 Seconds 1°C/s 
Melt Curve Denaturation 95°C 5 Seconds 4.4°C/s 1 
Melt Curve Annealing 55°C 30 Seconds 2.5°C/s 1 
Cooling 40°C 30 Seconds 2.2°C/s 1 
Hold 4°C ∞ 4.4°C/s N/A 

Process Temperature Time Ramp Rate Number of Cycles 
Denaturation 95°C 8 Minutes 4.4°C/s 1 
Denaturation 95°C 5 Seconds 4.4°C/s 

45 Annealing 60°C 15 Seconds 2.2°C/s 
Extension 72°C 10 Seconds 1°C/s 
Melt Curve Denaturation 95°C 5 Seconds 4.4°C/s 1 
Melt Curve Annealing 55°C 30 Seconds 2.5°C/s 1 
Cooling 40°C 30 Seconds 2.2°C/s 1 
Hold 4°C ∞ 4.4°C/s N/A 
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Figure 2.6 Selection of RT-qPCR Primer Efficiencies.  RT-qPCR primers were tested for 
linearity in serial dilutions of healthy control cDNA.  This experiment was performed for 
reference genes ACTB and B2M (A-B) as well as each gene of interest (C-F).  Mean, samples 
run in triplicate. 

A B 

C D 

E F 



130 
 

2.2.8 Western Blot 

Western blot was performed to detect changes in protein level in response to TRID or 
NMDI treatment.  This semi-quantitative technique involves electrophoresing protein 
samples on a gel to separate out protein bands which can be probed and detected using 
antibodies. 

 

2.2.8.1 Protein Extraction 

Healthy control and patient fibroblasts treated with TRIDs or NMDIs were harvested into 
cell pellets as described in section 2.2.5.4.  Pellets were lysed with 100-200µL 1x RIPA 
Buffer (0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10mM EDTA; 
Merck, 20-188) supplemented with a protease inhibitor cocktail (AEBSF, Aprotinin, 
Bestatin, E-64, Leupeptin, Pepstatin A; Sigma, P8340) and 20mM final concentration of 
phenylmethylsulfonylfluoride (PMSF) (Sigma, 78830).  The lysate was transferred into 
1.5mL Eppendorf tubes and incubated on ice for 30 minutes and centrifuged at 16,000 x g 

for 10 minutes at 4°C.  The supernatant (soluble protein) was collected and transferred 
into fresh 1.5mL Eppendorf tubes. 

 

2.2.8.2 Protein Measurement 

The protein levels were measured using the Bicinchoninic Acid (BCA) Assay.  Reagents A 
and B of the BCA assay kit (Thermoscientific, 23225) were used at a ratio of 1:50, 
respectively.  200 µL of the reagent mixture were added to each well of a flat-bottomed 
clear 96-well plate.  10µL of bovine serum albumin (BSA) standard or protein sample was 
then added to each well.  The plate was then incubated at 37°C for 30 minutes and the 
absorbance was measured at 595nm.  A standard curve of BSA samples was obtained and 
if the r2>0.99, then the equation of the line was used to determine total protein 
concentration in the samples.  A sample BCA standard curve is provided in Figure 2.7. 
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2.2.8.3 Gel Electrophoresis 

20µg of protein mixed with 6x protein loading buffer was loaded onto 10% Mini-
PROTEAN® TGX™ Precast Gels (BioRad, 4561034) along with a colorimetric protein 
ladder (BioRad, 1610375).  The gels were placed in a tank with 1x Tris-Glycine running 
buffer (BioRad, 1610732).  SDS-PAGE was performed at 90-120V for 60-120 minutes. 

 

2.2.8.4 Turbo Blot Gel Transfer 

Gels were transferred onto TurboBlot nitrocellulose membranes flanked by blotting paper 
pre-wet with transfer buffer (BioRad, 1704158).  The transfer was completed using the 
BioRad TurboBlot machine.  After the transfer was completed, the blots were placed in a 
50mL falcon tube and non-specific protein bands were blocked by incubating the blots 
for 90-120 minutes at room temperature in a solution comprising 5% skim milk powder 
in Tris-Buffered Saline/0.5% Tween-20 (TBS-T). 

 

Figure 2.7 Sample BCA Standard Curve.  Protein lysates were measured by comparing to a standard 
curve of known bovine serum albumin protein standards.  The colourimetric reaction of peptides, copper 
ions, and bicinchoninic acid, elicits an increase in absorbance at 595nm.  If a linear relationship was 
confirmed (r2>0.99), then the equation of the line was used to determine sample protein concentrations. 



132 
 

2.2.8.5 Antibody Incubation 

Blots were incubated with primary antibody solution diluted appropriately in 5% BSA in 
TBS-T and incubated overnight at 4°C.  For each blot, there was a protein of interest and 
a housekeeping protein (vinculin or β-actin) for reference.  The blots were then washed 3 
times in 5 minutes with TBS-T and incubated with either anti-mouse or anti-rabbit 
secondary antibody, as appropriate in 5% milk powder in TBS-T for 90 minutes at room 
temperature.  All primary and secondary antibodies used in this study are summarised in 
Table 2-16. 

 

Table 2-16 Primary and Secondary Antibodies used in Western Blot Experiments 

 

2.2.8.6 Imaging and Analysis 

The secondary antibody solution was drained and the blots were washed 3 times in 30 
minutes with TBS-T.  Blots were imaged using the ChemiDoc imaging system by treating 
with ECL solution (Thermo Scientific, 32106).  Secondary antibodies are conjugated to 
horseradish peroxidase, which catalyses the oxidation of luminol in the presence of an 
enhancer.  The resulting reaction allows for the visualisation of protein bands.  
Densitometry was performed on the bands to quantify the relative protein expression 
using ImageJ v1.52.   

Antibody Type Species Manufacturer Catalogue No. Dilution 
α-β-Actin Primary Mouse Sigma A2228 1:10,000 
α-COQ9 Primary Rabbit Proteintech 14874-1-AP 1:500 
α-DGUOK Primary Rabbit St. John’s Laboratories STJ28978 1:1,000 
α-RRM2B Primary Rabbit St. John’s Laboratories STJ110326 1:250 
α-SERAC1 Primary Rabbit Proteintech 25729-1-AP 1:1,000 
α-STAT2 Primary Rabbit Proteintech 16674-1-AP 1:1,000 
α-SURF1 Primary Rabbit St. John’s Laboratories STJ28841 1:1,000 
α-Vinculin Primary Rabbit Proteintech 26520-1-AP 1:5,000 
α-Mouse HRP Secondary Goat New England Biolabs S1431 1:2,000 
α-Rabbit HRP Secondary Goat New England Biolabs S1432 1:2,000 
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2.2.9 Safety Studies of TRIDs and NMDIs 

To determine whether TRIDs and NMDIs were safe to use in patient fibroblasts, cell 
viability was determined using flow cytometry.  TO-PRO-3 iodide (Invitrogen, T3605) is a 
red fluorescent dye and derivative of the cell viability dye propidium iodide.  Live cells 
with intact plasma membranes are impermeable to TO-PRO-3, however dead cells take 
up the dye and fluoresce, which can be detected using flow cytometry.  8.0x104 control 
fibroblasts were seeded onto one well of a 6-well plate.  The cells were then treated with 
gentamicin, Ataluren, or RTC13 for 24, 48, 72, and hours.  4.0x104 cells were then seeded 
onto one well of a 96-well plate.  The plate was centrifuged for 2 minutes at 300x g and 
washed with PBS, and re-suspended in FACS buffer containing PBS, 10% FBS, and 1mM 
EDTA.  The cells were then stained with 50nM TO-PRO-3 and analysed using a FACS 
Calibur machine (BD Biosciences). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

2.2.10 Mitochondrial Functional Assays 

An advantage of working on mitochondrial diseases in vitro is the breadth of available 
functional cellular read-outs.  In this study a combination of qualitative and quantitative 
cellular read-outs has been performed to determine whether TRID or NMDI treatment led 
to any improvements in mitochondrial function.  Table 2-17 summarises the details of cell 
cultures that were subject to further functional investigation. 

 

Table 2-17 Summary of Mitochondrial Functional Assays  

 

 

2.2.10.1 Absolute mtDNA Copy Number Quantification 

Two of the cell lines included in this study were genes involved in mtDNA maintenance.  
DGUOK is a kinase which is involved in the nucleotide salvage pathway494.  RRM2B is a 
ribonucleotide reductase which is involved in the de novo nucleotide biosynthesis 
pathway203.  In patients, the cellular phenotype associated with both gene defects is a 
decrease of mtDNA copy number in affected tissues.   

To test whether TRIDs or NMDIs had any effect on mtDNA copy number, droplet digital 
PCR (ddPCR) was performed to absolutely quantify mtDNA.  ddPCR is a technique 
wherein PCR products are partitioned into 20,000 oil droplets and read individually to 
provide absolute values of gene expression495.  There are several ddPCR applications 
including detecting ultra-rare variants and copy number variations.  ddPCR utilises the 
probe-quencher method of PCR amplification (Figure 2.8).  The fluorescence of the 
probes is read using a droplet reader which detects fluorescence, similar to a flow 

Cell Culture Protein Function Cellular Readout 
DGUOKp.Arg105Ter 

mtDNA Maintenance mtDNA Copy Number Quantification using 
Droplet Digital PCR RRM2Bp.Gln284Ter 

SURF1p.Gln251Ter Complex IV Assembly Factor Complex IV Activity Assay 

STAT2p.Cys612Ter Mitochondrial Dynamics Live Cell Mitochondrial Morphology 
Measurements 
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cytometer.  Since each droplet is read individually, this method provides an absolute 
quantification of mtDNA copy number.  Mitochondrial complex I subunit ND1 was used 
as a marker for mtDNA and was normalised to nuclear protein RPP30 as a reference (copy 
number of 2). 

Copy number can also be elucidated using relative RT-qPCR methods as described in 
section 2.2.7, but this method is subject to a high experiment-to-experiment variability. 

 

2.2.10.1.1 Induction of mtDNA Depletion 

Fibroblasts are largely glycolytic cell types and therefore often do not exhibit the same 
mitochondrial phenotypes that would be observed in affected tissues.  Indeed, this is the 
case with mtDNA depletion wherein patients are measured to have near-normal levels of 
mtDNA in their fibroblasts494.   

Therefore, the depletion phenotype must first be induced, to determine whether TRID or 
NMDI treatment can elicit an increase in mtDNA copy number.  To achieve this, DGUOK 

and RRM2B-deficient fibroblasts were subject to serum starvation.  Bromodeoxyuridine 
(BrDU) labelling experiments have shown that mtDNA synthesis occurs primarily in the S-
phase.  Serum starvation renders cells in the quiescent (G0/G1) phase and induces an 
array on effects on mitochondrial function including mtDNA depletion and OXPHOS 
deficiency.  Although not much is known about the exact mechanism by which serum-
starvation induces mtDNA depletion, there are indications that this is due to metabolic 
reprogramming494,496. 

Fibroblasts were grown on 6-well plates or 10cm plates to 90% confluency and treated 
with 250µM or 500µM Amlexanox or a maximum dose of 100 µM Ataluren thrice weekly.  
Both serum-containing and serum-devoid treatments were performed to compare 
mtDNA copy number under each condition.  A diagram of the experimental set-up is 
shown in Figure 2.8. 
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Figure 2.8 ddPCR Experimental Workflow.  Fibroblasts harbouring nonsense mutations from MDDS 
patients were treated with Amlexanox or Ataluren in either serum-fed or serum-starved conditions for 20 
and 40 days.  DNA samples from these fibroblasts were compared to healthy controls, day-0 untreated 
patient, and untreated serum-starved patient DNA samples (A).  In one well of a 96-well plate, PCR 
amplification reagents and probes were added.  Then, the sample was partitioned into 20,000 oil droplets 
(B).  PCR was then performed, amplifying markers of nuclear and mtDNA.  Finally, the droplets were 
analysed one at time for fluorescence (C). 

A 

B 

C 
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2.2.10.1.2 Droplet Digital PCR 

DNA samples were taken at day 0, 20, and 40 by harvesting cell pellets (Section 2.2.5.4) 
and extracting DNA using the DNeasy Blood and Tissue Kit (Qiagen; section 2.2.6.1).  All 
DNA handling was performed in a sterile PCR hood to prevent contamination with 
exogenous mtDNA.  Following extraction, DNA samples were subject to HaeIII restriction 
endonuclease digestion (New England Biolabs, R0108S) to eliminate short tandem 
repeats, which can affect copy number results (BioRad).  Up to 1µg of DNA was incubated 
with 5 units of HaeIII enzyme for 1 hour at 37°C.  After enzyme digestion was complete, 
DNA samples were diluted to 1.25ng/µL and stored at -20°C until ddPCR experiment. 

On the day of the experiment, DNA samples were loaded along with ddPCR master mix 
and nuclear and mitochondrial probes (Table 2-18) onto a 96-well ddPCR reaction plate 
(BioRad, 12001925).  Droplets were generated using an Automated Droplet Generator 
(BioRad), according to the manufacturer’s protocol.  The PCR plate was heat-sealed with a 
foil seal (BioRad, 1814040).  Following droplet generation, PCR was followed immediately 
in a C1000 Touch Thermal Cycler (BioRad).  The cycling conditions are provided in Table 
2-19.   

After PCR amplification, the fluorescence of each droplet was read on a QX200 Droplet 
Reader (BioRad) and analysed using QuantSoft software.  All samples were measured in 
technical triplicate, however, owing to the high rate of cell death following serum 
starvation, no biological replicates could be obtained. 

ddPCR is a robust, reproducible experiment that can detect mtDNA copy number with as 
little as 1.25ng of DNA.  The assay was validated using healthy control fibroblasts and ρ0 

cells.  ρ0 are cells which are completely devoid of mtDNA.  They are usually derived from 
immortalised cell lines treated with low-dose ethidium bromide over a prolonged period 
(usually 90 days) to deplete mtDNA and utilise only glycolysis for energy production497.  
Thus, ρ0 cells provide a negative control for ddPCR validation.  For ddPCR validation 
experiments, parental human pulmonary adenocarcinoma (A549) and their ρ0 derivatives 
(kindly provided by Dr Jan-Willem Taanman, UCL) were utilised in addition to healthy 
control fibroblasts.  Figure 2.9 confirms the assay’s ability to robustly detect mtDNA levels 
in healthy controls and a lack of mtDNA in ρ0 samples.   
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Table 2-18 ddPCR Reaction Mix 

 

 

Table 2-19 ddPCR Thermal Cycling Protocol 

 

 

 

 

 

 

 

 

 

 

Reagent 1 Reaction 
Nuclease-free ddH2O 5.0µL 
DNA Template (5ng) 4.0µL 
Supermix for Probes, no dUTP (BioRad, 1863024) 11.0µL 
ND1 FAM Probe (BioRad, 10042958) 1.0µL 
RPP30 HEX Probe (BioRad, 10031243) 1.0µL 
Total Reaction Volume 22.0µL 

Process Temperature Time Ramp Rate Number of Cycles 
Enzyme Activation 95°C 10 Minutes 1°C/s 1 
Denaturation 94°C 30 Seconds 2°C/s 40 
Annealing and Extension 60°C 1 Minute 2°C/s 40 
Enzyme Deactivation 98°C 10 Minutes 2°C/s 1 
Melt Curve Denaturation 95°C 5 Seconds 4.4°C/s 1 
Hold 4°C ∞ 4.4°C/s N/A 



139 
 

Figure 2.9 ddPCR Validation.  ddPCR Validation showed a robust detection of mtDNA copy number from 0.625-5ng of DNA (A).  Healthy control and 
A549 parental DNA samples yield populations of ND1-positive (blue) and RPP30-positive (green) droplets (B).  A549 ρ0 cells yield no mtDNA at any 
DNA concentrations (A) and have populations of RPP30-positive droplets (green) but no ND1-positive droplets, indicating a lack of mtDNA (B).  All 
samples show clean populations of positive (blue/green) and negative droplets, indicating robust results (B).   

A 

B 
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2.2.10.2 Complex IV Activity 

Owing to the incomplete assembly of complex IV deficiency associated with SURF1-
deficiency, patients have been observed to have reduced activity of mitochondrial 
complex IV.  To determine whether NMDI or TRID treatment could restore CIV in SURF1-
mutated fibroblasts, a CIV enzyme activity assay was performed.  There are several 
methods of enzyme assays that are available, however for this study an immunogenic 
plate reader-based assay was chosen to facilitate the number of samples and replicates 
required.  Figure 2.10 outlines the experimental set-up for the CIV and citrate synthase 
activity measurements.   
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2.2.10.2.1 Citrate Synthase Activity Assay 

Citrate synthase is an enzyme which converts Acetyl-CoA and oxaloacetate 
to citrate and free CoA: 

Figure 2.10 CIV and Citrate Synthase Activity Experimental Workflow.  Tissue culture flasks were 
passaged twice to produce a group of four identical cultures which were treated with either 2% DMSO, 
Amlexanox, or Ataluren.  Two more replicates were established, all with the same passage number for 
consistency (A).  Protein lysates from one flask was run in triplicate in a 96-well plate for both citrate 
synthase and CIV activity assays (B). 

A 

B 
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𝐴𝑐𝑒𝑡𝑦𝑙 𝐶𝑜𝐴 𝑂𝑥𝑎𝑙𝑜𝑎𝑐𝑒𝑡𝑎𝑡𝑒 → 𝐶𝑖𝑡𝑟𝑎𝑡𝑒 𝐶𝑜𝐴 𝑆𝐻 

 

It is the first enzyme in the citric acid cycle which produces reducing equivalents for 
OXPHOS.  As such, citrate synthase has been shown to be a robust marker of 
mitochondrial density498.  Activities of OXPHOS complexes are often normalised to citrate 
synthase to determine enzyme activity within the context of mitochondrial density. 

Citrate synthase activity can be measured by measuring the colorimetric reaction 
between free CoA-SH and 5,5'-dithio-bis-[2-nitrobenzoic acid] (DTNB).  DTNB reacts with 
the thiol group in CoA-SH to form TNB in a slightly alkaline buffer, which elicits maximum 
absorbance at 412nm: 

 

CoA SH  DTNB →  TNB  CoA S S TNB 

 

The level of absorbance is linearly correlated with citrate synthase activity.  This method is 
based on a protocol developed by Shepherd and Garland and uses a spectrophotometric 
method as described by Kanabus et al.499,500. 

For enzyme activity measurements, fibroblasts were subjected to treatment with the two 
highest doses of Amlexanox (250µM and 500µM) and the highest dose of Ataluren 
(100µM) for 96 hours, replenished every 48 hours (Figure 2.10).  Cells were harvested by 
scraping.  The cell suspension was then collected in a 15mL falcon tube and centrifuged 
at 1000 x g for 5 minutes.  The supernatant was aspirated out and the pellet was re-
suspended in PBS and spun once again.  The cell pellet was immediately re-suspended in 
protein isolation buffer (10mM Tris Base, Sigma, T1503; 1mM EDTA disodium salt, Sigma, 
03677; and 320mM sucrose, Sigma, S7903, adjusted to pH 7.4 with HCl) supplemented 
with protease inhibitor cocktail (Roche, 11697498001).  The samples were stored at -80°C 
until use.   

A small aliquot of each sample was taken to measure protein concentration.  The cells 
were lysed by performing three cycles of freeze-thawing with a dry ice-methanol bath 
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and a 37°C water bath.  The samples were then measured using the BCA method as 
described in section 2.3.8.2. 

On the day of the assay, each well of a clear flat-bottomed 96-well reaction plate was 
filled with 190µL of citrate synthase Buffer (100mM Tris Base; 0.1% Triton X-100, adjusted 
to pH 8.0 with HCl) pre-warmed to 37°C.  To each well was then added acetyl-CoA and 
DTNB solutions both in citrate synthase buffer and samples of 2mg/mL protein.  A Tecan 
200 Pro spectrophotometer pre-warmed to 37°C was used to measure the absorbance at 
412nm.  First a baseline reading was established by measuring absorbance for 2 minutes 
at 30-second intervals.  Following this reading, the oxaloacetate was added to initiate the 
CS reaction.  The absorbance was then measured for 6 minutes at 30-second intervals.  
Caution was taken to work quickly and accurately.  All solutions were made fresh on the 
day of the experiment and kept on ice.   

The Beer-Lambert Law was used to measure enzyme activity in nmol/min/mg protein:  

 

∆𝐴/𝑚𝑖𝑛
𝜀 ∙ 𝑙 ∙ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 

 

where ∆A is the change of absorbance per minute, determined using linear regression of 
the absorbance over time (used only if r2>0.99), ε is the extinction coefficient of DTNB 
which is 13.6mM-1cm-1, and l is the path length of 0.56cm.  This assay was validated by 
measuring activity in increasing concentrations of protein in healthy control samples 
(Figure 2.11). 
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Figure 2.11 Citrate Synthase Validation Assay.  Citrate synthase is an enzyme in the TCA cycle that acts 
as a robust marker of mitochondrial density.  The activity of citrate synthase can be measured by 
measuring the rate of change in absorbance conferred by the colorimetric reaction between CoA-SH and 
DTNB (A).  To validate the assay, the citrate synthase activity of serial dilutions of healthy control protein 
lysates was measured.  The assay is robust and yields linearity in both individual OD curves (B) and 
activity measurements (A).  Samples run in triplicate. 

A 

B 
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2.2.10.2.2 Complex IV Activity Assay 

CIV activity was measured in fibroblasts using a plate reader method supplied by Abcam 
(ab109909).  CIV is the terminal enzyme in the electron transfer process.  It reduces 
molecular oxygen to form stable water molecules by oxidizing cyt c: 

 

4 𝑐𝑦𝑡𝑜𝑐ℎ𝑟𝑜𝑚𝑒 𝑐 𝐹𝑒 4 𝐻  𝑂  4 𝐻 →  2 𝑐𝑦𝑡𝑜𝑐ℎ𝑟𝑜𝑚𝑒 𝑐 𝐹𝑒 2 𝐻 𝑂  4 𝐻  

 

The microplate assay kit utilises a monoclonal antibody to immobilise CIV from whole-cell 
lysates to the bottom of a well.  Once reduced cyt c is added to the wells, there is a 
decrease in absorbance at 555nm associated with the oxidation of cyt c, and therefore 
the enzyme activity.   

The plate was prepared according to the manufacturer’s protocol.  Briefly, fibroblasts 
treated as described in section 2.2.10.2.1 were harvested by cell scraping.  The pellets 
were re-suspended in a buffer (Solution 1 according to manufacturer).  The protein was 
extracted and diluted to 150µg/mL.  The lysates were added to wells in a plate containing 
a monoclonal antibody to human CIV and incubated at room temperature for 3 hours.  
The antibody was washed off and reduced cyt c was added to the wells.  The absorbance 
was measured in a Tecan 200 Pro plate reader pre-warmed to 30°C in 1-minute intervals 
for 120 minutes at 555nm.  The enzyme activity was determined by calculating the slope 
in the linear region. 

The assay was validated by confirming linearity with increasing protein concentrations 
within the manufacturer’s recommended protein range (Figure 2.12). 
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Figure 2.12 Validation of the Mitochondrial CIV Spectrophotometric Assay.  CIV activity is measured 
by detecting the rate of change in absorbance following the addition of reduced cyt c to protein lysates.  
The linear rate of absorbance change is proportional to enzyme activity.  A positive linear correlation is 
observed for serial dilutions of protein lysates (A).  Individual lysate curves show a linear decrease in 
absorbance from 60-95 minutes (B-E).  Samples run in triplicate. 

A 

B C 

D E 
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2.2.10.3 Mitochondrial Morphology Measurements 

Among the cell lines which responded to Amlexanox treatment was a patient cell line 
harbouring a mutation in mitochondrial fission regulator gene STAT2159.  Under normal 
circumstances, STAT2 induces mitochondrial fission by phosphorylation of DRP1, the 
master regulator of mitochondrial fission.  STAT2-deficient patients therefore have been 
observed to have hyper-fused mitochondria which can be visualised with confocal 
microscopy. 

Since mitochondria exist as a vast interconnected network, 3D measurements are the 
most reliable way to determine changes in mitochondrial dynamics.  2.50x104 cells were 
seeded onto sterile 35mm imaging dishes (World Precision Instruments, FD35-100) 6 
days prior to live imaging.  Patient cells were then treated with the two highest doses of 
Amlexanox (250µM and 500µM) and the highest dose of Ataluren (100µM) for 96 hours, 
replenished every 48 hours.  On the day of imaging, cells were washed once with PBS 
(Gibco), stained with 25nM of mitochondrial marker tetramethyl rhodamine methyl ester 
(TMRE) in Phenol-Red-free DMEM (with accompanying supplementations of 10% FBS, 
100mg/mL uridine, 1% Pen-Strep, and 25ug/mL amphotericin B) (Gibco, 21063029), and 
incubated in the dark at 37°C for 30 minutes.  Cells were washed once with PBS and were 
imaged directly in phenol-red-free DMEM. 

Patient, control, and disease control fibroblasts were imaged in 3D on a Zeiss Axios 
Observer 4-colour microscope using a 591nm red laser on a 63x oil objective lens.  All 
fluorescence microscopy is subject to the blurring of light which in turn can reduce 
resolution.  Within the context of examining the mitochondrial network, this is 
problematic as suboptimal resolution can make separate mitochondria appear more 
globular, thus falsely skewing the results.  Therefore, all images were subject to 
deconvolution correction, a computational correction method which calculates the 
expected out-of-focus light elicited by microscope and re-distributes in to its origin in the 
sample.  This technique is beneficial as it allows for the clear visualisation of individualised 
mitochondria taking into account the magnification, laser power, numerical aperture, and 
immersion of the objective lens.  X, Y, and Z parameters were calculated on the Huygens 
Nyquist Calculator (https://svi.nl/NyquistCalculator).  Z-stack (3-dimensional) images were 
deconvolved with Huygens software. 
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Mitochondrial network analysis was performed in ImageJ v1.52.  A macro was utilised to 
ensure consistency of analysis.  First, individual mitochondria were isolated using the 
“tubeness” feature.  This feature allows the user to isolate image elements that are tube-
like such as blood vessels or mitochondria.  The thickness of the tube is determined by a 
Hessian value, which is a matrix that takes into account the local curvature of a field.  
Three tube thicknesses (Hessian values of 0.5, 1.0, and 2.0) were extracted and 
superimposed on top of each other, thus ensuring every mitochondrion was accounted 
for.  Individual mitochondria were then segmented in 3D and several parameters were 
measured including surface area, volume, Feret ratio (FR), and sphericity (Figure 2.13).  A 
Feret diameter is the measure of an object size in a specified direction.  An FR is the ratio 
of the longest and shortest Feret diameters.  This feature is useful as it allows for the 
characterisation of mitochondrial morphology. 

Mitochondrial distribution analysis was performed by setting defined volume ranges and 
counting the number of mitochondria in each category.  Distribution histograms were 
plotted on a log2 scale on R software.  Punctate mitochondria had a low volume and 
surface area.  Longer tubular mitochondria have higher volumes and surface areas.    The 
distributions of patient and control fibroblasts were compared to observe changes in 
mitochondrial network morphology following treatment with TRIDs and NMDIs.  
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Figure 2.13 Mitochondrial Morphology Image Analysis.  An ImageJ macro was designed which identified tubular structures of different thicknesses 
in a composite image.  The tubes were then segmented in 3D and measured.  This segmentation method robustly isolates all the mitochondria in a 
cell in 3D, as visualised by a composite of the original and 3D segments (A).  This imaging macro allows for the visualisation of different 
mitochondrial morphologies (B).   

A 

B 
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2.2.11 Data Analysis 

All experiments were run in both biological and technical triplicates unless otherwise 
indicated in figure legends.  Bar graphs were generated in GraphPad Prism v.8.1 and bars 
represent the mean.  Error bars are expressed as standard error of the mean (SEM).  To 
check for statistical significance, a student’s t-test was utilised when comparing two 
groups.  When more than two groups were compared, one-way analysis of variance 
(ANOVA) was performed, with multiple t-test comparisons between group means.  In 
instances, where there were two variables, two-way ANOVA was utilised with multiple 
comparisons.  The F-statistic was interpreted to determine significant differences between 
groups.  The statistical test which was used is quoted in all figure legends where 
applicable.  Statistical significance was denoted as follows: n.s. p>0.05, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 

Pie charts and histograms were generated using R v.3.6.3.  Specifically, the ggplot2 
package was used to generate graphical images. 
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3 Results 
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3.1 Background 

The biochemical, genetic, and phenotypic heterogeneity of mitochondrial disorders make 
obtaining a timely and accurate diagnosis difficult.  The involvement of two genomes and 
a growing list of causative disease genes contribute to genetic complexity.  Clinically, 
mitochondrial disorders can manifest themselves at any age of onset in any organ or any 
combination of organs.  In fact, it is not uncommon for patients within the same family to 
have differing phenotypes2.  The clinical complexity of mitochondrial disease is also 
exacerbated by disease modifiers and referral to different specialists during care365.   

Historically, a diagnostic algorithm comprising biochemical, histological, genetic, and 
specialist testing methodologies was utilised to diagnose mitochondrial disease patients 
(Figure 3.1).  These tests included OXPHOS assays in patient muscle, histological staining 
of muscle fibres, and testing for changes in common biomarkers associated with 
mitochondrial disease, such as blood lactate, amino acids, acylcarnitines, and ammonia 
and urine organic acids.  These were also typically paired with single-gene tests in 
frequently mutated mitochondrial genes such as POLG, TWNK, SLC25A4, and SURF1.  In 
addition, if matrilineal inheritance was suspected, common mtDNA mutations such as 
m.3243A>G , m.8344A>G or m.8933T>G (in the MT-TL1, MT-TK, and MT-ATP6 genes, 
respectively), or single or multiple mtDNA large-scale rearrangements were screened 
using PCR techniques or single gene tests (Sanger Sequencing)274. 

 

 

 

 

 

 

 

 



153 
 

 

Figure 3.1 Historical Diagnostic Algorithm for Patients with Suspected Mitochondrial Disease.  COX: 
cytochrome c oxidase; LS: Leigh syndrome; MNGIE: Mitochondrial neurogastrointestinal encephalopathy; 
RRF: ragged-red fibres.  Adapted from Rahman and Hanna 2009 [ref 274]. 
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Over the past few years, the advent of quick, affordable, and accurate NGS technologies, 
including exomes and genomes have expedited genetic diagnosis and nearly 
exponentially increased the discovery of novel genes mutated in mitochondrial disease.  
In addition, NGS on whole blood-extracted DNA samples can in some cases eliminate the 
need for invasive and potentially dangerous muscle and liver biopsies in young 
children360.  As such, NGS is now readily utilised for mitochondrial disease diagnosis.   

One significant issue with NGS is the interpretation of variants.  An initial screen will yield 
millions of single nucleotide polymorphisms (SNPs) which need to be sequentially 
narrowed down in a bioinformatics pipeline.  These include the elimination of non-
parental alleles (if trio sequencing was performed), alleles which do not fit a particular 
mode of inheritance, and those with a high minor allele frequency367.  Even after these 
initial filtering steps, there may still be hundreds of potentially causative variants which 
can either be potentially disease-causing or less clear for pathogenicity and therefore 
classed as VUS.  The interpretation of VUS can be difficult as they may be present simply 
because of individual genetic variation (each person is thought to have ~100 loss-of-
function variants)375 or disease-causing variants that have not been classified by mutation 
predictors.  Therefore, the interpretation of NGS results may require clinical and 
functional validation, which consumes significant clinical time and laboratory resources.  
These challenges are exacerbated in those disorders with significant phenotypic 
heterogeneity, such as mitochondrial disorders.   Consequently, it is not uncommon for 
patients to wait years for their diagnoses.   

One method by which NGS interpretation can be enhanced is the use of phenomics, that 
is the complete characterisation of (preferably standardised) phenotypic manifestations 
associated with a particular gene defect.  Currently available phenomic resources include 
expert-curated knowledgebases such as ClinVar and OMIM, but also predictive tools, 
some of which can integrate with standard bioinformatics pipelines (Table 1-1).  A major 
development in the phenomics field was the introduction of HPO, which allowed for the 
global standardisation of thousands of clinical features and their computational 
integration.  For example, HPO creates a unifying number for phenotypes where several 
synonyms exist in the literature (e.g.  pyrexia or fever becomes HP:0001945; enlarged liver 
and hepatomegaly become HP:0002240)377.   
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We sought to determine whether the power of phenomics could be harnessed to help 
improve the diagnosis of mitochondrial disorders.  A number of NGS cohort studies of 
mitochondrial disease place the NGS diagnostic rate at 35-60%360,361,501.  While several 
mitochondrial disorders can be classified into syndromic presentations (e.g.  Leigh 
syndrome, MEGDEL syndrome, Alpers-Huttenlocher syndrome), most mitochondrial gene 
defects do not follow such syndromic patterns.   Even when they do, presentations 
outside the classical syndrome can often occur.  Thus, we sought to use analytical text 
mining of the literature to catalogue all mitochondrial disease genes and their associated 
phenotypes.  We then integrated these onto an online platform that allows genes and 
phenotypes to be navigated and queried in a similar way to how one would use Google 
Maps.  The platform used to do this was the MINERVA framework477.  MINERVA allows for 
cellular and molecular constituents to be modelled and navigated in a user-friendly 
Google Maps API.  Previously, MINERVA has been used to reconstitute the entirety of 
human metabolism and also to create a complete pathophysiological map of Parkinson 
Disease387,388.  The construction of the MitoMaps is the first instance where MINERVA has 
been re-purposed to also include phenotypes361.   

In work preceding these PhD studies, we created a prototype phenomics resource using 
the aforementioned approach, called Leigh Map (vmh.life/#leighmap).  This is an 
interactive gene-to-phenotype network that collates all genetic and phenotypic 
information pertaining to mitochondrial gene defects causing Leigh syndrome, a 
progressive neurodegenerative paediatric disorder and most common phenotype of 
childhood mitochondrial disease (prevalence of 1:32,000)361.  Leigh Map contains 
information about 92 causative Leigh syndrome genes and 241 associated phenotypes 
expressed in HPO.  Blinded testing of the Leigh Map with 20 genetically confirmed Leigh 
syndrome cases resulted in the identification of the causative gene within a list of Leigh 
Map-generated candidates for 80% of the cases.  In addition, the average number of 
candidate genes within each query was 9, thus eliminating 90% of the genes from the 
network.  The proven aptitude of Leigh Map as a potential diagnostic resource for 
mitochondrial disease led us next to continue to build additional resources for three 
common mitochondrial disease phenotypes (epilepsy, cardiomyopathy, and liver disease) 
and for the entirety of mitochondrial disease.   
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3.2 Aims 

The aims of this chapter are as follows: 

 Utilise analytical text mining to extract all clinical features associated with 
mitochondrial disease. 

 Create a knowledgebase spreadsheet of all gene-to-phenotype associations for 
mitochondrial epilepsy, cardiomyopathy, liver disease, and the whole of 
mitochondrial disease.  These will be known as the MitoEpilepsy Map, MitoCardio 
Map, MitoLiver Map, and MitoMedicine Map, respectively. 

 Use a Python script to integrate this knowledgebase online onto the MINERVA 
platform. 

 Validate all four resources using clinical vignettes of unpublished cases with 
genetically confirmed mitochondrial disease. 
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3.4 Results 

3.4.1 The Creation of Four Novel Gene-to-Phenotype Diagnostic Resources 
for Common Mitochondrial Disease Phenotypes 

The MitoMaps are interactive gene-to-phenotype networks with elements that can be 
queried and navigated in an interface resembling Google Maps (Table 3-1).  Figures 3.2-
3.5 feature screengrabs of different MitoMap elements.  Figure 3.5 provides a schematic 
representation of the MitoMaps.  All phenotypic data underpinning the MitoMaps are 
derived from a knowledgebase of nearly 4,000 publications (research papers, natural 
history studies, case reports, and published conference abstracts) pertaining to 
mitochondrial disease gene defects from 1951-2020.  In total, over 13,000 gene-to-
phenotype interactions were systematically documented, standardised and integrated 
from a comprehensive 369 gene x 614 phenotype spreadsheet onto a user-friendly 
platform. 

The visual user interface of the map is a schematic of a cell compartmentalised into 
different organelle compartments (Figure 3.2).  Like the navigation of Google Maps, 
zooming in on the map reveals increasingly detailed compartments.  The mitochondrion 
is the largest compartment; however, nuclear and cytosolic compartments are also 

Figure 3.2 Online Layout of the MitoMaps 
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present as some protein defects causing mitochondrial disease are located in the cytosol 
or nucleus (Figure 3.2).   

 

The mitochondrion is further segmented into its double-membraned structure 
surrounding the matrix and mitochondrial disease genes are then arranged according to 
their gene function (e.g.  OXPHOS complex subunits and assembly factors, mtDNA 

maintenance genes, CoQ10 biosynthetic genes) and their sub-mitochondrial location (e.g.  
IMM, OMM, matrix) (Figure 3.3; Table 3-2).   

 

 

 

 

 

Figure 3.3 Gene Defect Functional Compartments of the MitoMaps.  Genes on the MitoMaps are 
arranged according to their mitochondrial function and approximate mitochondrial location.  Genes in 
yellow are genes which do not fit into a specific category or are defects of proteins with an unknown 
function which cause mitochondrial disease. 
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Clicking on a gene reveals a submap which is a network of the mitochondrial disease 
gene defect and all of its reported phenotypes expressed in HPO terms (Figure 3.4).  
Phenotypic elements can also be browsed on the MitoMaps.  Clicking on a phenotype 
element will display the phenotype and its HPO number.  All HPO terms for the 
MitoMaps were generated using the Phenomizer, which converts phenotypes into a 

single HPO term and number377. 

 

This multi-level navigation (clicking on the gene to access the submap) allows for a better 
user experience by not overwhelming the user with vast amounts of information.  In 
addition, the left-hand panel of a particular gene also displays additional information 
such as patient demographics, MRI findings, and in some cases, seizure semiology (Figure 
3.4).  There are also links to external genetic and clinical knowledgebases which are 
automatically annotated.  These are: Ensembl, Entrez Gene, HUGO Gene Nomenclature 
Committee, RefSeq, and UniProt (Figure 3.4). 

 

 

Figure 3.4 Example of a Gene Left-Hand Panel and Associated Submap.   
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All genetic and phenotypic elements of the MitoMaps can be queried using the search 
function.  Phenotypes can be queried using either their HPO term or number.  Genes can 
be queried using any known alias.  Finally, multiple queries can be made by separating 
search terms with a semicolon.  The results of queries are displayed on the left-hand 
panel and also as pin-drops on the map, providing a visual representation of results 
(Figure 3.5). 

The MitoMaps are freely available online resources hosted on the Virtual Metabolic 
Human (VMH), a collection of interactive resources pertaining to human metabolism.  In 
addition to disease maps, VMH contains molecular maps of human metabolism and the 
human gut microbiome502.   

In total four resources were created following a standardised bioinformatics workflow 
which in future can be applied to additional MitoMaps, or even pathophysiological maps 
of other disease areas.  Following the text mining of over 4,000 publications, gene-to-
phenotype associations were organised into a spreadsheet in a format suitable for 
computational integration.  In addition, phenotypes were all standardised into HPO terms 
and numbers and map layouts were constructed on Cell Designer, a modelling program.  
Submaps were constructed automatically by running a Python script.  A manual of the 
bioinformatics workflow is provided in Appendix A1. 

Three of these are for the diagnosis and/or clinical management of the common 
mitochondrial phenotypes of epilepsy, cardiomyopathy, and liver dysfunction.  All three 
affected tissues (brain, heart, liver) have high bioenergetic and metabolic demands 
(Section 1.4.4) and therefore are commonly observed organ defects in mitochondrial 
disease patients.  When used in conjunction with NGS technologies, these resources can 
help inform genetic diagnoses based on phenomic information, inform clinical 
management, and potentially enable therapeutic intervention.  A summary of all four 
MitoMaps is provided in Table 3-1 and Figure 3.5.
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Figure 3.5 Layout and Usage of the MitoMaps.  The MitoMaps are interactive gene-to-phenotype interaction networks which can be used as 
diagnostic resources for various mitochondrial diseases.  They are built on a platform which mimics the user interface of Google Maps.  
Causative mitochondrial disease genes are arranged according to their mitochondrial location and function (A).  Zooming in and clicking on a 
gene will display further information, such as MRI findings, patient demographics, and external annotations in the left-hand panel (B).  In 
addition, each gene has an associated submap which displays all phenotypes ever reported in patients with a particular gene defect (C).  The 
genetic and phenotypic elements of the specific Mito map can be queried.  Multiple phenotypes can be queried when separated by a 
semicolon.  Results will be displayed on the left-hand panel and clicking on the submap of a query result will provide the user with a visual 
representation of the query phenotypes (D). 

A B 

C D 
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Resource Name URL Mitochondrial Disease 
Phenotype 

Number of 
Genes 

Number of 
Phenotypes 

Number of 
Interactions 

MitoEpilepsy Map vmh.life/minerva/index.xhtml?id=MitoEpilepsyMap Epilepsy 233 579 10,759 
MitoCardio Map vmh.life/minerva/index.xhtml?id=MitoCardioMap3 Cardiomyopathy 162 550 7,543 
MitoLiver Map vmh.life/minerva/index.xhtml?id=MitoLiverMap4 Hepatopathy 125 503 5,803 
MitoMedicine Map vmh.life/minerva/index.xhtml?id=MMMap All 369 614 13,784 

Table 3-1 Summary of the MitoMaps 
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Gene Functions Number of Genes in 
MitoMedicine Map 

Number of Genes in 
MitoEpilepsy Map 

Number of Genes in 
MitoCardio Map 

Number of Genes in 
MitoLiver Map 

OXPHOS Defects 98 63 58 44 

mtDNA Maintenance 21 14 7 11 

Mitochondrial Translation Defects 82 50 46 32 

Cofactor Biosynthesis Defects (CoQ10, [Fe-S] Clusters, Lipoic Acid) 27 16 13 3 

Mitochondrial Dynamics Defects 14 8 4 4 

Mitochondrial Phospholipid Biosynthesis Defects 10 8 4 3 

Mitochondrial Protein Import Defects 7 4 3 4 

Mitochondrial Quality Control Defects 27 18 8 5 

Pyruvate Dehydrogenase Complex and Krebs Cycle Defects 19 13 4 2 

Mitochondrial Solute Carrier Defects 16 11 2 5 

Mitochondrial Amino Acid and Fatty Acid Metabolism Defects 11 7 1 3 

Calcium Homeostasis Defects 6 1 1 0 

Apoptosis Defects 3 2 2 0 

NAD(P)H Metabolism Defects 4 4 1 2 

Sulphur Metabolism Defects 2 2 0 2 

Biotin Metabolism Defects 2 1 1 1 

Haem Metabolism Defects 4 1 1 1 

Other Proteins Causing Mitochondrial Dysfunction 16 10 6 3 

Table 3-2 Gene Categories on Featured on the MitoMaps 
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3.4.2 MitoEpilepsy Map 

The brain is the highest energy-demanding organ in the body.  In neurones specifically, 
aerobic respiration via OXPHOS is the main source of ATP for the fundamental processes 
of action potential firing and synaptic transmission313.  Owing to the dependence of the 
brain on mitochondrial function, it is the most commonly affected organ in mitochondrial 
disease.  Among the most frequently observed brain manifestations in mitochondrial 
disease, seizures are especially common.  In a paediatric setting, seizures are thought to 
be present in 60% of cases.  In 80% of these cases, seizures are accompanied by clinical 
features in other organs319.  Thus, mitochondrial epilepsy represents a subsection of 
mitochondrial disease that is complex and varied, thereby being difficult to diagnose.  
MitoEpilepsy Map is a diagnostic resource supporting richer genotype phenotype 
correlations and deeper endophenotyping for improved molecular understanding of 
mitochondrial epilepsy and the spectrum underlying genetic causes. 

The MitoEpilepsy Map features data from 233 disease genes and 579 phenotypes in HPO 
(Table 3-2).  The MitoEpilepsy Map contains detailed epileptological phenotypes 
expressed in HPO.  These include 24 seizure semiologies and 56 specific EEG features.  
Overall, generalized seizures (74/233) are more commonly featured on MitoEpilepsy Map 
than focal seizures (58/233).  In addition, status epilepticus, or a seizure lasting for longer 
than 5 minutes, was also observed for 39/233 disease genes.  Out of all documented 
disease genes, EEG abnormalities were recorded in 121/233 disease genes (~52%).   

Patients with mitochondrial epilepsy rarely showed isolated seizure disorders.  In the 
literature the majority of patients were reported to have several neurological 
abnormalities, including the presence of encephalopathy, hypotonia, and ataxia along 
with seizures (Figure 3.3).  In addition, the MitoEpilepsy Map demonstrates that 
mitochondrial epilepsy is rarely a single organ disorder as the presence of other organ 
abnormalities were often present.  The most common organ defect accompanying 
seizures in the MitoEpilepsy Map was cardiomyopathy (Figure 3.3).  Interestingly, 56% of 
gene defects in the MitoEpilepsy Map were reported to cause CI deficiency (Figure 3.3).   

The MitoEpilepsy Map was tested with clinical vignettes containing biochemical and 
phenotypic data of genetically confirmed cases with mitochondrial epilepsy.  A total of 21 
vignettes from patients at Great Ormond Street Hospital were tested.  Phenotypes were 
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extracted from each test case and inputted into MitoEpilepsy Map to generate a list of 
potential candidate genes.  A candidate gene is defined as a gene defect which is 
reported to have >50% of the original query phenotypes observed in the test case.  In a 
minority of cases, those gene defects which were reported to cause a distinguishing 
phenotype (e.g.  endocrinological or renal involvement) were also included in the 
candidate gene list.  A workflow of how genes were ranked in provided in Figure 3.6.  Out 
of 21 total test cases, MitoEpilepsy Map was able to return the correct gene defect in the 
list of candidates in 18, based only upon the HPO terms that had been associated with 
that case by the Map, giving a diagnostic hit rate of 86% (Table 3-3).  Table 3-3 outlines 
the query results of all 21 test cases.  In 8 cases, the causative gene was present in the top 
20% of hits (Figure 3.7) and in 6 cases, the causative gene was present in the top 50% 
(Figure 3.7; Table 3-3).  The causative gene in the remaining 4 diagnosed cases were 
present further down the list, but were still present in the list of candidates.  The average 
number of candidate genes per query in the MitoEpilepsy Map was 58 and on average 
75% of the genes on MitoEpilepsy were excluded for each individual test case.  Based on 
the diagnostic hit rate, it can be concluded that the MitoEpilepsy Map is an effective 
resource to aid in the diagnosis of mitochondrial epilepsy.   
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Figure 3.6 MitoMaps Phenotype Ranking Workflow.  HPO terms are listed from the clinical vignettes and gene defects which 
have been reported to cause the query phenotypes are recorded.  Only those gene defects which are associated with greater 
than 50% of the phenotypes is considered a candidate.  In this case, only gene defects that are associated with 6 or more 
phenotypes of the query are considered candidates.  Ranking is characterised by the top 20% (gene defects highlighted in 
green) or top 50% of phenotypes (gene defects highlighted in blue).  This search process and subsequent ranking was 
performed for all test cases. 
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Case ID Query Phenotypes  Number of Phenotypes Number of Candidates 
Genes Correct Answer Found Ranking of Correct Causative 

Gene 

Patient_1 

Status Epilepticus HP:0002133 
Generalized Seizures HP:0002021 
Generalized Tonic-Clonic Seizures HP:0002069 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
EEG Abnormality HP:0002353 
Epileptiform EEG Discharges HP:0011182 

6 48 Yes (top 20%) 

Patient_2 

Frequent Falls HP:0002359 
Incoordination HP:0002311 
Growth Hormone Deficiency HP:0000824 
Sensorineural Hearing Impairment HP:0000407 
Fatigue HP:0012378 
Dysarthria HP:0001260 
Focal Seizures HP:0007359 
Titubation HP:0030187 
Nystagmus HP:0000639 
Slow Saccadic Eye Movements HP:0000514 
Dysdiadochokinesis HP:0002075 
Generalized Muscle Weakness HP:0003324 
Tremor HP:0001337 
Hyperalaninemia HP:0003348 
EEG with photoparoxysmal response HP:0010852 
EEG Abnormality  HP:0002353 
Ragged-Red Fibres HP:0003200 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Stroke-Like Episodes HP:0002401 

20 39 Yes (top 50%) 

Patient_3 

Seizures HP:0001250 
EEG with Focal Epileptiform Discharges HP:0011185 
EEG Abnormality  HP:0002353 
Developmental Delay HP:0001263 
Microcephaly HP:0000252 
Failure to Thrive HP:0001508 
Hypotonia HP:0001290 
Delayed Speech HP:0000750 
Increased Serum Lactate HP:0002151 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
EMG Abnormality HP:0003457 
Demyelinating Peripheral Neuropathy HP:0007108 
Motor Axonal Neuropathy HP:0007002 

13 95 No N/A 

Table 3-3 Test Case Results for MitoEpilepsy Map 
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Patient_4 

Decreased Activity of Mitochondrial Complex I HP:0011923 
Abnormality of the Renal Tubule HP:0000091 
Lactic Acidosis HP:0003128 
Failure to Thrive HP:0001508 
Abnormal Plasma Acylcarnitines HP:0045045 
Increased Urine Malic Acid 
Increased Urine Fumaric Acid 
Abnormal Alpha-Ketoglutarate in Urine HP:0012401  
 Leukodystrophy HP:0002415  
Focal Seizures HP:0007359 

10 45 No N/A 

Patient_5 

Developmental Delay HP:0001263 
Cognitive Impairment HP:0100543 
Dystonia HP:0001332 
Myoclonic Spasms HP:0003739 
Generalized Tonic Seizures HP:0010818 
Reduced Consciousness/Confusion HP:0004372 
Renal Insufficiency HP:0000083 
Abnormality of the Renal Tubule HP:0000091 
Focal Segmental Glomerulosclerosis HP:0000097 
Nephrotic syndrome HP:0000100 
Sensorineural Hearing Impairment HP:0000407 
Drooling HP:0002307 
Feeding Difficulties HP:0011968 
Dysphagia HP:0002015 
Gastronomy Tube Feeding in Infancy HP:0011471 
Failure to Thrive HP:0001508 
Hypertension HP:0000822 
Gastroesophageal Reflux HP:0002020 
Anaemia HP:0001903 
CNS Demyelinisation HP:0007305 
Leukodystrophy HP:0002415  
Epileptiform EEG Discharges HP:0011182 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

25 31 Yes 26 (top 80%) 

Patient_6 

Status Epilepticus HP:0002133 
Hemiparesis HP:0001269 
Developmental Delay HP:0001263 
Focal Seizures without Impairment of Consciousness or 
awareness HP:0002349 
EEG Abnormality  HP:0002353 
Epileptiform EEG Discharges HP:0011182 
Lactic Acidosis HP:0003128 
Hypoalbuminemia HP:0003073 
4-Hydroxyphenylacetic aciduria HP:0003607 
Elevated Hepatic Transaminases HP:0002910 

10 43 Yes 11 (top 50%) 
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Patient_7 

Developmental Delay HP:0001263 
Status Epilepticus HP:0002133 
Leukodystrophy HP:0002415  
Seizures HP:0001250 
Cognitive Impairment HP:0100543 
Aggressive Behaviour HP:0000718 
EEG with abnormally slow frequencies  
EEG Abnormality  HP:0002353 
Epileptiform EEG Discharges HP:0011182 

9 72 Yes 47 (top 70%) 

Patient_8 

Developmental Delay HP:0001263 
Infantile Spasms  HP:0012469 
Gastronomy Tube Feeding in Infancy HP:0011471 
Ventriculomegaly HP:0002119 
Leukodystrophy HP:0002415  
Increased Serum Lactate HP:0002151 
Hypotonia HP:0001290 
Organic Aciduria HP:0001992 
Increased Urine Malic Acid 
Increased Urine Fumaric Acid 
Ventriculomegaly HP:0002119 

11 39 Yes 11 (top 50%) 

Patient_9 

Developmental Regression HP:0002376 
Visual Impairment HP:0000505 
Abnormality of the Liver HP:00001392 
Joint Hypermobility HP:0003160 
Incoordination HP:0002311 
Vomiting HP:0002013 
Hallucinations HP:0000738 
Increased Serum Lactate HP:0002151 
Elevated Hepatic Transaminases HP:0002910 
EEG Abnormality  HP:0002353 
Focal Seizures HP:0007359 

11 30 Yes 3 (top 20%) 

Patient_10 

Infantile Spasms  HP:0012469 
Epilepsia Partialis Continua HP:0012847 
Status Epilepticus HP:0002133 
Focal Seizures HP:0007359 
Focal Myoclonic Seizures HP:0011166 
Hypertonia HP:0001276 
Developmental Delay HP:0001263 
Developmental Regression HP:0002376 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Hypsarrhythmia HP:0002521 
Hypotonia HP:0001290 
Leukodystrophy HP:0002415 

12 45 Yes 15 (top 50%) 
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Patient_11 

Infantile Spasms  HP:0012469 
Hypertrophic Cardiomyopathy HP:0001639 
Developmental Regression HP:0002376 
Restrictive External Ophthalmoplegia HP:0007936 
Ptosis HP:0000508 
Dysphagia HP:0002015 
Nasogastric Tube Feeding in Infancy HP:0011470 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 
Hyperalaninemia HP:0003348 
Hypsarrhythmia HP:0002521 
Seizures HP:0001250 
EEG Abnormality  HP:0002353 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

15 63 Yes 4 (top 20%) 

Patient_12 

Seizures HP:0001250 
Frequent Falls HP:0002359 
Reduced Consciousness/Confusion HP:0004372 
Exercise Intolerance HP:0003546 
Fatigue HP:0012378 
Sensorineural Hearing Impairment HP:0000407 
Absence Seizures HP:0002121 
Visual Impairment HP:0000505 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Developmental Regression HP:0002376 

10 92 Yes 45 (top 50%) 

Patient_13 

Seizures HP:0001250 
Lactic Acidosis HP:0003128 
Hypertonia HP:0001276 
EEG Abnormality  HP:0002353 
Hypoalbuminemia HP:0003073 
Elevated Hepatic Transaminases HP:0002910 
Hyperalaninemia HP:0003348 

7 65 Yes 30 (top 50%) 

Patient_14 

Hypotonia HP:0001290 
EMG Abnormality HP:0003457 
Myopathy HP:0003198 
Restrictive External Ophthalmoplegia HP:0007936 
Mitochondrial Depletion HP:0030059 
Seizures HP:0001250 
Vomiting HP:0002013 
Hyporeflexia HP:0001265 
Feeding Difficulties HP:0011968 
Status Epilepticus HP:0002133 
Increased Serum Lactate HP:0002151 
Elevated Urinary 3-hydroxybutyric Acid HP:0040155 
Increased Urine Malic Acid 
Increased Urine Fumaric Acid 
Ragged-Red Fibres HP:0003200 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

17 67 Yes 6 (top 20%) 
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Patient_15 

Encephalopathy HP:0001298 
Developmental Regression HP:0002376 
Ptosis HP:0000508 
Poor Eye Contact HP:0000817 
Failure to Thrive HP:0001508 
Hypotonia HP:0001290 
Dysphagia HP:0002015 
Gastroesophageal Reflux HP:0002020 
Hypotonia HP:0001290 
Hyperalaninemia HP:0003348 
Increased Serum FGF21 
Increased Serum Lactate HP:0002151 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

14 76 Yes 16 (top 20%) 

Patient_16 

Developmental Delay HP:0001263 
Lactic Acidosis HP:0003128 
Generalized Muscle Weakness HP:0003324 
Ragged-Red Fibres HP:0003200 
Generalized Tonic-Clonic Seizures HP:0002069 
Seizures HP:0001250 
Abnormal Echocardiogram HP:0003116 
Failure to Thrive HP:0001508 
Gastronomy Tube Feeding in Infancy HP:0011471 
Hypoglycaemia HP:0001943 
Leukodystrophy HP:0002415  
Agenesis of Corpus Callosum HP:0001274 
EEG with Generalized Spikes HP:0012000 

13 66 No N/A 

Patient_17 

Lactic Acidosis HP:0003128 
Hypertrophic Cardiomyopathy HP:0001639 
Neutropenia HP:0001875 
Seizures HP:0001250 
Pancreatitis HP:0001733 
Gastronomy Tube Feeding in Infancy HP:0011471 
Failure to Thrive HP:0001508 
Generalized Seizures HP:0002021 
Developmental Delay HP:0001263 
Hyperventilation HP:0002883 
Increased Serum Lactate HP:0002151 
Cerebral Atrophy HP:0002059 

12 66 Yes 4 (top 20%) 

Patient_18 

Generalized Myoclonic Seizures HP:0002123 
Infantile Spasms  HP:0012469 
Developmental Delay HP:0001263 
Developmental Regression HP:0002376 
Rod-Cone Dystrophy HP:0000510 
Retinitis Pigmentosa HP:0000510 
Optic Disc Pallor HP:0000543 
Visual Impairment HP:0000505 
Hypsarrhythmia HP:0002521 
EEG Abnormality  HP:0002353 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 

12 48 Yes 32 (top 70%) 
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Patient_19 

Hypothermia HP:0002045 
Lactic Acidosis HP:0003128 
Generalized Oedema  HP:0007430 
Hyponatraemia HP:0002902 
Nephrotic syndrome HP:0000100 
Abnormality of the Renal Tubule HP:0000091 
Hypoglycaemia HP:0001943 
EEG Abnormality  HP:0002353 
Increased CSF Lactate HP:0002490 

9 35 Yes 2 (top 20%) 

Patient_20 

Developmental Delay HP:0001263 
Microcephaly HP:0000252 
Visual Impairment HP:0000505 
Hip Dysplasia HP:0001385 
Hypotonia HP:0001290 
Seizures HP:0001250 
Scoliosis HP:0002650 
Increased CSF Lactate HP:0002490 
Leukodystrophy HP:0002415 

9 91 Yes 76 (top 90%) 

Patient_21 

Lactic Acidosis HP:0003128 
Developmental Regression HP:0002376 
Encephalopathy HP:0001298 
Developmental Delay HP:0001263 
Pili Torti HP:0003777 
Visual Impairment HP:0000505 
Abnormality of the Renal Tubule HP:0000091 
Hypernatremia HP:0003228 
Cyanosis HP:0000961 
Seizures HP:0001250 
Nasogastric Tube Feeding in Infancy HP:0011470 
Apnoea HP:0002104 
Elevated Hepatic Transaminases HP:0002910 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

14 58 Yes 7 (top 20%) 

 Distinguishing features are denoted in bold. 
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Figure 3.7 Diagnostic Utility of MitoEpilepsy Map.  MitoEpilepsy Map is a free online resource to aid the 
diagnosis of mitochondrial epilepsy.  The resource features phenotypic data from 233 disease genes.  The 
overall diagnostic hit rate from 21 test cases was 86% (A left panel) of which 38% were in the top 20% of 
candidates, 29% were in the top 50% of candidates, and 19% appeared in the candidate gene list (A right 
panel).  (B) The 10 most commonly observed phenotypes associated with mitochondrial epilepsy, 
expressed in HPO terms and numbers. 
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3.4.3 MitoCardio Map 

Another energy-demanding organ commonly affected in mitochondrial disease patients 
is the heart.  Cardiomyocytes rely almost entirely on OXPHOS for energy generation 
through the mitochondrial fatty acid oxidation pathway326 (Section 1.4.4.2).  After the 
brain, the heart seems to be the most affected organ in mitochondrial disease.  The 
MitoCardio Map is a diagnostic resource to help diagnose patients with suspected 
mitochondrial cardiomyopathy.  It contains genetic information on 162 causative 
mitochondrial disease genes and contains 550 associated phenotypes (Table 3-1).   

The most common types of cardiomyopathies in MitoCardio Map were HCM and DCM.  
67% of gene defects were reported to be associated with HCM while 35% were reported 
to be associated with DCM.  20% of gene defects were reported to cause both HCM and 
DCM.  In addition, the MitoCardio Map also documents other structural heart 
abnormalities such as cardiomegaly (19/162 genes), atrial (14/162) and ventricular 
(19/162) septal defects, and pericardial effusion (19/162). 

Mitochondrial cardiomyopathy was frequently associated with multi-systemic disease.  
Co-segregating organs included the brain, muscle, liver, and eye.  However, neurological 
phenotypes were especially over-represented in the MitoCardio Map.  The majority of 
reports about mitochondrial cardiomyopathies noted the presence of seizures, 
encephalopathy, and global developmental delay (Figure 3.9).  Biochemically, defects in 
CI and CIV (either isolated or combined) were the most common OXPHOS deficiencies 
(Figure 3.9).  A higher percentage of the MitoCardio Map genes (58/162; 36%) are 
represented by OXPHOS complex defects compared to the MitoMedicine Map (98/369; 
27%) (Table 3-2). 

The MitoCardio Map was tested with 20 genetically confirmed clinical vignettes from 
Great Ormond Street Hospital (Table 3-4).  In 95% (19/20) of test cases, MitoCardio Map 
was able to identify the correct causative gene from the list of candidates (Figure 3.8;  
Table 3-4).  Moreover, 60% of these cases had the causative gene identified in the top 
20% of test cases (Figure 3.8; Table 3-4).  The causative gene in 30% of test cases was 
identified within the top 50% of candidates and only one case was identified near the 
bottom of the candidate list (Figure 3.8; Table 3-4).  The MitoCardio Map returned on 
average 50 candidates and eliminated 69% of genes in each test case.   
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In summary, the MitoCardio Map is an efficacious resource to aid in the diagnosis of 
mitochondrial cardiomyopathies.   
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Case ID Query Phenotypes  Number of 
Phenotypes Number of Candidates Genes Correct Answer Found Ranking of Correct Causative 

Gene 

Patient_22 

Respiratory Insufficiency HP:0002093 
Hypertrophic Cardiomyopathy HP:0001639 
Lactic Acidosis HP:0003128 
Pulmonary Artery Stenosis HP:0004415 
Left Ventricular Hypertrophy HP:0001712 
Asymmetric Septal Hypertrophy HP:0001670 
Myopathy HP:0003198 
Decreased Activity of Mitochondrial Complex I HP:0011923 

8 39 Yes 14 (Top 50%) 

Patient_23 

Hypertrophic Cardiomyopathy HP:0001639 
Seizures HP:0001250 
Cardiomegaly HP:0001640 
Lactic Acidosis HP:0003128 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

6 83 Yes 19 (Top 20%) 

Patient_24 

Dilated Cardiomyopathy HP:0001644 
Sensorineural Hearing Impairment HP:0000407 
Failure to Thrive HP:0001508 
Short Stature HP:0004322 
Ragged-Red Fibres HP:0003200 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

6 37 Yes 7 (Top 20%) 

Patient_25 
Cardiomegaly HP:0001640 
Hypertrophic Cardiomyopathy HP:0001639 
Dilated Cardiomyopathy HP:0001644 
Ventricular Fibrillation HP:0001663 
Tachycardia HP:0001649 

5 25 Yes 2 (Top 20%) 

Patient_26 

Cerebral Atrophy HP:0002059 
Developmental Delay HP:0001263 
Short Stature HP:0004322 
Failure to Thrive HP:0001508 
Adrenal Insufficiency HP:0000846 
Lactic Acidosis HP:0003128 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Hypotension HP:0002615 

8 38 No N/A 

Patient_27 

Dilated Cardiomyopathy HP:0001644 
Strabismus HP:0000486 
EMG Abnormality HP:0003457 
Myopathy HP:0003198 
Seizures HP:0001250 
Bradycardia HP:0001662 
Hypotonia HP:0001290 
Lethargy HP:0001254 
Fatigue HP:0012378 

9 52 Yes 52 (Top 100%) 

Table 3-4 Test Case Results for MitoCardio Map 
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Patient_28 

Lethargy HP:0001254 
Feeding Difficulties HP:0011968 
Hypertrophic Cardiomyopathy HP:0001639 
Renal Insufficiency HP:0000083 
Abnormality of the Renal Tubule HP:0000091 
Encephalopathy HP:0001298 
Lactic Acidosis HP:0003128 
Decreased Activity of Mitochondrial Complex I HP:0011923 

8 49 Yes 2 (Top 20%) 

Patient_29 
Hypertrophic Cardiomyopathy HP:0001639 
Lactic Acidosis HP:0003128 
Hyperammonaemia HP:0001987 
3-methylglutaconic aciduria HP:0003535 

4 34 Yes 3 (Top 20%) 

Patient_30 

Feeding Difficulties HP:0011968 
Joint Hypermobility HP:0003160 
Aggressive Behaviour HP:0000718 
Spasticity HP:0001257 
Intellectual Disability HP:0001249 
Cognitive Impairment HP:0100543 
Autism HP:0000717 
Dilated Cardiomyopathy HP:0001644 
Developmental Delay HP:0001263 
Memory Impairment  HP:0002354 
Hyperreflexia HP:0001347 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

12 40 Yes 1 (Top 20%) 

Patient_31 

Developmental Delay HP:0001263 
Motor Delay HP:0001270 
Failure to Thrive HP:0001508 
Cataract HP:0000518 
Hypertrophic Cardiomyopathy HP:0001639 
3-methylglutaconic aciduria HP:0003535 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

7 23 Yes 6 (Top 50%) 

Patient_32 

Developmental Delay HP:0001263 
Motor Delay HP:0001270 
Incoordination HP:0002311 
Frequent Falls HP:0002359 
Dilated Cardiomyopathy HP:0001644 
Failure to Thrive HP:0001508 
Decreased Activity of Mitochondrial Complex I HP:0011923 

7 46 Yes 11 (Top 50%) 

Patient_33 

Seizures HP:0001250 
Developmental Delay HP:0001263 
Microcephaly HP:0000252 
Intrauterine Growth Retardation HP:0001511 
Dystonia HP:0001332 
Hypertrophic Cardiomyopathy HP:0001639 
Left Ventricular Hypertrophy HP:0001712 
Gastroesophageal Reflux HP:0002020 
Hypoglycaemia HP:0001943 
Hypotonia HP:0001290 
Nasogastric Tube Feeding in Infancy HP:0011470 
Lactic Acidosis HP:0003128 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 

14 53 Yes 53 (Top 50%) 
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Patient_34 

Dilated Cardiomyopathy HP:0001644 
Developmental Delay HP:0001263 
Feeding Difficulties HP:0011968 
Visual Impairment HP:0000505 
Leukodystrophy HP:0002415  
Spastic Tetraplegia HP:0002510 
Scoliosis HP:0002650 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

11 40 Yes 16 (Top 50%) 

Patient_35 

Feeding Difficulties HP:0011968 
Failure to Thrive HP:0001508 
Hypotonia HP:0001290 
Hypertrophic Cardiomyopathy HP:0001639 
Developmental Delay HP:0001263 
Pericardial Effusion HP:0001698 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

10 88 Yes 33 (Top 50%) 

Patient_36 
Dilated Cardiomyopathy HP:0001644 
Developmental Delay HP:0001263 
Abnormality of the Renal Tubule HP:0000091 
Myopathy HP:0003198 
Decreased Activity of Mitochondrial Complex I HP:0011923 

5 77 Yes 11 (Top 20%) 

Patient_37 

Hypotonia HP:0001290 
Developmental Delay HP:0001263 
Motor Delay HP:0001270 
Fatigue HP:0012378 
Increased Serum Lactate HP:0002151 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

7 63 Yes 2 (Top 20%) 

Patient_38 

Dilated Cardiomyopathy HP:0001644 
Failure to Thrive HP:0001508 
Seizures HP:0001250 
Lactic Acidosis HP:0003128 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

6 92 Yes 19 (Top 20%) 

Patient_39 
Dilated Cardiomyopathy HP:0001644 
Neutropenia HP:0001875 
Myopathy HP:0003198 
Failure to Thrive HP:0001508 
3-methylglutaconic aciduria HP:0003535 

5 36 Yes 1 (Top 20%) 
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Patient_40 

Cyanosis HP:0000961 
Hypertrophic Cardiomyopathy HP:0001639 
Fatigue HP:0012378 
Generalized Oedema  HP:0007430 
Ataxia HP:0001251 
Tremor HP:0001337 
Seizures HP:0001250 
Generalized Muscle Weakness HP:0003324 
Apnoea HP:0002104 
Incoordination HP:0002311 
Frequent Falls HP:0002359 
Ptosis HP:0000508 
Scoliosis HP:0002650 
Hypotonia HP:0001290 
Increased Serum Lactate HP:0002151 
Peripheral Neuropathy HP:0009830 
Sensory Neuropathy HP:0000763 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

18 56 Yes 5 (Top 20%) 

Patient_41 

Developmental Delay HP:0001263 
Cognitive Impairment HP:0100543 
Intellectual Disability HP:0001249 
Joint Hypermobility HP:0003160 
Dystonia HP:0001332 
Dilated Cardiomyopathy HP:0001644 
Dystonia HP:0001332 
Hypertonia HP:0001276 
Hyperreflexia HP:0001347 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

10 44 Yes 1 (Top 20%) 

Distinguishing features are denoted in bold. 
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Figure 3.8 Diagnostic Utility of MitoCardio Map.  MitoCardio Map is a free online resource to aid the 
diagnosis of mitochondrial cardiomyopathy.  The resource features phenotypic data associated with 162 
disease genes.  The overall diagnostic hit rate from 20 test cases was 95% (A left panel) of which 60% were 
in the top 20% of candidates, 30% were in the top 50% of candidates, and 5% appeared lower in the 
candidate gene list (A right panel).  (B) The 10 most commonly observed phenotypes associated with 
mitochondrial cardiomyopathy, expressed in HPO terms and numbers. 

 

A 
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3.4.4 MitoLiver Map 

The energy-consuming biosynthetic and detoxifying functions of the liver also make it 
highly susceptible to mitochondrial dysfunction.  In addition to being heavily dependent 
on aerobic respiration, hepatocytes are especially affected by aberrant ROS signalling and 
respiratory chain uncoupling349,351 (Section 1.4.4.3).  Liver dysfunction has been observed 
more frequently in a paediatric setting and is thought to be present in 10-20% of all 
mitochondrial disease cases356.  Analysis of 3,400 publications pertaining to mitochondrial 
disease identified 125 disease genes that were associated with some sort of hepatic 
involvement.  The MitoLiver Map provides information on these genes and 503 
phenotypes. 

Unlike the MitoEpilepsy and MitoCardio Maps, the MitoLiver map contains finer detail 
about liver pathologies.  Whereas, HCM and DCM were the most commonly observed 
cardiovascular abnormalities, observed liver pathologies were more scattered.  The most 
frequently observed liver phenotypes were hepatomegaly (61/125 genes) and liver failure 
(41/125).  The map also features biopsy findings including cholestasis (20/125), steatosis 
(27/125), and fibrosis (14/125).  Interestingly, acute liver failure and end-stage cirrhosis 
were less commonly observed.  Only 4 hepatopathy-causing gene defects included acute 
liver failure as one of the presenting phenotypes.  A number of biochemical features 
indicating liver dysfunction were also commonly observed.  These include 
hyperammonaemia (32/125), elevated hepatic transaminases (57/125), and coagulopathy 
(23/125).  The most commonly observed extra-hepatic phenotypes in the MitoLiver Map 
included seizures, cardiomyopathy, developmental delay, and hypotonia.  This again 
highlights the multi-systemic nature of mitochondrial liver disease (Figure 3.9).  Similar to 
the MitoCardio Map, the MitoLiver Map has a higher proportion of OXPHOS complex 
defects (44/125; 35%) compared to the MitoMedicine Map (98/369; 27%). 

The MitoLiver Map was tested with 20 test cases from five centres an interest in 
mitochondrial disease and all liver disease around the world (Kings College London, 
Evelina Children’s Hospital, Paris, and Mumbai).  The MitoLiver Map was the most 
accurate of all the MitoMaps, with a 100% success rate in identifying the causative gene 
(Figure 3.9, Table 3-5).  Moreover, 90% of the cases were ‘diagnosed’ from the top 20% of 
candidates.  The causative genes for the remaining 10% of test cases were identified from 
the top 50% of candidates (Figure 3.9, Table 3-5).  The average number of candidate 



183 
 

genes per test case was 32 and on average 76% of the genes in the MitoLiver Map were 
eliminated for each individual test case.  Overall, the MitoLiver Map was demonstrated to 
be a highly effective diagnostic resource for mitochondrial hepatopathy.   
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Case ID Query Phenotypes  Number of 
Phenotypes Number of Candidates Genes Correct Answer Found Ranking of Correct Causative 

Gene 

Patient_42 

Hypoglycaemia HP:0001943 
Jaundice HP:0000952 
Hypermethioninemia HP:0003235 
Hypertyrosinemia HP:0003231 
Hypotonia HP:0001290 
Increased Serum Lactate HP:0002151 
Elevated Hepatic Transaminases HP:0002910 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Hypoalbuminemia HP:0003073 
Abnormality of the Coagulation Cascade HP:0003256 
Cholestasis HP:0001396 
Hepatomegaly HP:0002240 
Hepatosplenomegaly HP:0001433 
Nystagmus HP:0000639 
Cardiomyopathy HP:0001638 
Ascites HP:0001541 

17 28 Yes 2 (Top 20%) 

Patient_43 

Failure to Thrive HP:0001508 
Microcephaly HP:0000252 
Hypoglycaemia HP:0001943 
Hepatomegaly HP:0002240 
Hepatosplenomegaly HP:0001433 
Increased Serum Lactate HP:0002151 
Cholestasis HP:0001396 
Elevated Hepatic Transaminases HP:0002910 
Hepatosplenomegaly HP:0001433 
Nephrocalcinosis  HP:0000121 
Hepatic Fibrosis HP:0001395 
Hepatic Steatosis  HP:0001397 
Ascites HP:0001541 
Splenomegaly HP:0001744 
Abnormality of the Renal Tubule HP:0000091 
Hypotonia HP:0001290 
Nystagmus HP:0000639 
Abnormal auditory evoked potentials HP:0006958 
Poor Eye Contact HP:0000817 
Hypoparathyroidism HP:0000829 
Skeletal Dysplasia HP:0002652 
Cerebral Atrophy HP:0002059 
Strabismus HP:0000486 
Retinitis Pigmentosa HP:0000510 
Sensorineural Hearing Impairment HP:0000407 
Spasticity HP:0001257 
Seizures HP:0001250 
Cataract HP:0000518 
Increased CSF Lactate HP:0002490 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 

31 41 Yes 19 (Top 50%) 

Table 3-5 Test Case Results for MitoLiver Map 
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Patient_44 

Lactic Acidosis HP:0003128 
Microcephaly HP:0000252 
EEG Abnormality  HP:0002353 
Failure to Thrive HP:0001508 
Spasticity HP:0001257 
Nephrocalcinosis  HP:0000121 
Increased Serum Lactate HP:0002151 
Elevated Hepatic Transaminases HP:0002910 
Abnormality of the Renal Tubule HP:0000091 
Delayed Myelination HP:0012448 
Ascites HP:0001541 
Decreased Activity of Mitochondrial Complex III HP:0011923 

12 42 Yes 8 (Top 20%) 

Patient_45 

Intrauterine Growth Retardation HP:0001511 
Failure to Thrive HP:0001508 
Increased Serum Lactate HP:0002151 
Hepatomegaly HP:0002240 
Elevated Hepatic Transaminases HP:0002910 
Abnormality of the Coagulation Cascade HP:0003256 
Cholestasis HP:0001396 
Abnormality of the Renal Tubule HP:0000091 
Hypotonia HP:0001290 
Poor Eye Contact HP:0000817 
Ascites HP:0001541 
Decreased Activity of Mitochondrial Complex III HP:0011923 

12 42 Yes 5 (Top 20%) 

Patient_46 

Hypoglycaemia HP:0001943 
Lactic Acidosis HP:0003128 
Ketosis HP:0001946 
Abnormality of the Coagulation Cascade HP:0003256 
Elevated Hepatic Transaminases HP:0002910 
Hyperammonaemia HP:0001987 
Nystagmus HP:0000639 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Nephrolithiasis HP:0000787 
Abnormality of the Renal Tubule HP:0000091 
Spasticity HP:0001257 
Retinitis Pigmentosa HP:0000510 
Hypokalemia  HP:0002900 
Ascites HP:0001541 
Cholestasis HP:0001396 

16 31 Yes 2 (Top 20%) 

Patient_47 

Hepatomegaly HP:0002240 
Increased Serum Lactate HP:0002151 
Hyperbilirubinemia HP:0002904 
Jaundice HP:0000952 
Respiratory Insufficiency HP:0002093 
Hyperalaninemia HP:0003348 
Hypermethioninemia HP:0003235 
Hyperglutaminemia HP:0003217 
Hyperglutaminemia HP:0003217 
Increased Serum Ferritin HP:0003281 
4-Hydroxyphenylacetic aciduria HP:0003607 
Elevated Hepatic Iron Concentration HP:0012465 

12 18 Yes 4 (Top 20%) 
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Patient_48 

Hepatomegaly HP:0002240 
Jaundice HP:0000952 
Cholestasis HP:0001396 
Abnormality of the Coagulation Cascade HP:0003256 
Feeding Difficulties HP:0011968 
Vomiting HP:0002013 
Irritability HP:0000737  
Hyperalaninemia HP:0003348 
Hypermethioninemia HP:0003235 
Hyperglutaminemia HP:0003217 
4-Hydroxyphenylacetic aciduria HP:0003607 
Mitochondrial Depletion HP:0030059 

12 21 Yes 2 (Top 20%) 

Patient_49 

Abnormality of the Liver HP:00001392 
Cholestasis HP:0001396 
Jaundice HP:0000952 
Abnormality of the Coagulation Cascade HP:0003256 
Ascites HP:0001541 
Mitochondrial Depletion HP:0030059 
Hypermethioninemia HP:0003235 
Hypertyrosinemia HP:0003231 
Hyperalaninemia HP:0003348 
4-Hydroxyphenylacetic aciduria HP:0003607 

10 19 Yes 2 (Top 20%) 

Patient_50 

Cognitive Impairment HP:0100543 
Intellectual Disability HP:0001249 
Seizures HP:0001250 
Focal Seizures HP:0007359 
Vomiting HP:0002013 
Ptosis HP:0000508 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 

10 34 Yes 1 (Top 20%) 

Patient_51 

Developmental Delay HP:0001263 
Vomiting HP:0002013 
Hepatomegaly HP:0002240 
Abnormality of the Coagulation Cascade HP:0003256 
Abnormality of the Liver HP:00001392 
Status Epilepticus HP:0002133 
Epilepsia Partialis Continua HP:0012847 
Lactic Acidosis HP:0003128 
Hypoglycaemia HP:0001943 
Elevated Hepatic Transaminases HP:0002910 

10 43 Yes 5 (Top 20%) 
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Patient_52 

Lactic Acidosis HP:0003128 
Elevated Hepatic Transaminases HP:0002910 
Dystonia HP:0001332 
Dysphagia HP:0002015 
Increased Serum Lactate HP:0002151 
Hypertrichosis HP:0000998 
Abnormal Facial Shape HP:0001999 
Spastic Tetraplegia HP:0002510 
Abnormality of the Renal Tubule HP:0000091 
Renal Fanconi Syndrome HP:0001994 
Aminoaciduria HP:0003355 
Glycosuria HP:0003076 
Hepatic Fibrosis HP:0001395 

13 39 Yes 4 (Top 20%) 

Patient_53 

Sensorineural Hearing Impairment HP:0000407 
Hypoglycaemia HP:0001943 
Abnormality of the Liver HP:00001392 
Elevated Hepatic Transaminases HP:0002910 
Dystonia HP:0001332 
3-methylglutaconic aciduria HP:0003535 
Increased Serum Lactate HP:0002151 

7 28 Yes 4 (Top 20%) 

Patient_54 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Elevated Hepatic Transaminases HP:0002910 
Ascites HP:0001541 

4 23 Yes 2 (Top 20%) 

Patient_55 

Seizures HP:0001250 
Nystagmus HP:0000639 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Increased Serum Lactate HP:0002151 
Elevated Hepatic Transaminases HP:0002910 
Hypertyrosinemia HP:0003231 
Abnormality of the Coagulation Cascade HP:0003256 

8 42 Yes 1 (Top 20%) 

Patient_56 

Abnormality of the Liver HP:00001392 
Hepatic Failure HP:0001399 
Elevated Hepatic Transaminases HP:0002910 
Lactic Acidosis HP:0003128 
Ascites HP:0001541 
Hepatic Steatosis  HP:0001397 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Cirrhosis HP:0001394 

8 28 Yes 1 (Top 20%) 

Patient_57 

Abnormality of the Liver HP:00001392 
Acute Liver Failure HP:0006554 
Hepatic Failure HP:0001399 
Cognitive Impairment HP:0100543 
Intellectual Disability HP:0001249 
Seizures HP:0001250 
Increased Serum Lactate HP:0002151 

7 53 Yes 11 (Top 20%) 
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Patient_58 

Intrauterine Growth Retardation HP:0001511 
Hepatic Failure HP:0001399 
Cholestasis HP:0001396 
Hypoglycaemia HP:0001943 
Failure to Thrive HP:0001508 
Elevated Hepatic Transaminases HP:0002910 
Hepatomegaly HP:0002240 
Hypotonia HP:0001290 
Hepatic Steatosis  HP:0001397 
Hepatosplenomegaly HP:0001433 
Splenomegaly HP:0001744 
Peripheral  Neuropathy HP:0009830 
Sensory Neuropathy HP:0000763 
Sensorimotor Neuropathy HP:0007141 
Gastronomy Tube Feeding in Infancy HP:0011471 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Mitochondrial Depletion HP:0030059 
Hepatic Steatosis  HP:0001397 
Cholestasis HP:0001396 

20 23 Yes 7 (Top 50%) 

Patient_59 

Failure to Thrive HP:0001508 
Cholestasis HP:0001396 
Hepatic Failure HP:0001399 
Hyperbilirubinemia HP:0002904 
Hypoglycaemia HP:0001943 
Hyperammonaemia HP:0001987 
Ascites HP:0001541 
Leukodystrophy HP:0002415  
Abnormality of Extrapyramidal Motor Function HP:0002071 
Delayed Myelination HP:0012448 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 
Mitochondrial Depletion HP:0030059 
Hepatic Steatosis  HP:0001397 

14 25 Yes 2 (Top 20%) 

Patient_60 

Failure to Thrive HP:0001508 
Cholestasis HP:0001396 
Hepatomegaly HP:0002240 
Elevated Hepatic Transaminases HP:0002910 
Increased Serum Lactate HP:0002151 
Diarrhoea HP:0002014 
Dehydration HP:0001944 
Hypotonia HP:0001290 
Hepatic Steatosis  HP:0001397 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Mitochondrial Depletion HP:0030059 
Hepatic Fibrosis HP:0001395 

12 37 Yes 1 (Top 20%) 
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Patient_61 

Hypertrophic Cardiomyopathy HP:0001639 
Lactic Acidosis HP:0003128 
Hypoglycaemia HP:0001943 
Failure to Thrive HP:0001508 
Hyperammonaemia HP:0001987 
Abnormality of the Renal Tubule HP:0000091 
3-methylglutaconic aciduria HP:0003535 
Increased CSF Lactate HP:0002490 

8 34 Yes 1 (Top 20%) 

 Distinguishing features are denoted in bold. 
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Figure 3.9 Diagnostic Utility of MitoLiver Map.  MitoLiver Map is a free online resource to aid the 
diagnosis of mitochondrial hepatopathy.  The resource features phenotypic data associated with  125 
disease genes.  The overall diagnostic hit rate from 20 test cases was 100% (A left panel) of which 90% 
were in the top 20% of candidates and 10% were in the top 50% of candidates (A right panel).  (B) The 10 
most commonly observed phenotypes associated with mitochondrial hepatopathy, expressed in HPO 
terms and numbers. 

A 

B 
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3.4.5 MitoMedicine Map 

Mitochondrial diseases are a heterogenous group of disorders with nearly 400 causative 
genes.  In addition to phenotype-specific maps, a larger resource comprising the entirety 
of mitochondrial disease was also created.  The MitoMedicine Map features genetic, 
phenotypic, and demographic information on 369 causative mitochondrial disease genes 
and contains 614 phenotypes.  MitoMedicine Map has ~13,800 gene-to-phenotype 
interactions (Table 3-1).  Since the foundation of the MitoMaps lies in the scientific 
literature, it is limited to include those gene defects which have reported phenotypes.  A 
number of mitochondrial disease gene defects have been reported in the literature or 
have been presented at conferences without any reported phenotypic interactions.  
Therefore, there is a discrepancy between the actual number of mitochondrial disease 
gene defects (~400)2 and the number of mitochondrial disease gene defects on 
MitoMedicine Map.    

Virtually any organ or tissue in the body can be affected by mitochondrial disease.  
However, phenotypes from certain systems show up more often than others in the 
MitoMedicine Map.  The most commonly affected organ is the brain.  Ninety-four percent 
of the genes in the MitoMedicine Map (346/369) have at least one neurological 
presentation (e.g.  hypotonia, global developmental delay, pyramidal and extra-pyramidal 
motor function abnormalities, peripheral neuropathies) (Figure 3.10).  Ophthalmological 
(e.g.  optic atrophy, nystagmus, cataracts) and skeletal muscle abnormalities are also 
commonly observed and over half of the gene defects in MitoMedicine Map are 
associated with at least one phenotype affecting these organ systems (72% and 63%, 
respectively) (Figure 3.10).  Other prominent organ systems involved by mitochondrial 
disease include the kidney (98/369) and endocrine system (123/369) as well as 
neuropsychiatric involvement (109/369) (Figure 3.10).  Notably, immunological (29/369) 
and respiratory (30/369) features appeared to be relatively under-represented in 
mitochondrial disease.  This phenotypic analysis of mitochondrial disease concludes that 
patients with mitochondrial disease almost always present with neuromuscular features.   

The MitoMedicine Map was tested with 20 test cases from Great Ormond Street Hospital.  
Four cases were unsolved at the time of writing and therefore the final genetic diagnosis 
is of the currently unknown.  Of the remaining 16 cases, the MitoMedicine Map was able 
to identify the correct causative gene in 11 cases (69%) (Figure 3.11; Table 3-6).  25% of 
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cases were correctly diagnosed from the top 20% of candidates while 31% of the 
candidates were identified from the top 50% of candidates (Figure 3.11; Table 3-6).  The 
causative gene for the remaining 13% of cases appeared further down the list of 
candidates (Figure 3.11; Table 3-6).  The average number of candidate genes per test case 
for the MitoMedicine Map was 63 and the average percentage of genes eliminated by the 
analysis of the was 83% (Figure 3.10).  The most commonly observed phenotypes 
included developmental delay, hypotonia, seizures, and cardiomyopathy.  In addition, 
deficiencies of CI and CIV (both isolated and combined) were the most commonly 
observed biochemical defects (Figure 3.11).  This finding is in line with previous findings 
that CI defects are the most commonly reported OXPHOS defect in mitochondrial disease 
patients319.   

Overall, the MitoMedicine Map shows slightly reduced diagnostic aptitude compared to 
the other MitoMaps, however, since the MitoMedicine Map is a larger resource than the 
other three MitoMaps, in future it will be beneficial to test further cases as the sample 
size of 16 for a map with 369 genes may have been too small to determine the diagnostic 
capability.  Furthermore, since the MitoMaps encompass the entirety of mitochondrial 
disease, it contains more gene defects which are less phenotypically heterogeneous.  
Since neurological and muscular presentations are especially prevalent in MitoMedicine 
Map (94%, and 63% of gene defects, respectively) (Figure 3.10), it may be that these types 
of disease presentations are more difficult to diagnose owing to a lack of distinguishing 
features.  However, the diagnostic hit rate of 69% still reflects a great degree of clinical 
utility for the MitoMedicine Map. 
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Case ID Query Phenotypes  Number of 
Phenotypes Number of Candidates Genes Correct Answer Found Ranking of Correct Causative 

Gene 
Patient_62 Unsolved 12 50 Unsolved N/A 

Patient_63 

Ataxia HP:0001251 
Developmental Delay HP:0001263 
Tremor HP:0001337 
Dysmetria HP:0001310 
Microcephaly HP:0000252 
Hyperactivity  HP:0000752 
Myoclonus HP:0001336 
Increased CSF Lactate HP:0002490 

8 32 No N/A 

Patient_64 Unsolved 15 42 Unsolved N/A 
Patient_65 Unsolved 10 20 Unsolved N/A 

Patient_66 

Lactic Acidosis HP:0003128 
Feeding Difficulties HP:0011968 
Vomiting HP:0002013 
Microcephaly HP:0000252 
Agenesis of Corpus Callosum HP:0001274 
Failure to Thrive HP:0001508 
Gastronomy Tube Feeding in Infancy HP:0011471 
Hypoglycaemia HP:0001943 
Vomiting HP:0002013 
Atrial Septal Defect HP:0001631 
Hepatomegaly HP:0002240 
Increased CSF Lactate HP:0002490 

12 55 No N/A 

Patient_67 

Sensorineural Hearing Impairment HP:0000407 
Microcephaly HP:0000252 
Failure to Thrive HP:0001508 
Lactic Acidosis HP:0003128 
Apnoea HP:0002104 
Hypotonia HP:0001290 
Generalized Muscle Weakness HP:0003324 
EMG Abnormality HP:0003457 
Myopathy HP:0003198 
Abnormality of the Renal Tubule HP:0000091 
Organic Aciduria HP:0001992 
4-Hydroxyphenylacetic aciduria HP:0003607 
3-methylglutaconic aciduria HP:0003535 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

16 39 Yes 11 (Top 50%) 

Table 3-6 Test Case Results for MitoMedicine Map 
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Patient_68 

Sensorineural Hearing Impairment HP:0000407 
Hypotonia HP:0001290 
Respiratory Insufficiency HP:0002093 
Feeding Difficulties HP:0011968 
Seizures HP:0001250 
Anaemia HP:0001903 
Visual Impairment HP:0000505 
Feeding Difficulties HP:0011968 
Areflexia HP:0001284 
Ptosis HP:0000508 
Left Ventricular Hypertrophy HP:0001712 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 
Myopathy HP:0003198 
Aminoaciduria HP:0003355 
Abnormality of the Renal Tubule HP:0000091 
Nephrocalcinosis  HP:0000121 
Elevated Urinary 3-hydroxybutyric Acid HP:0040155 
4-Hydroxyphenylacetic aciduria HP:0003607 
Increased Urine Fumaric Acid 
Ragged-Red Fibres HP:0003200 
Mitochondrial Depletion HP:0030059 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

26 39 Yes 3 (Top 20%) 

Patient_69 

Fever HP:0001945 
Feeding Difficulties HP:0011968 
Sepsis HP:0100806 
Seizures HP:0001250 
Hypotonia HP:0001290 
Apnoea HP:0002104 
Dystonia HP:0001332 
Left Ventricular Hypertrophy HP:0001712 
Infantile Spasms  HP:0012469 
EEG Abnormality  HP:0002353 
Developmental Delay HP:0001263 
Developmental Regression HP:0002376 
Poor Head Control HP:0002421 
Ptosis HP:0000508 
Poor Eye Contact HP:0000817 
Increased Serum Lactate HP:0002151 
Cerebral Atrophy HP:0002059 
Multifocal Epileptiform Discharges  HP:0010841 

18 55 Yes 23 (Top 50%) 

Patient_70 

Seizures HP:0001250 
Lactic Acidosis HP:0003128 
Lethargy HP:0001254 
Nasogastric Tube Feeding in Infancy HP:0011470 
Abnormal Facial Shape HP:0001999 
Low-Set Ears HP:0000369 
Increased CSF Lactate HP:0002490 
Elevated Krebs Cycle Metabolites in Urine 

8 32 No N/A 
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Patient_71 Unsolved 10 61 Unsolved N/A 

Patient_72 

Lactic Acidosis HP:0003128 
Increased Serum Lactate HP:0002151 
Cataract HP:0000518 
Hypotonia HP:0001290 
Myopathy HP:0003198 
Developmental Delay HP:0001263 
3-methylglutaconic aciduria HP:0003535 

7 157 Yes 5 (Top 20%) 

Patient_73 

Hypertrophic Cardiomyopathy HP:0001639 
Lactic Acidosis HP:0003128 
Failure to Thrive HP:0001508 
Hypoglycaemia HP:0001943 
Abnormality of the Renal Tubule HP:0000091 
Abnormality of the Liver HP:00001392 
Hyperammonaemia HP:0001987 
3-methylglutaconic aciduria HP:0003535 
Leukodystrophy HP:0002415 

9 59 Yes 2 (Top 20%) 

Patient_74 

Ventricular Septal Defect  HP:0001629 
Hypertrophic Cardiomyopathy HP:0001639 
Left Ventricular Hypertrophy HP:0001712 
Failure to Thrive HP:0001508 
Gastronomy Tube Feeding in Infancy HP:0011471 
Gastrointestinal Dysmotility HP:0002579 
Developmental Delay HP:0001263 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

9 86 Yes 25 (Top 50%) 

Patient_75 

Renal Insufficiency HP:0000083 
Abnormality of the Renal Tubule HP:0000091 
Myopathy HP:0003198 
Exocrine Pancreaetic Insufficiency  HP:0001738  
Hypothyroidism HP:000821 
Growth Hormone Deficiency HP:0000824 
Short Stature HP:0004322 
Hyperkalemia  HP:0002153 
Ragged-Red Fibres HP:0003200 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex II HP:0011923 
Decreased Activity of Mitochondrial Complex III HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

13 41 Yes 19 (Top 50%) 

Patient_76 
Hypertrophic Cardiomyopathy HP:0001639 
Dilated Cardiomyopathy HP:0001644 
Lactic Acidosis HP:0003128 
3-methylglutaconic aciduria HP:0003535 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

5 76 Yes 39 (Top 50%) 

Patient_77 
Migraine HP:0002076 
Hemiparesis HP:0001269 
Hypertrophic Cardiomyopathy HP:0001639 
Stroke-Like Episodes HP:0002401 

4 32 Yes 29 (Top 80%) 



196 
 

Patient_78 
Developmental Delay HP:0001263 
Dilated Cardiomyopathy HP:0001644 
Increased Serum Lactate HP:0002151 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

5 164 No N/A 

Patient_79 

Hypertrophic Cardiomyopathy HP:0001639 
Fatigue HP:0012378 
Dyspnoea HP:0002094 
Generalized Muscle Weakness HP:0003324 
Scoliosis HP:0002650 
Ataxia HP:0001251 
Dysmetria HP:0001310 
Dysdiadochokinesis HP:0002075 
Inability to Walk HP:0002540 
Gastroesophageal Reflux HP:0002020 
3-methylglutaconic aciduria HP:0003535 
Increased Serum Lactate HP:0002151 
Skeletal Muscle Atrophy HP:0003202 

13 32 Yes 6 (Top 20%) 

Patient_80 

Hypertrophic Cardiomyopathy HP:0001639 
Restrictive External Ophthalmoplegia HP:0007936 
Developmental Regression HP:0002376 
Gastroesophageal Reflux HP:0002020 
Constipation HP:0002019 
Adrenal Insufficiency HP:0000846 
Renal Insufficiency HP:0000083 
Abnormality of the Renal Tubule HP:0000091 
Wolff-Parkinson-White Syndrome HP:0001716 
Increased Serum Lactate HP:0002151 
Increased CSF Lactate HP:0002490 
Hyperalaninemia HP:0003348 
Decreased Activity of Mitochondrial Complex I HP:0011923 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

14 59 Yes 39 (Top 70%) 

Patient_81 
Dilated Cardiomyopathy HP:0001644 
Failure to Thrive HP:0001508 
Developmental Delay HP:0001263 
Hypotonia HP:0001290 
Decreased Activity of Mitochondrial Complex IV HP:0008347 

5 44 No N/A 

Distinguishing features are denoted in bold; Cases highlighted in orange were unsolved at the time of testing. 
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Figure 3.10 Outputs from the MitoMaps.  Top ten systemic manifestations observed in the MitoMedicine Map  (A).  All 
MitoMaps provide a manageable number of output candidate genes (B left panel) and eliminate ~75-80% of genes for each 
test case (B right panel).  MitoEpilepsy Map, n=21, MitoCardio and MitoLiver Map, n=20, MitoMedicine Map, n=16 (the four 
unsolved test cases were not included in these analyses). 

A 

B 
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Figure 3.11 Diagnostic Utility of MitoMedicine Map.  MitoMedicine Map is a free online resource to aid 
the diagnosis of mitochondrial disease.  The resource features phenotypic data from 369 disease genes.  
The overall diagnostic hit rate from 16 genetically confirmed test cases was 69% (A left panel) of which 
25% were in the top 20% of candidates, 31% were in the top 50% of candidates, and 13% were featured in 
the candidate list (A right panel).  (B) The 10 most commonly observed phenotypes associated with 
mitochondrial disease, expressed in HPO terms and numbers. 

 

A 

B 
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3.5 Discussion 

The first aim of this project was to develop a strategy to improve the diagnostic yield of 
mitochondrial disorders.  This was done by creating free interactive gene-to-phenotype 
networks.  The MitoMaps are four resources that feature detailed phenotypic information 
for hundreds of gene defects causing primary mitochondrial disorders.  Navigation 
through the MitoMaps is user-friendly, with an API resembling Google Maps that allows 
the user to navigate different gene defects smoothly (Figures 3.2-3.5).  The search 
function allows users to query a set of patient phenotypes and obtain a list of potential 
genetic diagnoses.  In minutes, the user can extract relevant data derived from over 4,000 
publications to help inform diagnosis and/or clinical management.   

The primary function we propose for the MitoMaps is to be used in conjunction with NGS 
to help annotate variants.  We do not propose that the MitoMaps act as a substitute for 
NGS or other accredited diagnostic tests.  However, phenotypic relevance can help 
narrow down the thousands of variants usually returned from NGS.  This is especially true 
for VUS, where phenomics can help provide evidence of pathogenicity.  The MitoMaps 
can also help direct further functional investigations, and potentially eliminate the need 
for invasive muscle and liver biopsies in paediatric patients.  Furthermore, the MitoMaps 
can secondarily function as clinical management tools, wherein the clinician can pre-empt 
possible future phenotypes or avoid certain medications (e.g.  sodium valproate in 
patients with POLG mutations)360.   

Overall, the diagnostic aptitude of all four MitoMaps was positive.  The MitoLiver Map 
was the most effective at predicting causative gene defects in 100% of 20 test cases 
(Figure 3.9).  Moreover, the test cases were written by five different clinicians from around 
the world, further demonstrating the broad applicability and utility of this resource.  
While MitoLiver Map is the smallest of the four MitoMaps, its diagnostic hit rate was still 
higher than that of the prototype resource Leigh Map, which had a diagnostic rate of 
80%361.  However, one reason for this high diagnostic hit rate is that many of the test 
cases were vignettes describing classical syndromic presentations of mitochondrial 
hepatopathy.  These included Alpers-Huttenlocher syndrome, hepatocerebral MDDS, and 
Growth Retardation, Aminoaciduria, Cholestasis, Iron overload, Lactic acidosis and Early 
death (GRACILE) syndrome503.  It is true that in specialist centres, syndromic cases could 
potentially be diagnosed by specialist metabolic clinicians.  However, these individually 
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rare or ultra-rare disorders may also be missed by non-experts.  Thus, a resource such as 
MitoLiver map, which documents detailed phenotypic data harnessing years of specialist 
knowledge may still have clinical utility.   

The MitoLiver Map was also able to diagnose atypical liver involvement including test 
case of a patient with a mutation in CV assembly factor TMEM70 (Table 3-5), 
demonstrating that it is capable also for identifying uncommon gene defects causing liver 
dysfunction.  Typically, mutations in TMEM70 cause HCM, lactic acidosis, hypotonia, and 
3-methylglutaconic aciduria504.  In a natural history study of TMEM70 deficiency, liver 
dysfunction was not featured as a prominent feature in 48 patients504.  Thus, it can be 
concluded that the MitoLiver Map is adept at recognizing diagnostic patterns in both 
syndromic and atypical presentations of mitochondrial hepatopathy.   

The MitoCardio Map also demonstrated a high diagnostic hit rate (95%) in 20 test cases 
(Figure 3.8).  Unlike the hepatic test cases, the cardiomyopathy vignettes were far more 
clinically heterogenous and often displayed non-syndromic presentations (Table 3-4).  For 
example, MitoCardio Map was able to diagnose cardiomyopathy caused by a defect in 
frataxin (FXN gene), a protein involved in the biogenesis of [Fe-S] clusters utilised by CI, 
CII, and CIII of the OXPHOS system505 (Table 3-4).  Mutations in frataxin cause Friedreich 
ataxia, a neurodegenerative disorder characterised by a slowly progressive ataxia, 
scoliosis, and several neuromuscular symptoms505.  However, patients with Friedreich 
ataxia can also present with cardiac symptoms, which was accurately predicted by 
MitoCardio Map506.  In addition, MitoCardio Map was able to diagnose a gene defect in 
PPA2, a mitochondria-specific pyrophosphatase507 (Table 3-4).  In contrast to the 150-
year history of Friedreich ataxia, PPA2-deficiency has been far less reported in the 
literature and may not be known to diagnosing clinicians505. 

The final phenotype-specific MitoMap was MitoEpilepsy Map.  It was larger than both the 
liver and heart maps with 233 causative genes and 579 associated phenotypes (Table 3-
1).  MitoEpilepsy Map had a diagnostic rate of 86% for of the of 20 test cases (Figure 3.7).  
This lower diagnostic hit rate (compared to MitoLiver map and MitoCardio map) may 
reflect the complex multisystemic presentation associated with mitochondrial epilepsies, 
as only a few mitochondrial epilepsies are part of the discrete syndromic presentation.  
Examples include Alpers-Huttenlocher syndrome and MERRF508-510.  Nonetheless, the 
MitoEpilepsy Map still had a higher diagnostic hit rate than the prototype resource Leigh 
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Map (80% diagnostic hit rate)361.  When we published Leigh Map, we found that those 
test cases which featured distinguishing non-neurological phenotypes were easier to 
diagnose.  Indeed, the MitoEpilepsy Map was the resource with the most isolated cases of 
the phenotype in question (Figure 3.12).  There were 92 gene defects which cause 
epilepsy without cardiomyopathy or hepatopathy.  In contrast, mitochondrial 
cardiomyopathy and hepatopathy seem to be more often present as multi-organ 
presentations (Figure 3.12).  This suggests that it may be more difficult to disentangle 
diagnostic patterns in isolated neurological disorders.   

 

Figure 3.12 Phenotype Segregation of the MitoMaps.  Comparison of co-segregation of 
MitoMaps phenotypes.  All genes in addition to the 71 genes outside the Venn diagram are 
present in MitoMedicine Map. 
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The resource with the lowest, albeit still significant, diagnostic hit rate was the 
MitoMedicine Map (69%).  The MitoMedicine Map was able to predict the correct 
causative gene in 11 of the 16 genetically solved test cases, although with less precision 
than the other MitoMaps (Figure 3.7).  Only 25% of the correctly diagnosed test cases 
were found in the top 20% of candidates (Figure 3.7).  Since the data from the MitoMaps 
are derived from the literature, the diagnostic power is only as effective as the reports 
they come from.  Indeed, several papers used to develop the MitoMedicine Map include 
publications about gene defects from a single patient.  This inevitably results in variable 
annotation of genes with less phenotypic information about certain genes.  For example, 
SURF1 deficiency is a well-documented gene defect with 79 accompanying publications.  
As a result, the SURF1 submap on MitoMedicine Map has 122 associated phenotypes.  In 
contrast, more recently reported gene defects such as mutations in the mitochondrial 
membrane protein OXA1L, have only appeared in a single publication511.  The OXA1L 

submap on MitoMedicine Map consequently only has 21 reported phenotypes.  
Therefore, the MitoMedicine Map is less adept at predicting rarer gene defects.  To 
mitigate this is future, we may consider expert curation to supplement the HPO terms 
found in the literature.  A starting point for this is the “feedback” feature on VMH which 
can record submissions of clinical vignettes of genetically confirmed mitochondrial 
disease.   

Compared to other tools, the MitoMaps collectively provide a robust and manageable set 
of candidate genes.  For each test case leads to elimination of 75-80% of the genes on its 
respective MitoMap was achieved (Figure 3.10).  This precision sets the MitoMaps apart 
from many other phenomics tools.  For example, phenomics-based tools such as 
Phenolyzer which uses a machine learning to collate phenotypic associations from 
multiple knowledgebases, is often accurate, but returns thousands of potential candidate 
genes, the majority of which are not useful for clinicians383.  Elucidating a refined number 
of candidate genes is beneficial as it reduces time needed for NGS variant interpretation 
and can limit the number of confirmatory biochemical or histological tests needed to 
validate a diagnosis.   

In future, as this software is intended to provide a dynamic and continually curated 
resource, there are certain features that could be incorporated that would help increase 
the clinical utility of the MitoMedicine Map.  The first of these would be to implement an 
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advanced search function wherein the maps would count and rank gene candidates.  At 
present, some manual interpretation is required to use the MitoMaps.  In addition, it will 
be useful in future to weight distinguishing phenotypes.  For example, phenotypes which 
indicate general mitochondrial dysfunction (e.g.  lactic acidosis), could be weighted less 
than more distinct phenotypes such as cardiomyopathy or renal tubulopathy.  In addition, 
including responses to drug treatments, when and if they become available for 
mitochondrial disease may help inform clinical management in future.  Furthermore, a 
few mitochondrial disorders are potentially treatable, for example disorders of coenzyme 
Q10 biosynthesis or biotin-thiamine responsive basal ganglia disease caused by SLC19A3 
mutations373.  In future, it may also be useful to denote these treatable disorders so that 
they could be administered as soon as possible to patients.   

An additional consideration that needs to be made for future iterations of the MitoMaps 
is the issue of diagnostic specificity.  The breadth of phenotypic data available on the 
MitoMaps clearly demonstrated that mitochondrial disease is extremely clinically 
heterogeneous.  All testing and development of the MitoMaps was based upon 
genetically confirmed test cases of mitochondrial disease (published or unpublished).  
However, phenotypic variability also exists in several other IEMs including lysosomal 
storage disorders and congenital disorders of glycosylation360.  Many epilepsies also 
display elements of secondary mitochondrial dysfunction313.  Therefore, in future we aim 
to test the MitoMaps with other IEMs to determine whether the MitoMaps are specific to 
mitochondrial disease diagnoses.  To improve specificity, the abovementioned phenotype 
weighting modifications to the MitoMaps may be of some utility.  For example, patient 
queries with mitochondria-specific phenotypes such as RRFs and mtDNA depletion could 
be weighted to indicate a strong indication of a mitochondrial disease.  The systematic 
structure of the MINERVA platform can facilitate the addition of further cellular and 
genetic compartments to expand upon the MitoMaps to include differential diagnoses.  
This will require further collaboration with metabolic specialists, neurologists, 
cardiologists, and hepatologists to reach a consensus on which gene defects to include as 
potential differential diagnoses on the MitoMaps.   

Another outstanding issue for the MitoMaps is future-proofing.  Mitochondrial disease is 
an evolving area, where novel gene defects are constantly being identified.  While it is 
relatively simple to add new genes to the MitoMaps, it requires an individual to manually 
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upload new material.  Automating this process using machine learning methods therefore 
may be a beneficial way to future-proof the MitoMaps so that the genetic and 
phenotypic information is constantly kept up-to-date.  However, fine-tuning and 
developing such an algorithm that matches the level of accuracy of the current MitoMaps 
as they continue to be developed will be a significant challenge.   

Indeed, a number of machine-learning based phenomics resources exist which currently 
rely upon data mining curated knowledgebases such as Phenomizer, OMIM, Orphanet, 
and ClinVar and not necessarily the literature376,382,383.  If literature outputs are given, 
these are only papers featured in the reference knowledgebases to begin with.  These 
algorithms rely heavily upon semantic matching, meaning they tabulate results based on 
matching query terms from the user with the same terms in knowledgebases, taking into 
account the meaning of the term512.  With regard to machine-learning-based phenotypic 
annotation from the literature, it might be difficult to generate outputs in the correct 
context.  For example, the introduction or discussion sections of many research papers 
may quote phenotypic terms, without the patient in question displaying those 
phenotypes.  Furthermore, current machine-learning learning phenomics resources are in 
turn dependent upon knowledgebases being continually updated.  In summary, while the 
advent of artificial intelligence will undoubtedly bring advances into phenomics, manual 
curation will likely be necessary at least in the short term, for the creation of highly 
comprehensive and detailed resources such as the MitoMaps. 

The advent of NGS has fundamentally changed the way patients with mitochondrial 
disease are diagnosed.  We propose that the MitoMaps can be used as part of a more 
stream-lined diagnostic algorithm.  When a clinician suspects a mitochondrial disease, 
they can query the phenotypes on the MitoMaps.  This will generate a list of potential 
candidate genes, that can be used to help narrow down NGS results and help improve 
annotation for VUS in mitochondrial genes.  In addition, MitoMap outputs can provide 
insights to direct further functional investigation to confirm a diagnosis, saving valuable 
time and laboratory resources.  For instance, if primary CoQ10 biosynthesis genes are 
strongly suggested, a CoQ10 biosynthesis assay can be ordered.  Furthermore, the 
MitoMaps can help reduce the need for invasive diagnostic procedures in favour of 
assays which can be performed from routine blood and urine collections.  Finally, the 
MitoMaps can provide insights into better clinical management.  For example, if POLG 
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mutations are suggested by the MitoMaps, sodium valproate can be promptly eliminated 
from the patient’s treatment regimen as a precautionary measure.  Moving forward, the 
MitoMaps will hopefully play a role in improving the diagnostic yield and clinical 
management of mitochondrial disease. 

   

3.5.1 Conclusions 

In this chapter, the aim was to develop online tools that can help improve the diagnostic 
yield of mitochondrial disorders.  To achieve this goal, four novel gene-to-phenotype 
networks were constructed.  The MitoMaps comprise three phenotype-specific diagnostic 
networks for mitochondrial epilepsy, cardiomyopathy, and hepatopathy (MitoEpilepsy 
Map, MitoCardio Map, and MitoLiver Map) in addition to a larger resource that 
documents gene-to-phenotype relationships for the entirety of mitochondrial disease 
(MitoMedicine Map).  When tested with real-world vignettes from unpublished 
mitochondrial disease patients with a confirmed genetic diagnosis, all four maps yielded 
positive diagnostic hit rates of 69-100%.  The predictive aptitude of the MitoMaps, when 
used in conjunction with NGS or biochemical testing, can be effective in establishing 
timely and accurate diagnoses for patients.   
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4 Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Effect of TRIDs and NMDIs on 
Transcript and Protein Levels of 
Patient Fibroblasts with 
Mitochondrial Disease Caused by 
Bi-Allelic Nonsense Mutations 
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4.1 Background 

Mitochondrial diseases are among the most common and severe inherited genetic 
disorders (Section 1.4), for which there are no disease-modifying curative therapies.  
Currently, therapeutic intervention for mitochondrial disorders is limited to symptomatic 
management (e.g.  anti-epileptic drug administration, organ transplantation, pacemakers) 
and vitamin and cofactor administration.  Even in cases where therapeutic opportunity 
exists, inter-patient variability results gives rise to inconsistent clinical efficacy.  For 
example, organ transplantation has been reported to improve survival in some patients, 
while making no difference in others, particularly when organ involvement is 
accompanied by neurological manifestations340,357.  While a ‘cocktail’ of common 
cofactors is frequently prescribed (e.g.  CoQ10, riboflavin, biotin, thiamine), a low 
proportion of patients show clinical improvement365.  However, in some cases, vitamin 
and cofactor administration is able to improve outcomes in corresponding enzyme and 
transporter deficiencies373,513.  As a result, the overall prognosis for mitochondrial 
disorders remain poor.   

Mitochondrial therapeutics is a rapidly expanding research area.  A number of 
pharmacological and genetic therapies are in development, with some currently in clinical 
trials (Table 1-1).  Since the mitochondrial pathogenome spans several hundred causative 
genes, the development of individual genetic therapies raises significant scientific and 
commercial challenges.  Therefore, novel pharmacological investigation is crucial for the 
treatment of mitochondrial disease.  Current drug therapies in development for 
mitochondrial disease target aspects of mitochondrial function.  Classes of drug in this 
category include synthetic antioxidants, cardiolipin stabilisers, and mitobiogenesis 
enhancers2 (Section 1.6.1). 

The vast majority of paediatric cases of mitochondrial disease arise from mutations in the 
nuclear genome.  These transcripts are therefore subject to the transcriptional and 
translation control mechanisms that govern the rest of the cellular proteome.  Normally, 
these proteins are synthesised by the cytosolic ribosome and imported into their correct 
mitochondrial compartment (Section 1.2.2).  Modulation of whole-cell post-
transcriptional and translational machinery therefore provides an additional therapeutic 
avenue for mitochondrial disorders, namely those caused by bi-allelic nuclear gene 
nonsense mutations.  The presence of a PTC results in three scenarios: NMD, truncated 
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protein formation, or translational read-through.  The former two events lead to 
pathogenic defects.  Translational read-through is the incorporation of a near-cognate 
aminoacylated tRNA in lieu of a PTC.  This results in the continuation of the translation 
elongation process and may give rise to a functional full-length polypeptide.  A natural 
phenomenon, translational read-through occurs roughly in once per 1000 ORFs.  
However, this equilibrium can be shifted towards read-through by the action of TRIDs 
and NMDIs.   

In other disease areas, translational read-through therapy, that is, the pharmacological 
promotion of near-cognate tRNA incorporation, has proven to be effective for genetic 
disorders caused by bi-allelic nonsense mutations in vitro and in vivo.  In fact, Ataluren, 
the first non-aminoglycoside read-through agent, is currently licenced for the treatment 
of DMD464.  Furthermore, there is an indication that metabolic disorders including 
mitochondrial disorders are particularly amenable to translational read-through therapy 
because small amounts of protein restoration can provide sufficient enzymatic activity to 
restore function.  Finally, and most excitingly, targeting the cytosolic gene expression 
machinery renders translational read-through therapy a gene-agnostic approach, 
meaning several mitochondrial disease genes could theoretically be targeted with a 
single therapy.   

In this chapter we aim to test whether TRIDs or NMDIs can elicit changes in transcript and 
protein level in fibroblast cell cultures derived from patients with mitochondrial disease 
caused by bi-allelic nonsense mutations.  A total of four drugs, three TRIDs, and one 
NMDI were tested.  Gentamicin, an aminoglycoside antibiotic was chosen as it is readily 
procurable and has recently demonstrated efficacy in a number of in vitro models of 
genetic disorders465,514.  Ataluren was also tested, as it is currently approved as a DMD 
therapy464, thereby providing the greatest promise for therapeutic development in 
mitochondrial disorders.  In addition, RTC13 was chosen as an experimental TRID which 
has demonstrated good in vitro and in vivo read-through activity467,515.  Finally, 
Amlexanox, an anti-inflammatory compound which moonlights as an NMD inhibitor was 
also tested, as it has previously demonstrated read-through efficacy in vitro471.    
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4.2 Aims 

In this chapter, the aim was to establish at a molecular level, whether TRIDs and NMDIs 
were able to restore transcript and protein in treated patient fibroblasts.  This would be 
the first indication that the drugs were eliciting an effect, before moving on to functional 
validation (Chapter 5).   

The aims for this chapter are as follows: 

 Assess the genetic landscape of mitochondrial disease caused by bi-allelic 
nonsense mutations and establish a genetically-confirmed heterogeneous cohort 
of patient fibroblast cultures.   

 Use in silico mutation prediction algorithms to prioritise cell lines that may be 
especially amenable to translational read-through therapy.   

 Choose appropriate TRIDs and NMDIs with which to treat patient fibroblasts. 

 Establish an effective dose range of TRIDs and NMDIs. 

 Ensure that the drugs are safe to use in a fibroblast system. 

 Perform qPCR experiments on TRID- and NMDI-treated patient fibroblasts to 
detect changes in transcript levels. 

 Perform western blot experiments on TRID- and NMDI-treated patient fibroblasts 
to detect changes in protein levels. 
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4.4 Results 

4.4.1 Prevalence of Nonsense Mutations in Mitochondrial Disease 

A systematic literature review of nearly 4,000 publications pertaining to mitochondrial 
disease (the same knowledgebase used to create the MitoMedicine Map) and a review of 
ClinVar, an online repository of pathogenic mutations, revealed in that in total 270 
nonsense variants in 82 mitochondrial disease genes have been reported worldwide 
(Appendix B1).  Most of the identified mutations reported to date have been 
homozygous variants, however, some compound heterozygous, X-linked, and autosomal 
dominant variant forms were found as well.  A complete record of confirmed bi-allelic 
nonsense mutations in mitochondrial disease is provided in Appendix B1. 

Although the exact prevalence of mitochondrial nonsense mutations cannot be 
determined from such a survey, with its limitations, this does suggest that their 
prevalence is much lower than predicted from best evidence across all of Mendelian 
disorders (12%)375.  This finding is probably to be expected, as mutations resulting in the 
complete ablation of OXPHOS would be predicted to be incompatible with organismal 
viability.  However, as Appendix B1 only provides information on mutations reported in 
the literature (or ClinVar) it is likely that many more unreported patients exist.  For 
example, two patients from our local mitochondrial patient clinic harboured two 
previously uncharacterised nonsense variants in SERAC1 and TTC19 (Table 4-1).  The most 
commonly identified nonsense mutations causing mitochondrial diseases were in 
OXPHOS subunits and assembly factors, mtDNA maintenance genes, and genes required 
for mitochondrial translation. 

To maximise the cohort of available nonsense mutation-bearing mitochondrial patient 
cell lines on which to test the therapy, we approached consulting clinicians that we could 
identify as authors on literature reports of patients with mitochondrial disease caused by 
nonsense mutations, in order to set up research collaborations.  Altogether, 21 patient 
skin fibroblast cell cultures were obtained for this study from both our local clinic in 
London as well as from laboratories all over the world (Table 4-1).  The nonsense 
mutations in different genes are associated with a wide array of mitochondrial diseases 
and disruption of different aspects of mitochondrial functions.  The affected proteins 
included OXPHOS assembly factors (4), mitochondrial dynamics proteins (4), pyruvate 
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dehydrogenase complex subunits (4), CoQ10 biosynthetic enzymes (3), a lipoic acid 
biosynthetic protein (1), and proteins required for mtDNA maintenance (5).  Ten cell lines 
were tested for treatment efficacy with TRIDs and NMDIs.  An additional four were tested 
in an adjacent study performed in our group about the use of translational read-through 
in metabolic disorders.  The remaining seven cell lines were not analysed despite 
extensive cell culture efforts, owing to poor cell line health, poor growth, and time 
constraints.   

The main thesis text reports on the results from ten finally useable patient cell cultures.  
These 10 patients harboured mutations which caused primary mitochondrial disease.   
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Gene cDNA Mutation Protein Mutation Zygosity No.  Patients Protein Function Study 
Inclusion 

Reason for 
Exclusion Reference 

AGK c.306T>A; c.241C>T p.Tyr102Ter;  
p.Arg281Ter CH 1 Mitochondrial Protein 

Import No Slow growth 289 

BOLA3 c.136C>T p.Arg46Ter H 1 Lipoic Acid 
Biosynthesis No Slow growth 516 

COA8 c.235C>T p.Arg79Ter H 1 CIV Assembly Factor No Time constraints 517 

COQ8A c.547C>T; 
c.1042C>T 

p.Gln183Ter; 
p.Arg348Ter CH 1 CoQ10 Biosynthesis No 

Time constraints; 
mycoplasma 
infection 

Unpublished 

COQ9 c.730C>T p.Arg244Ter H 2 CoQ10 Biosynthesis Yes  479 
DGUOK c.313C>T p.Arg105Ter H 1 mtDNA Maintenance Yes  481 
MGME1 c.259T>G p.Trp152Ter H 1 mtDNA Maintenance No Slow growth 191 
MPV17 c.359G>A p.Trp120Ter H 1 mtDNA Maintenance Yes  482 
RRM2B c.850C>T p.Gln284Ter H 1 mtDNA Maintenance Yes  203 

SERAC1 c.547C>T p.Arg183Ter H 1 Phospholipid 
Maintenance Yes  Unpublished 

STAT2 c.1836C>A p.Cys612Ter H 2 Mitochondrial Fission Yes  518 
SURF1 c.751C>T p.Gln251Ter H 1 CIV Assembly Factor Yes  Unpublished 
TTC19 c.656T>G p.Leu219Ter H 1 CIII Assembly Factor Yes  486 
TTC19 c.232C>T p.Gln78Ter H 1 CIII Assembly Factor No Time constraints Unpublished 
XRCC4 c.673C>T p.Arg225Ter H 1 DNA Repair No Time constraints 519 

Table 4-1.  Summary of All Mitochondrial Patient Fibroblast Cell Cultures Included in this Study 

CH: Compound Heterozygous; H: Homozygous; PDHC: Pyruvate Dehydrogenase Complex 
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4.4.2 Confirmation of Nonsense Mutations 

All screened patient cell cultures had their nonsense mutations confirmed via Sanger 
sequencing.  This technique involves the incorporation of fluorescently-labelled ddNTPs 
into a PCR reaction.  The random incorporation of a ddNTP terminates DNA 
polymerisation.  ddNTPs are unable to form a phosphodiester bond owing to their 
inability to donate a 3’ hydroxyl group.  These create nucleotide chains with a fluorescent 
3’ ddNTP that confer a DNA sequence through alignment in a capillary491.  Sanger 
sequencing is considered a gold-standard in DNA sequencing and is used to confirm 
pathogenic variants identified through NGS. 

Sanger sequencing performed on genomic DNA extracted from fibroblast cell samples 
collected and cultured from nine of the 10 patient cell lines investigated in this study 
(Figure 4.1).  It was not possible to confirm the mutation carried by the MPV17p.Trp120Ter 
cell culture possibly owing to inefficient primer design or sequencing errors.  However, 
NMD of the MPV17 transcript was confirmed in this patient via RT-qPCR (Section 4.4.5), 
thereby confirming the genetic MPV17 defect in this patient.  Future work aims to re-
design and optimise MPV17 genomic PCR primers and repeat the sequencing 
experiment. 
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Figure 4.1 Mutation Confirmation in Mitochondrial Disease Patient Fibroblast Cultures.  Sanger 
sequencing was performed to confirm the presence of the reported nonsense mutations in 9/10 
mitochondrial disease patient cell cultures utilised in this study.  The c.359G>A mutation in MPV17 was not 
confirmed as indicated by the red arrows. 
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4.4.3 Assessing the Toxicity of TRIDs and NMDIs In vitro 

Both TRIDs and NMDIs have been used widely from in vitro cell systems to human clinical 
trials.  The available information from past studies was valuable in informing the range of 
doses likely to be effective when trialled for each drug and the likely efficacious dose.  
This also gave insight into the relative potency of TRIDs and NMDIs.  In general, there is 
an inverse correlation between the dose of observed activity and drug concentration.  For 
example, the aminoglycoside antibiotic gentamicin had reported read-through inducing 
activity at 500-800µg/mL (~1.1-1.7M).  This is unsurprising as the primary function of 
aminoglycosides is to kill bacteria.  Furthermore, since aminoglycosides are toxic in 
patients at levels higher than 10µg/mL (~21.5mM)459, commercially available gentamicin 
when used as a TRID is not as sensitive, safe, or specific in patients.  In contrast, Ataluren 
elicits read-through activity in the >10µM range461, and is therefore a much more specific 
TRID.  Likewise, Amlexanox-mediated NMD inhibition was only reported at high doses of 
>100µM471.  A summary of the in vitro use of TRIDs and NMDIs is provided in table 4-2. 

To test the in vitro toxicity of the selected doses of TRIDs and NMDIs in fibroblasts, TO-
PRO-3 fluorescence was measured using flow cytometry.  TO-PRO-3 is an analogue of the 
cell viability dye propidium iodide.  Cells that have undergone apoptosis will have 
dismantled plasma membranes through which TO-PRO-3 readily diffuses and fluoresces.  
The fluorescence can be detected using flow cytometry.  In a flow cytometer, a fluidic 
system transports cells through a laser beam and the scatter of light is calculated in the 
forward and sideways direction.  In addition, a series of optical mirrors which reflect light 
of different wavelengths (colours) through detection channels, are able to detect 
fluorescently-labelled species, in this case dead cells.  The FL-4 fluorescence at 635nm 
was observed on a dot plot compared with the side scatter of cells.  In this way, a total 
population of cells can be detected and TO-PRO-3 positive cells can be measured.  
Importantly, TO-PRO-3 is toxic to cells at high concentrations, eliciting membrane 
disintegration and subsequent false fluorescence.  For testing TRIDs, 50nM of TO-PRO-3 
was used, which was 20-fold lower than the manufacturer’s recommended dose of 1µM. 

All doses of TRIDs and NMDIs were found to be non-toxic in healthy control fibroblasts 
(Figure 4.2) for up to four repeated 24-hour treatments up to 96 hours.  Since DMSO was 
used as a solvent for Ataluren, RTC13, and Amlexanox, untreated samples in these 
treatment groups received a dose of 2% DMSO to ensure that DMSO was not affecting 
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cell viability.  This experiment confirmed that a maximum dose of 2% DMSO (the amount 
of DMSO cells receive when given 500µM of Amlexanox) was non-toxic to cells 
characterised by >95% cell survival in the Ataluren, RTC13, and Amlexanox treatment 
groups (4.2D-F).   

Overall, no statistically significant changes in cell survival (TO-PRO-3 fluorescence) were 
detected in both group and individual comparison analyses with each of the four drugs 
on a two-way ANOVA analysis.  This statistical test takes into account the effects of 
treatment duration, drug concentration, and any interaction between the two to identify 
statistically significant changes in cell viability.  There were no statistically significant 
group interactions between treatment time or dose, meaning that duration of treatment 
had no effect on cell viability.  Therefore, it can be concluded that repeated treatments 
with TRIDs and NMDIs do not lead to significant cell death in fibroblasts.  High dose 
gentamicin treatment despite being toxic in patients, showed no cell death induction at 
800µg/mL, which is 80 times the toxic dose in humans459.  One dose of RTC13 for 48 
hours showed a lower cell viability at 5µM (Figure 4.2F), but this outlier was likely owing 
to experimental error, as higher doses and longer treatments of RTC13 do not affect cell 
viability (Figure 4.2).  In future, this experiment will be repeated to confirm the in vitro 

toxicity of RTC13 at all tested concentrations.  Together with previous in vitro data 
confirming efficacious effects at the selected doses, it can be concluded that TRIDs and 
NMDIs are non-toxic fibroblasts.  There does lack however a TO-PRO-3 positive control in 
these sets of experiments which would validate the low concentration of TO-PRO-3 used.  
In future, a positive control sample should be tested to further validate these flow 
cytometry findings.  This can be achieved by treating one set of cells with a potent 
apoptotic agent that disrupts plasma membrane integrity such as staurosporine520. 

Combining pharmacological data with this flow cytometry cell death assay provided 
robust evidence for the safe and effective doses of TRIDs and NMDIs.  The maximal dose 
without toxic effects was not elucidated for TRIDs, because of constraints of DMSO 
toxicity at concentrations greater than 2% combined, with the solubility requirements of 
the drugs.  Furthermore, from a pharmacological perspective, the dose-response curve of 
drugs forms a sigmoidal curve, wherein increasing drug concentrations only increase 
effect up until a certain point after which the effect plateaus.  Therefore, the dose ranges 
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informed by robust read-through reporter assays461 are more suitable for use in this 
system. 

Collectively, toxicity screening of previously reported efficacious drug dosages concluded 
that the TRIDs and NMDIs selected for this study are non-toxic to primary human 
fibroblasts.  
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Gene(s) Disease Class Drug Drug Class Dose Range Treatment Course In vitro System Reference 
ARSB, HGSNAT,  
NAGLU, SMPD1 IEM Gentamicin AA 300-700µg/mL Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 

GLA, GLB1, IDS, 
IDUA, NAGLU, 
SMPD1 

IEM Gentamicin AA 300µM 72 Hour Incubation Fibroblasts 521 

KCNH2 (HERG) Long QT 
Syndrome Gentamicin AA 400µg/mL 24 Hour Incubation HEK-293 522 

WRN Werner 
Syndrome Gentamicin AA 400µg/mL 24 Hour Incubation Lymphoblasts 523 

IDUA IEM Gentamicin  AA 0.5mg/mL 96 Hour Incubation CHO-K1, Fibroblasts 514 
CHM Choroideremia Gentamicin AA 50µM 24 Hour Incubation Fibroblasts 524 
F8 Haemophilia Gentamicin AA 50-100mg/mL Not specified CHO-K1 525 
AGA IEM Gentamicin AA 250μg/ml 48 Hour Incubation Fibroblasts 470 

COL7A1 Epidermolysis 
Bullosa Gentamicin AA 1mM Treatment every 24 Hours for 48 Hours Keratinocytes 472 

ARSB, HGSNAT, 
NAGLU, SMPD1 IEM Ataluren NA-RTC 20µM Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 

GLA, GLB1, IDS, 
IDUA, NAGLU, 
SMPD1 

IEM Ataluren NA-RTC 5µM 72 Hour Incubation Fibroblasts 521 

RP2 
X-Linked 
Retinitis 
Pigmentosa 2 

Ataluren NA-RTC 10µg/mL 24 Hour Incubation 
Fibroblasts, 
iPSC-derived Retinal 
Epithelial Cells 

526 

KCNH2 (HERG) Long QT 
Syndrome Ataluren NA-RTC 200µM 24 Hour Incubation HEK-293 522 

AGA IEM Ataluren NA-RTC 17µM 48 Hour Incubation Fibroblasts 470 

Table 4-2.  Summary of the In vitro use of Translational Read-Through Therapy in Human Disease 



220 

 

WRN Werner 
Syndrome Ataluren NA-RTC 3.3µM 24 Hour Incubation Lymphoblasts 523 

USH1C IEM Ataluren  NA-RTC 10µg/mL 72 Hour Incubation HEK-293T 527 
CHM Choroideremia Ataluren NA-RTC 40µM 24 Hour Incubation Fibroblasts 524 
BMP4 Birth Defects Ataluren NA-RTC 5-20µM 48 Hour Incubation HEK-293T 528 
F8 Haemophilia Ataluren NA-RTC 10mM Not specified CHO-K1 525 
ARSB, HGSNAT, 
NAGLU, SMPD1 IEM RTC13 NA-RTC 30µM Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 

F8 Haemophilia RTC13 NA-RTC 10mM Not specified CHO-K1 525 

AGA IEM Amlexanox Anti-inflammatory 
Agent 5-100µM 48 Hour Incubation Fibroblasts 470 

COL7A1 Epidermolysis 
Bullosa Amlexanox Anti-inflammatory 

Agent 250µM Treatment every 24 Hours for 48 Hours Keratinocytes 472 

AGA IEM G418 AA 100μg/ml 48 Hour Incubation Fibroblasts 470 

RP2 
X-Linked 
Retinitis 
Pigmentosa 

G418 AA 500-700µM 24 Hour Incubation 
Fibroblasts, 
iPSC-derived Retinal 
Epithelial Cells 

526 

KCNH2 (HERG) Long QT 
Syndrome G418 AA 400µg/mL 24 Hour Incubation HEK-293 522 

CLCNKB Gitelman 
Syndrome G418  AA 75-150µg/mL Treatment every 24 Hours for 60 Hours MDCK Cells 529 

F8 Haemophilia G418 AA 50-100mg/mL Not specified CHO-K1 525 
IDUA IEM Amikacin  AA 5mg/mL 96 Hour Incubation CHO-K1, Fibroblasts 514 

WRN Werner 
Syndrome Streptomycin AA 400µg/mL 24 Hour Incubation Lymphoblasts 523 

IDUA IEM Puromycin  AA 4mg/mL 96 Hour Incubation CHO-K1, Fibroblasts 514 
ARSB, HGSNAT, 
NAGLU, SMPD1 IEM RTC14 NA-RTC 30µM Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 

F8 Haemophilia RTC14 NA-RTC 10mM Not specified CHO-K1 525 
ARSB, HGSNAT, 
NAGLU, SMPD1 IEM BZ6 NA-RTC 30µM Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 
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ARSB, HGSNAT, 
NAGLU, SMPD1 IEM BZ16 NA-RTC 30µM Treatment every 24 Hours for 72-96 Hours Fibroblasts 465 

USH1C IEM NB30 NA-RTC 2mg/mL 72 Hour Incubation HEK-293T 527 
USH1C IEM NB54  NA-RTC 0.5mg/mL 72 Hour Incubation HEK-293T 527 
CHM Choroideremia PTC414 NA-RTC 80µM 24 Hour Incubation Fibroblasts 524 

AA: Aminoglycoside Antibiotic; CHO-K1: Chinese Hamster Ovary; HEK-293T: Human Embryonic Kidney; IEM: Inborn Error of Metabolism; MDCK: Madin-Darby Canine Kidney; NA-
RTC: Non-aminoglycoside read-through compound 
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Figure 4.2 Flow Cytometry Studies on the Effect of TRIDs and NMDIs on Cell Viability Healthy control fibroblasts 
have near-total survival rates when treated with 50nM TO-PRO-3, as indicated by 98.5% of cells falling in the FL4-
negative TO-PRO-3 gate (A).  96-hour treatment with the maximum dose of Ataluren (B) or RTC13 (C) have >95% TO-
PRO-3-negative populations.  Analysis of TO-PRO-3 fluorescence on healthy control fibroblasts treated with TRIDs 
(gentamicin, Ataluren, and RTC13) or NMDI Amlexanox show cell survival after 24, 48, 72, and 96 hours post-treatment 
(D-G).  No statistical significance was observed with multiple comparisons between any means using a t-test (p>0.05 for 
all). Mean±SEM, n=3, technical triplicate for each n, two-way ANOVA with post-hoc t-test comparisons. 
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4.4.4 In silico Predictions of the Functional Consequences of Nonsense 
Mutations in the Mitochondrial Disease Patient Cohort 

The cohort of 14 mitochondrial disease patients were subject to in silico characterisation 
of their individual nonsense mutations.  This information was used to prioritise those 
patients who had molecular characteristics that could increase the likelihood of successful 
translational read-through in vitro.   

First, the presence of NMD was predicted, which is important to assess because an 
absence of PTC which does not cause NMD would be more amenable to translational 
read-through therapy.  Most PTC-containing transcripts are degraded by NMD448.  
However, this is not always the case, as the NMD machinery relies on both vicinity- and 
sequence-based elements to effectively target and degrade PTC-containing transcripts448.  
Therefore, it is possible that not every mutation in our cohort was necessarily subject to 
NMD.  There are many tools available to predict the functional consequences of 
pathogenic variants such as Polyphen2 and PredictSNP.  In the case of bi-allelic nonsense 
mutations, pathogenesis arises from the generation of a semi- or non-functional 
truncated protein or as a result of a total absence of protein that arises through the 
triggering of NMD.  The bioinformatics tool Mutation Taster predicts the functional 
consequences of a pathogenic variant by collating information regarding observing 
residue conservation, positioning of the mutation, and the property of the amino acid 
substitution and fitting of the results using a Bayesian algorithm488.  DNA variants 
affecting evolutionarily conserved residues are deemed more likely to perturb protein 
function and the mutation position is especially important in predicting NMD, as 
mutations over 50-55nt upstream of an exon-exon junction are usually targeted by 
NMD448.   

The nature of some other sequence elements also helps to predict the relative 
amenability to TRID and NMDI treatment.  The type of stop codon elicited by a nonsense 
mutation, UGA, UAG or UAA, affects translational read-through amenability as the three 
codons are not equal in their termination efficiency.  UGA is known as a ‘leaky’ stop 
codon, owing to its weak structural preferences.  UAA is considered the most efficient 
terminator owing to its associations with stem loop structures530.  In line with these 
characteristics, reporter assays demonstrate that UGA codons are the most efficient at 
being read-through while UAA codons are less efficient461.  Furthermore, 5’ and 3’ 
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sequence elements flanking the stop codon also play a role in read-through efficiency.  A 
+4 cytidine immediately following a stop codon improves read-through efficiency.  
Likewise, the presence of a purine base in the –1 position also improves read-through 
efficiency although this effect is slightly attenuated435,531.    

Mutation Taster predicted that nine out of the 12 variants under investigation (some 
fibroblasts in our cohort had the same mutation) would cause NMD.  Only one mutation, 
in RRM2B, yielded a truncated protein prediction.  The stop codons in our patient cohort 
all comprised UGA or UAG, consistent with these being the stop codons most utilised in 
higher eukaryotes530.  This was promising as the presence of these codons indicated a 
potential for increased read-through efficiency.  In a number of cell lines, read-through 
enhancing sequence elements were noted – six cell cultures harboured a read-through 
enhancing –1 purine base.  Based on these observations, selected cell lines were 
prioritised for qPCR and western blot analysis.  RRM2Bp.Gln284Ter was predicted to be the 
most likely to respond to read through therapy, based on a prediction of truncated 
protein formation suggesting NMD might be reduced, in addition to the presence of 
enhancing sequence elements flanking the UAG stop codon.  DGUOKp.Arg105Ter, 
SERAC1p.Arg183Ter, and STAT2p.Cys612Ter were also candidates as read through drug 
responders, owing to the mutated UGA stop codons and enhancing sequence elements. 

Table  4-3 outlines all in silico functional properties of the cell cultures investigated in this 
study.  Elements which potentially confer a greater amenability to translational read-
through therapy are denoted in bold.
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Gene cDNA Mutation Protein Mutation Zygosity Stop 
Codon 

–1 
Base 

+4 
Base 

3’UTR Length 
(bp) 

Predicted Downstream 
Consequence of 
Mutation 

Time to 
Confluency 

COQ9 c.730C>T p.Arg244Ter H UGA C G 646 NMD 4-5 Days 

DGUOK c.313C>T p.Arg105Ter H UGA A U 210 NMD 14 Days 

MPV17 c.359G>A p.Trp120Ter H UAG G G 420 NMD 14 Days 

RRM2B c.850C>T p.Gln284Ter H UAG A U 3631 Truncated protein/NMD  21 Days 

SERAC1 c.547C>T p.Arg183Ter H UGA A A 1847 NMD 9-10 Days 

STAT2 c.1836C>A p.Cys612Ter H UGA C U 1792 NMD 6-7 Days 

SURF1 c.751C>T p.Gln251Ter H UAG C A 155 NMD 6-7 Days 

TTC19 c.656T>G p.Leu219Ter H UGA A G 1882 NMD 6-7 Days 

Table 4-3.  In silico Predictions of Mitochondrial Patient Nonsense Mutations and Growth of Fibroblasts in Culture 

Arg: Arginine; Cys: Cysteine; Gln: Glutamine; H: Homozygous; Leu: Leucine; Trp: Tryptophan; 
Read-through-enhancing sequence elements are denoted in bold. 
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4.4.5 Assessing Transcript Levels in Patient Cell Cultures Harbouring Bi-
Allelic Nonsense Mutations 

According to the unified theory of gene expression532, NMD commences after translation 
has already begun.  As such, transcript changes might be possible to detect with TRID 
treatment.  In theory if a protein were to be produced following TRID treatment, said 
protein would be derived from a transcript.  Indeed, increases in transcript levels have 
been detected in patient cells treated with Ataluren, previously465,524. 

To test the efficacy of TRIDs and NMDIs as a treatment for mitochondrial disease, the 
cohort of mitochondrial disease fibroblast cultures were treated and tested for transcript 
restoration using a medium-throughput 384-well plate qPCR machine.   

In total 10 cell lines were aimed to be treated with six doses of one of the three TRIDs 
(gentamicin, Ataluren, and RTC13) and one NMDI (Amlexanox) for 24 hours.  In line with 
in silico predictions in Section 4.4.4, all cell lines demonstrated some form of NMD 
(Figures 4.3-4.4) and these changes were found to be statistically significant in all 
patients.  The cohort could be ranked into two groups based upon qPCR results: a group 
of 4 patient fibroblasts with mutations causing complete ablation of gene expression, and 
another group of 6 that retained some residual gene expression.  COQ9p.Arg244Ter (two 
patient cell cultures), DGUOKp.Arg105Ter, SURF1p.Gln251Ter, and were the gene mutations which 
exhibited nearly undetectable transcript levels (Figure 4.3).  Meanwhile MPV17p.Trp120Ter, 
RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, STAT2p.Cys612Ter, and TTC19p.Leu219Ter exhibited some 
residual gene expression (Figure 4.4).  The aggregates of untreated patients are provided 
in Figures 4.3 and 4.4 to highlight the difference between these two groups.  The 
mechanism behind these altered forms of gene expression can be attributed to partial 
NMD evasion, or lower levels of RNA transcription. 

The amount of NMD observed in this patient cell cohort, whether partial or complete, was 
not segregated by mitochondrial function, transcript size, mutation location, nor 
apparently linked to the aforementioned sequence elements which affect read-through 
efficiency.  RRM2Bp.Gln284Ter,   MPV17p.Trp120Ter, and DGUOKp.Arg105Ter for example are all 
proteins required for mtDNA maintenance, however, only the two former patient cell lines 
displayed greater basal levels of transcript expression (Figures 4.3 and 4.4).  Many of the 
cell lines included in this study have been previously published but qPCR was only 
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published in three: COQ9p.Arg244Ter, STAT2p.Cys612Ter, and TTC19p.Leu219Ter479,518,533.  The NMD 
observed in this study correlates to previous qPCR experiments where available.  



228 

 

Figure 4.3 Basal Gene Expression of Patient Cell Cultures with Total NMD Four patient cell lines exhibited 
near total ablation of gene expression from NMD.  Data aggregates of untreated patient cell cultures show 
significantly lowered gene expression compared to controls using a t-test comparing mean relative gene 
expression between patient and control samples.  Mean±SEM, n=3, technical triplicate for each n, ****p<0001, t-
test.  All analyses are normalised to ACTB and B2M expression except for the two patients with COQ9p.Arg244Ter 
which is only normalised to B2M.  
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Figure 4.4 Basal Gene Expression of Patient Cell Cultures with Partial NMD Six patient cell cultures exhibited partial residual gene 
expression.  Data aggregates of untreated patient cell cultures show significantly lowered gene expression compared to healthy controls 
using a t-test comparing mean relative gene expression between control and patient samples. Mean±SEM, n=3, technical triplicate for 
each n, **p<0.01, *p<0.05, ns p>0.05, t-test.  All analyses are normalised to ACTB and B2M expression except for TTC19p.Leu219Ter which is 
only normalised to B2M. 
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Further qPCR studies were then conducted, in order to determine the extent to which 
preserved gene expression correlated with treatment response.  The 10 cell cultures 
utilised in the study were treated with either one of three TRIDs (gentamicin, Ataluren, or 
RTC13) or NMDI Amlexanox for 24 hours, at which point cells were harvested and RNA 
was extracted and reverse transcribed.   The cDNA samples were then analysed using 
qPCR and expression of genes of interest (mutated genes) was compared to reference 
gene expression.  The relative expressions of the genes of interest were then compared to 
the expression of healthy controls.   

Those patient cell cultures that demonstrated complete NMD, COQ9p.Arg244Ter, 
DGUOKp.Arg105Ter, and SURF1p.Gln251Ter, did not respond to treatment with any TRIDs (Figure 
4.5B; D; F).  The NMDI Amlexanox did not elicit any change in gene expression in two of 
the four total-NMD cell patients.  However, Amlexanox did elicit a modest increase in 
transcript levels in COQ9p.Arg244Ter, DGUOKp.Arg105Ter and SURF1p.Gln251Ter cells, although this 
effect was not statistically significant in either group (Figure 4.5A; C; E).  Since Amlexanox 
acts under a different mechanism than TRIDs, it is plausible that it improves transcript 
expression as has previously been claimed471. 

Interestingly, the cell lines which retained residual gene expression responded 
significantly better to the treatment with TRIDs and NMDIs.  Figure 4.6 outlines 
comparisons of four patients in this group when treated with Amlexanox and a TRID.  The 
transcript analyses of additional patients can be referred to in Appendix C.  Although 
increases are observed upon data visualisation, the only statistically significant 
improvement in transcript levels arise from giving a maximum dose of Amlexanox 
(500µM) or gentamicin (800µg/mL) to the cells of STAT2p.Cys612Ter (patient 2) cells (Figure 
4.6E-F).  Although the remainder of the results vary, treated patient samples are not 
significantly improved in transcript levels compared to healthy control expression of the 
gene of interest.  One-way ANOVA analysis revealed significant group differences in all 
but one cell treatment (p<0.01).  Thus, these data support the prediction that 
translational read-through is especially efficient when some level of residual gene 
expression is present.   

The most effective dose of TRIDs or NMDIs in those patients with residual NMD was 
variable.  For RRM2Bp.Gln284Ter and STAT2p.Cys612Ter, a dose-dependent response is observed 
with Amlexanox treatment.  A 500µM dose elicited statistically significant transcript 
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increases in the latter (Figure 4.5E).  Meanwhile for SERAC1p.Arg183Ter, DGUOKp.Arg105Ter, and 
SURF1p.Gln251Ter, transcript levels increase in a dose-dependent manner before tapering 
off, suggesting that a dose 50-250µM is the most effective (Figure 4.4C; E).  Indeed, the 
latter scenario is what has previously been described in the literature470,471.  However, 
these publications focussed on a smaller number of individual gene defects, rather than a 
breadth of proteins of different functions and sequence elements, therefore these 
analyses provide more insight into the actual range of efficacious Amlexanox doses.  This 
result highlights the variability of different proteins to translational read-through therapy 
and that a direct link between preserved transcript levels and drug-rescue efficacy is not 
yet clear. 

Another non-aminoglycoside TRID, RTC13, discovered in a high-throughput drug library 
screen of the ATM gene, was also evaluated in this study515.  Although RTC13 has not 
been approved for use in humans, it was found to be safe to use in our patient fibroblasts 
(Figure 4.2), and in mdx mice models467.  In addition, it is a commercially available 
compound, making it readily available for screening in our patients.  Similarly, to the 
response with Ataluren, the ‘total’ NMD patients did not respond to RTC13, while certain 
partial NMD patients similarly saw an increase in transcript expression (Figure 4.7C-D).  
Owing to time constraints and the relative low efficacy of RTC13 compared to Amlexanox 
and Ataluren, not all patients were able to be screened for this drug and RTC13 was not 
taken forward for use in further functional validation studies (Chapter 5).  Similarly, the 
lack of clinical translatability of gentamicin led us not to prioritise its analyses.  However, 
the efficacy of RTC13 and gentamicin makes the proof-of-concept case for translational 
read-through therapy stronger.   

RT-qPCR while a medium-throughput scalable technique, has limitations.  Firstly, 
obtaining efficient amplification primers was challenging for certain cell lines.  For 
example, 7 RRM2B and 6 SERAC1 primers were designed before finding a suitable primer 
for qPCR.  Secondly, inter-experimental variability was a challenge when trying to 
compare the hundreds of samples required to generate statistically significant data.  
Indeed, several treatments have large error bars (Figure 4.4), which reduce statistical 
power and certainty.  This was observed particularly in SERAC1p.Arg183Ter treatment 
courses.  Therefore, it is important that all gene expression findings must be coupled with 
other analyses to definitively determine the efficacy of translational read-through 



232 

 

therapy.  In summary, a wide-screen RT-qPCR screen of translational read-through 
therapy on 14 patient cell cultures demonstrated levels of NMD across all patient lines.  
The degree of NMD could be divided into two groups: total NMD and partial NMD.  The 
results support an overall conclusion that the extent to which NMD is present plays a role 
in drug responses (transcript rescue levels) to TRIDs and NMDIs.
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Figure 4.5 The Effect of TRIDs and NMDIs on Gene Expression in Total NMD Fibroblasts.  A t-test was 
used to compare mean relative gene expressions to DMSO-treated patient samples. COQ9p.Arg244Ter cells 
had significantly lower COQ9 expression compared to controls. Treatment with Amlexanox or Ataluren did 
not significantly increase transcript levels (A-B). DGUOKp.Arg105Ter cells had lower DGUOK expression 
compared to controls (C-D). Ataluren treatment did not significantly increase transcript levels (D). 
SURF1p.Gln251Ter cells had lower SURF1 expression compared to controls (E-F). Ataluren treatment did not 
significantly increase transcript levels (F). All analyses were normalised to ACTB and B2M expression except 
for COQ9p.Arg244Ter which was only normalised to B2M.  Mean±SEM, n=3, technical triplicate for each n, 
****p<0.0001, ***p<0.001, ns p>0.05, one-way ANOVA with post-hoc t-test comparisons (A-B, D, F).  
Mean±SD, n=1 run in triplicate, technical triplicate for each n, insufficient biological replicates for a 
statistical test. (C, E).   
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Figure 4.6 The Effect of TRIDs and NMDIs on Gene Expression in Partial NMD Fibroblasts.  A t-test was 
used to compare mean relative gene expressions to DMSO-treated patient samples. RRM2Bp.Gln284Ter cells had 
lower RRM2B expression compared to controls. Treatment with Amlexanox or Ataluren did not significantly 
increase transcript levels (A-B). SERAC1p.Arg183Ter cells had lower SERAC1 expression compared to controls. 
Treatment with Amlexanox or Ataluren did not significantly increase transcript levels (C-D). STAT2p.Cys612Ter cells 
had lower STAT2 expression compared to controls. Treatment with maximum dose Amlexanox or gentamicin 
significantly increased transcript levels (E-F). TTC19p.Leu219Ter cells had lower TTC19 expression compared to 
controls. Treatment with Amlexanox or Ataluren did not significantly increase transcript levels (G-H). All 
analyses were normalised to ACTB and B2M expression except TTC19p.Leu219Ter which was only normalised to 
B2M.  Mean±SEM, n=3, technical triplicate for each n, ***p<0.001, *p<0.05, ns p>0.05, one-way ANOVA with 
post-hoc t-test comparisons (A-F). Mean±SD, n=2, technical triplicate for each n, *p<0.05, ns p>0.05, t-test 
(G-H). 
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Figure 4.7 Gene Expression Analysis of RTC13-Treated Mitochondrial Fibroblasts.  A t-test was used to 
compare mean relative gene expressions to DMSO-treated patient samples. COQ9p.Arg244Ter cells had 
significantly lower COQ9 expression compared to controls. RTC13 treatment did not significantly increase 
transcript levels (A). DGUOKp.Arg105Ter cells had lower DGUOK expression compared to controls. RTC13 
treatment did not significantly increase transcript levels (B). STAT2p.Cys612Ter cells had lower STAT2 expression 
compared to controls. RTC13 treatment did not significantly increase transcript levels (C-D). All analyses 
were normalised to ACTB and B2M expression except for COQ9p.Arg244Ter which was only normalised to B2M.  
Mean±SEM, n=3, technical triplicate for each n, ***p<0.001, **p<0.01, ns p>0.05, one-way ANOVA with 
post-hoc t-test comparisons. 
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4.4.6 Assessing Protein Levels in Patient Cell Cultures Harbouring Bi-Allelic 
Nonsense Mutations 

To complement the RT-qPCR analysis and determine whether the transcript changes 
elicited by translational read-through therapy could also lead to protein restoration, 
western blot analyses were performed.   

For generating samples for protein analysis, each cell line was again treated with six 
doses of either gentamicin, Ataluren, RTC13, or Amlexanox for 24 hours.  Fibroblasts for 
these experiments were grown in 10cm2 cell culture dishes and follow the confluency 
times stated in table 4-3.  Overall, obtaining definitive blot data in this patient cohort was 
challenging.  The biggest drawback was the unavailability of good quality primary 
antibodies.  The conclusions in this section are made only for definitive positive western 
blots, based upon good control data, regardless of whether the drug treatment 
conclusions were positive or negative.   

The first conclusion from the compendium of western blot data is that no TRIDs elicited 
any detectable effect on protein levels.  Overall, the transcript and protein signatures 
were found to correlate in patients with total NMD, but were discordant in partial NMD 
patients who responded to TRIDs.  SURF1p.Gln251Ter and DGUOKp.Arg105Ter patients did not 
respond to Ataluren treatment as outlined in Figure 4.8 panels A and D, where only a 
single protein band can be detected for the control followed by a blank blot.  While 
RRM2Bp.Gln284Ter and SERAC1p.Arg183Ter cells responded to Ataluren in RT-qPCR experiments, 
western blot data did not show this response (Figure 4.8B-C).  In the case of the 
STAT2p.Cys612Ter cell line, RT-qPCR analysis had not been possible to complete owing to 
RT-qPCR machine error.  Thus gentamicin-treated STAT2p.Cys612Ter cells are displayed in 
figure 4.6.  Conversely, gentamicin-treated STAT2p.Cys612Ter cells could not reliably be 
analysed on western blot despite repeated attempts, owing to inter-experimental 
antibody variability.  Additional repeats of both experiments are required to adequately 
determine whether protein and transcript signatures correlate in this patient.  The image 
analysis of all viable blots was performed to determine any restoration of protein 
indicated by the presence of bands.  However, the overall impression from the data 
indicates that TRIDs do not restore protein in the selection of patients analysed. 
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In contrast to TRIDs, the NMDI Amlexanox did elicit detectable increases in protein levels 
in five patient cell cultures (Figure 4.9).  These Amlexanox-responsive patients comprise 
both total NMD and partial NMD in RT-qPCR analyses.  Furthermore, Amlexanox 
response correlates with transcript levels.  Total NMD patients SURF1p.Gln251Ter and 
DGUOKp.Arg105Ter showed minor increases in gene expression and faint protein bands in 
repeated protein analyses (Figure 4.9).  The remainder of the Amlexanox responders 
belong to the partial NMD group, RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, and STAT2p.Cys612Ter.  
Unusually, untreated STAT2p.Cys612Ter patients seem to have a faint protein band in the 
Amlexanox treatment experiments (Figure 4.9D), which is not observed in Ataluren-
treated cells (Supplementary data 1).  One possibility to explain this result is a 
mycoplasma infection, however, mycoplasma tests were routinely performed on all cell 
lines and both patients harbouring STAT2p.Cys612Ter (patient 2 is shown throughout the 
main thesis text) repeatedly tested mycoplasma negative.  Furthermore, two other cell 
cultures in our cohort had tested positive for mycoplasma, thus ruling out a false negative 
result.  The presence of this band is likely due to a non-robust antibody.   

Amlexanox-responsive western blots and densitometry results are provided in figures 4.9.   
The variability of band density across replicates resulted in a lack of detectable statistical 
significance, even when three replicates are present.  However, in most blots, a visible 
control band can be seen followed by faint control bands.  The overall impression from 
this data is that protein restoration is partial and control-level protein expression is not 
achieved with 24 hours of Amlexanox treatment. 

Previous in vitro and in vivo studies of TRIDs and NMDIs provide more robust western 
blot data.  However, these studies analysed single gene defects for which there are robust 
antibodies available.  The challenge of optimising ten polyclonal antibodies some of 
which are for proteins whose functions are poorly understood (e.g.  SERAC1 and MPV17) 
make western blot less favourable for determining translational read-through efficacy in 
this study.  Furthermore, the terminus of the antibody epitope and stability of protein 
expression are also not determinable from western blot analyses performed. 

Overall, the western blot data of TRID- and NMDI-treated mitochondrial patients suggest 
that TRIDs are not capable of restoring detectable protein while NMDIs can restore partial 
protein expression.   
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Figure 4.8 Western Blot Analysis of Ataluren-Treated Patient Fibroblasts.  Blots that lack of response to Ataluren are shown in panels (A-D).  Gene of interest blots have been 
adjusted for visibility in the bottom of panels (A) and (D). 
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Figure 4.9 Western Blot Analysis of Amlexanox-Treated Patient Fibroblasts.  Protein expression analysis 
of five patient fibroblast cultures treated with Amlexanox demonstrated a visible increase in protein.  
Selected blots have been adjusted for visibility in panels (A [bottom], B [bottom], D [bottom], E [bottom]) 
however, densitometry graphs were generated from data on unadjusted blots.  Panel (C) had a blank well in 
between 25µM and 50µM owing to damaged gel well, which has been spliced out.  Mean±SEM, n=3, one-
way ANOVA with post-hoc t-test comparisons, no statistical significance observed between any values 
(p>0.05 for all) (D-E), Mean±SD, n=2, t-test (B-C), Mean, n=1, insufficient biological replicates for a 
statistical test (A). 
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4.4.7 Summary of Molecular Analyses in TRID- and NMDI- Treated Patient 
Fibroblasts  

While care was taken to prioritise in the transcript and protein work the cell lines which 
were predicted to be responsive to translational read-through therapy, due to time 
constraints some concessions had to be made regarding which cell lines to test.  The time 
to reach confluency played a major factor in obtaining enough materials for both qPCR 
and western blot analyses.  Notably, RRM2Bp.Gln284Ter while the top candidate for 
translational read-through therapy in silico, took over three weeks to reach confluency in 
a 10cm2 tissue culture dish.  Likewise, other mtDNA maintenance gene defects in the 
cohort exhibited similar slow growth properties, and these were exacerbated with 
increased passages.  As a result, there are gaps in the data set with regards to all patient 
cell lines being tested with all drugs.  Table 4-4 outlines a summary results table of all 
available data.  Additional RT-qPCR quantifications are provided in Appendix C.  All 
western blots are provided in the supplementary data.  In future it might be interesting to 
complete the data set to validate the gene expression observations made thus far.   
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Patient Cell Culture 
RT-qPCR Western Blot 

Gentamicin Ataluren RTC13 Amlexanox Gentamicin Ataluren RTC13 Amlexanox 

COQ9p.Arg244Ter from Patient 1 ND n=3 n=3 n=3 n=2 n=3 ND n=3 

COQ9p.Arg244Ter  from Patient 2 ND n=3 ND n=2 n=1 n=3 n=2 n=3 

DGUOKp.Arg105Ter ND n=3 n=3 n=1 n=2 n=3 n=1 n=1 

MPV17p.Trp120Ter ND ND ND n=3 ND ND ND ND 

RRM2Bp.Gln284Ter ND n=3 ND n=3 n=1 n=2 ND n=2 

SERAC1p.Arg183Ter ND n=3 ND n=3 n=2 n=2 ND n=2 

STAT2p.Cys612Ter from Patient 1 n=3 ND n=3 n=3 ND ND ND ND 

STAT2p.Cys612Ter  from Patient 2 n=3 ND n=3 n=3 ND n=1 ND n=3 

SURF1p.Gln251Ter n=1 n=3 ND n=1 n=3 n=3 n=3 n=3 

TTC19p.Leu219Ter ND n=2 ND n=2 ND ND ND ND 
 

  

Table 4-4 Summary of Definitive Molecular Analyses of TRID- and NMDI-treated Patient Fibroblasts 

Observed Protein or 
Transcript Restoration Not Done 

No Observed Protein or 
Transcript Restoration 

RT-qPCR: n refers to a biological replicate (one treatment set).  Each n was also run in a technical triplicate. 
Western Blot: n refers to a biological replicate (one treatment set). 
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4.5 Discussion 

The functional and genetic heterogeneity of mitochondrial diseases has hampered 
research and resulted in a lack of curative therapies.  Therefore, it is important to explore 
different therapeutic avenues to improve patient outcomes.  In this chapter we aimed to 
establish the molecular in vitro efficacy of translational read-though therapy for 
mitochondrial disorders.  First, it was established that there is ample opportunity for the 
use of translational read-through therapy in a clinical setting.  A systematic literature 
review and ClinVar database review found that there are 272 pathogenic bi-allelic 
nonsense variants in 82 genes (270 reported and 2 unreported novel mutations in from 
our local clinic).  While it is difficult to determine the exact prevalence of nonsense 
mutations in mitochondrial disease, it is evident that there are sufficient numbers of 
patients that could potentially be amenable to this treatment.  Furthermore, common 
mitochondrial syndromes such as MDDS203,481, Mitochondrial neurogastrointestinal 
encephalopathy534, and individual or combined OXPHOS deficiencies486 are all caused by 
bi-allelic nonsense mutations.  As these syndromes are associated with significant 
mortality and morbidity, the prospect of a novel treatment strategy is an exciting 
prospect that has never previously been achieved. 

Several pharmacological agents have demonstrated translational read-through activity 
for inherited diseases, both in vitro and in vivo.  These include aminoglycoside antibiotics 
such as gentamicin or G418.  Aminoglycosides are potent bactericidal agents whose 
mechanism of action is characterised by inhibiting bacterial protein synthesis.  At high 
concentrations aminoglycosides have demonstrated nonsense read-through activity.  
Although the clinical use of aminoglycosides has long been established, they are 
unsuitable for translational read-through therapy in patients owing to onset of nephro- 
and oto-toxicity following prolonged high-dose administration460,535.  Furthermore, the 
theoretical chronic use of an antibiotic may further confer antibiotic resistance.  From a 
proof-of-concept standpoint however, aminoglycosides are readily available 
commercially for testing in an in vitro system.  Previously gentamicin and G418 have been 
shown to improve enzyme activity and in vitro translation of SMPD1- and HGSNAT-

deficient fibroblasts from patients with lysosomal storage disorders465.  Similarly, in a 
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different disease group, gentamicin and G418 were able to significantly improve mRNA 
and modestly improve protein levels in fibroblasts harbouring a homozygous nonsense 
mutation in RP2, a causing a severe form of X-linked retinitis pigmentosa536.  In our RT-
qPCR analyses, gentamicin was among the least effective of translational read-through 
agents for mitochondrial disease mutations.  In patient fibroblasts that displayed total 
NMD, gentamicin did not elicit any detectable changes.  However, in one cell culture 
harbouring a mitochondrial fission defect in STAT2, gentamicin was able to significantly 
increase STAT2 transcript (Figure 4.6F).  On a protein level however, gentamicin treatment 
did not elicit any detectable changes in any cell lines (S1). 

Aminoglycoside antibiotics induce translational read-through by changing the 
conformation of two rRNA residues, A1824 and A1825.  These conserved bases are able 
to flip in and out of the ribosomal A site supporting either a translation elongation 
(cognate-tRNA binding) or translation termination (eRF1-eRF3 pre-termination complex 
binding) supporting structure.  G418 contains methyl and hydroxyl moieties in the 6’ of 
its first ring, which permanently prevent A1824 and A1825 from adopting their 
termination fidelity conformation.  Gentamicin similarly contains amine and methyl 
groups that elicit the same read-through-promoting effect459.  Commercially available 
gentamicin is a mixture of different compounds produced from the fermentation of 
Micromonospora purpurea.  A typical commercial gentamicin preparation comprises four 
major compounds, gentamicins C1, C1a, C2 and C2a, as well as several other minor 
compounds.  The former four compounds compose 90% of its antibiotic 
composition459,466.  Two separate studies have identified that particular minor gentamicin 
compounds within a typically heterogeneous commercial preparation, gentamicin B1 and 
X2, are primarily responsible for overall gentamicin’s translational read-through activity.  
Since we and others utilised commercially available heterogeneous gentamicin, the effect 
of these specific gentamicins may have been diluted.  Furthermore, the relative 
concentration of gentamicin B1/X2 may differ among different manufacturers and 
batches.  Thus, in future, testing our patient cell cultures with ‘purer’ forms of these 
potent minor gentamicin components may yield more robust read-through results, as 
well as potentially circumventing the chronic toxicity associated with aminoglycosides.  
For example, it has been shown that nice treated with gentamicin X2 display less nephro-
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toxicity compared to G418 and standard gentamicin466.  Thus, although standard 
preparations of aminoglycosides are unsuitable for clinical translation, derivative minor 
compounds may be efficacious in future, owing to their read-through specificity and 
optimal safety profile.   

Ataluren was the first identified non-aminoglycoside read-through compound461.  
Although the exact mechanism of its action is unknown, it is thought to act upon the 
ribosome to shift equilibrium to near-cognate-tRNA binding537.  Ataluren is a specific 
read-through drug, eliciting read-through activity at 5-20µM, although we found that 
concentrations up to 100µM are well tolerated in fibroblasts (Figure 4.2E).  Ataluren’s 
read-through activity and safety profile have led to human trials for CF and DMD.  
Unfortunately, the CF trial was terminated in phase 2 due to lacking efficacy463.  In DMD 
patients, Ataluren eventually reached FDA and EMA approval (for ambulatory DMD 
patients over 5 years of age) with improved (but not statistically significant) distance 
walked during the 6-minute walk test464.  In contrast to dystrophin (the largest protein in 
the human body) and CFTR, the protein defects which underpin mitochondrial disorders 
and other IEMs do not require as much protein restoration for functional restoration465.  
Thus, we hypothesised that Ataluren would be a suitable TRID for use in mitochondrial 
disorders.  The response to Ataluren in our cell cohort seemed to be dependent on the 
extent of NMD on a transcript level (Figures 4.5 and 4.6).  However, no changes were 
observed under western blot analysis (Figure 4.8).  Since the qPCR results seem to be 
more reliable than protein data, Ataluren efficacy may be able to be detected on a 
functional level.  This will be explored further in Chapter 5. 

Following the development of Ataluren, a number of non-aminoglycoside compounds 
have been developed.  RTC13 was one such designer TRID which was identified in a high-
throughput library screen of 34,000 compounds515.  It was identified as one of five novel 
read-through inducing agents which bore no chemical resemblance to aminoglycosides.  
RTC13 induced read-through at concentrations <10µM rendering it a specific read-
through agent compared to gentamicin or G418.  RTC13-induced read-through was 
observed in fibroblasts transfected with a construct harbouring a mutation in the ATM 

gene, and in vivo in mdx mice models of DMD467.  The previous efficacy and 
differentiation from both aminoglycosides and Ataluren, and commercial availability of 
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RTC13 made it a suitable candidate for use for our study.  Similar to Ataluren, RTC13 
induced detectable transcript changes in patient cell cultures with partial NMD (Figure 
4.7C-D) and did not elicit any transcript changes in total NMD patient cells.  (Figure 4.7A-
B).  In western blot experiments, RTC13 did not confer any detectable protein changes 
(S1).  So far, RTC13 has only been utilised once in vivo and only in in vitro studies where it 
demonstrated variable efficacy.  For instance, a recent TRID screen in HEK-293T 
transfected with constructs harbouring a mutation in PYGM causing McArdle disease, 
showed no read-through activity with RTC13538.  In addition to RTC13 other so-called 
‘designer’ read-through agents have been developed including Ataluren analogues and 
nucleoside analogue clitosine539,540. 

A major challenge of administering translational read-through therapy is the lack of 
availability of transcript owing to NMD degradation.  NMD is a cellular surveillance 
pathway which degrades most PTC-containing transcripts to protect against the potential 
deleterious effects of non-functional proteins and aberrant protein aggregation.  The 
NMD pathway comprises dozens of factors and is in close interaction with translation 
machinery.  The first step of NMD is the recognition of a PTC.  If a termination codon is 
too far upstream of the EJC or too far downstream of the poly(A) tail, NMD is usually 
activated.  The master regulator of NMD is UPF1 which is recruited to the PTC in a 
complex with UPF2, UPF3, and SMG1 complex.  The phosphorylation of UPF1 results in 
the recruitment of other SMG proteins which degrade the PTC-containing transcript and 
dismantles the translation machinery448.  Indeed, most of the mutations featured in our 
fibroblast cohort had functional in silico predictions of NMD (Table 4-3) which were 
validated by RT-qPCR (Figures 4.3 and 4.4).  Although there were differing degrees of 
NMD observed in our patient cell cultures, the lack of transcript availability may have 
hindered TRID efficacy.  In our hands, no TRIDs elicited any detectable protein changes.   

Therefore, we hypothesised that NMD inhibition may be an alternative means to achieve 
translational read-through.  Like TRIDs, NMDIs are a diverse group of compounds.  Most 
identified NMDIs are indirect inhibitors, namely translation inhibitors cycloheximide, 
pateamine A, and puromycin and the nucleoside analogue 5-azacytidine468,469.  However, 
a number of synthetic NMDIs have been synthesised such as NMDI1 and NMDI14474,541.  
Finally, the most studied NMDI inhibitor is Amlexanox, a principal anti-inflammatory 
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compound marketed as an oral mouth ulcer gel in certain countries542.  At high 
concentrations, Amlexanox is an NMDI, possibly interfering with UPF1 recruitment to the 
PTC471.  Previously, Amlexanox was first demonstrated to induce read-through in vitro in 
cells containing truncating mutations in DMD, CFTR, and p53471.  More recently, it has 
demonstrated molecular efficacy in the form of increased transcript and protein levels in 
different patient models of aspartylglucosaminuria and dystrophic epidermolysis 
bullosa470,472.  Based on these studies, we decided to include Amlexanox in our study as 
an NMD.  To our surprise, we found that Amlexanox was the most effective translational 
read-through inducer of the four drugs tested.  It was found to be non-toxic and well 
tolerated at concentrations up to 500µM.  In RT-qPCR analyses, Amlexanox improved 
transcript levels to near-control levels in four cell cultures (MPV17p.Trp120Ter, 
RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, and STAT2p.Cys612Ter) (Figure 4.6).  These patient 
fibroblasts all comprised the group of cultures which retained partial gene expression.   In 
the total NMD group, Amlexanox also induced modest increases in gene expression, 
although this was not proven to be statistically significant (Figure 4.5).  Furthermore, 
Amlexanox was the only drug that induced detectable increases in protein expression 
(Figure 4.9) in five cell cultures: DGUOKp.Arg105Ter, RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, 
STAT2p.Cys612Ter, and SURF1p.Gln251Ter.  Since Amlexanox elicits effects on both transcript and 
protein levels, it may enact both NMD inhibition and read-through activity.  Alternatively, 
it may stabilise transcripts so that they can be naturally read-through by the ribosome.  
Thus, from the screen of the four drugs, Amlexanox can be concluded as the most 
effective compound for eliciting translational read-through.   

The patient fibroblast cohort analysed in this study encompasses several mechanisms of 
mitochondrial dysfunction (Table 4-1).  In silico predictions of the 10 mutant transcripts 
showed that all but two transcripts were predicted to have gene expression ablation via 
NMD.  In RT-qPCR analyses, we found that the degree to which transcripts were 
degraded was divided into two groups: those with total elimination of transcript and 
those with some residual gene expression.  Those in the latter group responded better to 
TRIDs and NMDIs.  Interestingly, the only cell culture with mutant transcript that 
predicted truncated protein formation, RRM2Bp.Gln284Ter, was the most responsive to 
translational read-through therapy in both qPCR and western blot experiments (Figures 
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4.6A-B and 4.9B).  In addition, the RRM2Bp.Gln284Ter fibroblast culture possesses favourable 
sequence elements that enhance read-through efficiency.  This includes an adenosine 
directly flanking the stop codon on the 5’ end (Table 4-3).  Similarly, additional cell 
cultures which demonstrated some residual gene expression (MPV17p.Trp120Ter, 
SERAC1p.Arg183Ter, and STAT2p.Cys612Ter) responded to TRIDs and Amlexanox in qPCR, but 
only to Amlexanox in western blot experiments (Figures 4.6 and 4.9).  Those patients who 
possessed –1 and +4 nucleotides which improve read-through fidelity (Table 4-3)435,531 
also showed good read-through response in qPCR.  However, not all patients with these 
sequence elements responded.  Therefore, it seems that read-through enhancing 
sequence elements are sufficient but not necessary for translational read-through.  
Overall, the degree of NMD seems to be the principal factor in determining the patient 
cells’ response to translational read-through therapy.  RT-qPCR in future can be an 
important first-line screen to determine the patients’ potential for amenability to the 
mutation rescue effects of these drugs.   

An attribute that may have influenced the efficacy of translational read-through therapy 
is the length of the 3’UTR.  The 3’UTR varied greatly amongst our patient cell cohort.  
Efficient NMD is dependent on the recognition of a PTC.  In general, the EJC marks 
placeholders of exon-exon junctions and stop codons located more than 50-55 bases 
upstream of the EJC is considered a stop codon.  In addition, increased distance between 
PABP and a PTC also influences the recruitment of NMD factors448.  With these principles 
in mind, it would be expected that those proteins with the longest 3’UTRs (i.e.  the 
greatest distance between the PTC and the poly(A) tail) would more readily activate NMD.  
However, the opposite was observed in our cohort; patient cells with long 3’UTRs 
retained some of their gene expression.  In fact, the best responder to translational read-
through therapy RRM2Bp.Gln284Ter had the longest 3’UTR of over 3000bp (Table 4-3).  This 
may be because several transcripts with long 3’UTRs can contain sequence elements that 
protect them from inappropriate NMD activation in wild-type conditions—previous 
global analyses demonstrated that several naturally occurring mRNAs with 3’UTRs 
>1250nt are insensitive to NMD factors and contain AU-rich sequence elements in the 
first 200nt of their 3’UTR that supress NMD543.  Furthermore, it has been demonstrated 
that retroviruses can induce stop codon read-through to produce pol genes which are 
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located downstream of the structural gag genes separated by a stop codon436,437.  The 
creation of a gag-pol fusion protein is achieved by ribosomal frameshifting or by 
translational read-through of the gag termination codon.  Since retroviruses need to 
produce protein from polycistronic transcripts, they often have 3’UTRs up to 7000nt.  
Therefore, they have evolved methods to evade NMD544.  It has been found that read-
through at the gag site transcripts suppresses NMD by blocking Upf1 binding with 
mRNA437,544.  Furthermore, there may be a similar phenomenon in cellular mRNAs with 
long 3’UTRs to increase translation and inhibit NMD (Figure 4.10-4.13). 

Thus, the length of the 3’UTR may confer NMD-evading properties.  Indeed, the four cell 
cultures which were both nonsense read-through responders and had long 3’UTRs 
(>1250nt).  These were RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, STAT2p.Cys612Ter, and 
TTC19p.Leu219Ter.   Moreover, all four of these transcripts are AU-rich in the first 200nt.  The 
3’UTR of RRM2B is >70% AU residues.   The long 3’UTRs in these patients may have 
protected from inappropriate activation of NMD in basal conditions.  In a disease state, 
this could result in the partial evasion of NMD, as was consistently observed in the RT-
qPCR experiments presented here (Figure 4.6).  The availability of transcripts, conferred 
by NMD evasion, then allows translational read-through to occur with TRID treatment 
(Figure 4.11).  Finally, the read-through elicited by Amlexanox and TRIDs may create a 
positive feedback loop of NMD suppression, thus further increasing transcript levels 
(Figure 4.10).   

The remaining two patient fibroblast cultures which responded to Amlexanox in vitro 

both had short 3’UTRs: DGUOKp.Arg105Ter and SURF1p.Gln251Ter (Figures 4.5C, 4.5E, 4.9A, and 
4.9E).  These cells fell under the group of total NMD (Figure 4.3).  Both responded 
modestly to Amlexanox treatment and did not respond to any TRIDs.  Furthermore, 
Amlexanox elicited detectable protein changes in both these patients.  Thus, the 
mechanism of read-through appears to be through transcript stabilisation (NMD 
inhibition) with Amlexanox, which allows for natural read-through of a stable mRNA 
transcript (Figure 4.12).  Since SURF1p.Gln251Ter and DGUOKp.Arg105Ter fibroblasts had near-
zero gene expression, it makes sense that Amlexanox treatment would not restore 
transcript levels to the extent that they did in patients with partial NMD.  Finally, the lack 
of transcript in basal conditions (Figure 4.3), would render TRIDs ineffective as there 
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would be no transcript present to read-through and produce protein (Figure 4.13).  
Indeed, total NMD patients did not respond to TRID treatment in RT-qPCR and western 
blot experiments (Figures 4.5 and 4.8).   A paradigm for the response of the two groups 
of cell lines to TRIDs and NMDIs is provided in Figures 4.10-4.13.   
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Figure 4.10 Proposed Mechanism of Action of Amlexanox in Partial NMD Patient Cell Cultures In both 
basal and disease conditions, many transcripts with long 3’UTRs contain regulatory sequence elements 
which inhibit the binding of UPF1 to mRNA, thus inhibiting the rest of the NMD pathway (A).  Treatment 
with Amlexanox is also thought to interfere with UPF1 binding, therefore more the transcript is further 
stabilised (B).  Since it is likely that Amlexanox also confers read-through promoting properties, it shifts 
equilibrium to near-cognate tRNA binding (C).  Finally, full-length proteins are presumably formed and 
undergo post-translational modifications and are imported into the mitochondrion with the aid of their 
mitochondrial targeting sequence (MTS) (D). 
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Figure 4.11 Proposed Mechanism of Action of TRIDs in Partial NMD Patient Cell Cultures In both basal 
and disease conditions, many transcripts with long 3’UTRs contain regulatory sequence elements which 
inhibit the binding of UPF1 to mRNA, thus inhibiting the rest of the NMD pathway (A).  The availability of 
stable mRNA allows TRIDs to shift equilibrium to near-cognate tRNA binding (B).  Finally, full-length 
proteins are presumably formed and undergo post-translational modifications and are imported into the 
mitochondrion with the aid of their mitochondrial targeting sequence (MTS) (C). 
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The overall aim of this chapter was to perform a wide-ranging 
screen of the individual efficacy of TRIDs and NMDIs on 
different mitochondrial patient cell cultures.  The qPCR data 
suggests that prior presence of transcript is required for 
translational read-through.  Therefore, adequate NMD 
inhibition may ‘allow’ cells with total gene expression ablation 
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Figure 4.12 Proposed Mechanism of Action of Amlexanox in Total NMD Patient Cell Cultures. 
Treatment with Amlexanox is thought to interfere with UPF1 binding, therefore the PTC-containing transcript 
is stabilised (A).  Since it is likely that Amlexanox also confers read-through promoting properties, it shifts 
equilibrium to near-cognate tRNA binding (B).  Finally, full-length proteins are presumably formed and 
undergo post-translational modifications and are imported into the mitochondrion are imported into the 
mitochondrion with the aid of their mitochondrial targeting sequence (MTS), although this occurs at low 
levels (C). 
 

Figure 4.13 Proposed Mechanism of Action of TRIDs in Total NMD Patient Cell Cultures Most PTC-
containing transcripts activate the NMD pathway (A).  Since no stable transcript is available, TRIDs are not 
able to act upon the ribosome to promote near-cognate tRNA binding.  The translation machinery and 
mRNA are likely degraded and recycled (B). 
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to undergo read-through.  One aspect that can be explored in future is a 
combination therapy of TRIDs and NMDIs.  In vitro studies show that concurrent 
NMD inhibition with cycloheximide and Ataluren can improve translational read-
through545.  It will be useful to re-analyse patient cells from our cohort with 
Amlexanox and Ataluren combination therapy, especially those with lower levels of 
NMD such as RRM2Bp.Gln284Ter, STAT2p.Cys612Ter, and SERAC1p.Arg183Ter.  Since the exact 
mechanism of action of NMD inhibition by Amlexanox is unclear, this raises questions 
as to whether TRID and NMDI combination therapy would be efficacious.  Rather 
than occurring in a sequential manner, NMD and translation are integrated processes.  
Therefore, the simultaneous presence of Amlexanox and Ataluren may affect the 
binding ability of the other, especially since NMD factors and translational machinery 
are constantly in close proximity.  Previously, the lack of synergy of Ataluren was a 
hurdle to its clinical approval.  Ataluren efficacy was diminished, owing to the 
aminoglycoside drugs that patients were taking to manage their symptoms463.  Since 
both drugs were competing for ribosomal binding sites, the efficacy of Ataluren was 
reduced.  Eventually, this trial was ended owing to lack of results.  In addition, the 
ability of Amlexanox to partially restore protein levels suggests it may also have some 
read-through inducing properties, which in turn may affect Ataluren efficacy. 

 

4.5.1 Conclusions 

In this chapter we have established a spectrum of fibroblast disease models, derived 
from a heterogeneous cohort of patients with mitochondrial diseases caused by bi-
allelic nonsense mutations comprising diseases such as CIV deficiency, MDDS, and 
primary CoQ10 deficiency.  We have also demonstrated that three evaluated TRIDs, 
gentamicin, Ataluren, and RTC13, as well as the NMDI Amlexanox, are safe to use in 
treatment of patient cells.  RT-qPCR demonstrated two distinct responses in patient 
cell groups displaying either total or partial NMD, with partial NMD cases responding 
better to treatment.  Finally, the NMDI inhibitor Amlexanox was able to restore both 
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transcript and protein levels in five cell lines: SURF1p.Gln251Ter, DGUOKp.Arg105Ter, 
RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, and STAT2p.Cys612Ter. 
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5 Results 
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the Cellular Phenotype of 
Mitochondrial Disease Patients 
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5.1 Background 

Translational read-through therapy is the pharmacological promotion of an equilibrium 
shift towards near-cognate tRNA incorporation (and a subsequent continuation of 
translation) in the presence of a PTC.  The key evidence for the efficacy of translational 
read-through therapy is that the read-through proteins are able to perform their cellular 
or metabolic functions.  DMD), for example, was the first human disease model tested 
with Ataluren that displayed functional efficacy.  The most commonly utilised mouse 
model of DMD, the mdx mouse, harbours a UAA stop codon in place of a glutamine in 
exon 23546.  Thus, Ataluren (and other read-through agents such as RTC13467) have been 
tested in the mdx mouse to investigate in vivo efficacy.  Firstly, protein restoration of full-
length dystrophin protein comprising 79 exons was observed in western blots of mdx 

mice myotubes.  Furthermore, the restored dystrophin was deemed functional owing to 
observed improvements in muscle contractility and normalisation of pathological 
biochemical markers461.  Similarly, TRIDs have demonstrated functional efficacy in vitro in 
a number of IEM cell models.  For example, gentamicin treatment elicited a significant 
increase in the enzyme activity in a patient with a truncating mutation in the gene for 
lysosomal enzyme arylsulfatase B, which catalyses the breakdown of dermatan sulphate, 
in the skin, tendons, blood vessels, airways and heart valves465,547.  Similarly, in vitro 

treatment of fibroblasts from a patient with aspartylglucosaminuria caused by nonsense 
mutations in AGA also showed an increase in enzyme activity following a 48-hour 
Amlexanox treatment.  Although the restored activity was not statistically significant, the 
enzyme activity was normalised to an asymptomatic carrier level470.   

To determine if translational read-through therapy could be a viable option for 
mitochondrial diseases, the functional efficacy of TRIDs and NMDIs should be determined 
in vitro.  Since the mitochondrion is a nexus of metabolic and cellular processes, there are 
a variety of biochemical and cellular assays available for the elucidation of mitochondrial 
function.  This chapter aims to take forward those cell cultures which responded to TRIDs 
and NMDIs as demonstrated by increased transcript and/or protein restoration and to 
determine whether these drugs are able to produce functional proteins.  A total of four 
cell cultures were taken forward in this chapter for functional evaluation of therapeutic 
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rescue, comprising those harbouring DGUOKp.Arg105Ter, RRM2Bp.Gln284Ter, SURF1p.Gln251Ter,  
and STAT2p.Cys612Ter mutations, which exhibited protein restoration correlating with 
transcript restoration.  Since these proteins all perform different functions, distinct 
functional assays were required to be established and used to interrogate each patient 
cell culture. 

One of the patients, whose fibroblasts were analysed in our cohort, initially presented 
with a CIV deficiency resulting from a nonsense mutation in the CIV assembly factor 
SURF1.  CIV is the final electron acceptor in the respiratory chain (Section 1.2.3.1).  It 
oxidizes cyt c in its BNC to yield water molecules and pump protons into the IMS56.  
Although its deficiency is a frequently reported cause of mitochondrial disease, the exact 
function of SURF1 has yet to be elucidated.  Its putative role lies in an intermediate step 
of CIV assembly, specifically in haem insertion into the MT-CO1 core subunit of CIV548,549.  
However, in α-proteobacteria, SURF1 homologues appear to perform varying functions.  
For example, in Rhodobacter sphaeroides Surf1 is responsible for haem a3 insertion in the 
BNC of the aa3-type cytochrome c oxidase (the same type as higher eukaryotes)550,551.  In 
contrast, soil α-proteobacterium species Paracoccus denitrificans contain two SURF1 
homologues that confer haem a binding to the Cox1 subunit552.   

Clinically, SURF1-deficiency is heterogeneous but often severe485.  In Leigh Map, SURF1 
was the gene that was associated the most phenotypic presentations out of 92 Leigh 
syndrome-causing genes.  Patients have presented with multiple organ involvement 
including cardiomyopathy, encephalopathy, myopathy, and liver disease361.  The 
SURF1p.Gln251Ter patient included in this study presented with Leigh syndrome and a severe 
demyelinating peripheral neuropathy, resulting in death at 11 years of age (Section 
2.2.3.7).  Biochemically, CIV-deficient fibres can be observed in patient muscle as well as 
an 80-90% decrease in CIV activity in all cell types553.
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Figure 5.1 Overview of Complex IV Assembly CIV assembly is believed to occur as a step-wise 
process and involves the integration of three modules each containing one core catalytic CIV subunit 
(MT-CO1-3).  The MT-CO1 module is assembled first.  TACO1 and LRPPRC are translational co-
activators of MT-CO1 which is embedded on the IMM.  Haem a, haem a3 and CuB prosthetic groups are 
then added to MT-CO1 along with accessory nuclear encoded subunits COX4I1 and COX5A.  Next, the 
MT-CO2 module containing MT-CO2 and its CuA prosthetic group along with accessory subunits, are 
added to the MT-CO1.  Finally, the MT-CO3 module is added to form viable holoCOX.  CIV assembly 
requires the action of several assembly factors denoted in grey text.  This includes SURF1 (green text), 
which is proposed to be responsible for haem a insertion to MT-CO1 in humans. 
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Both the DGUOKp.Arg105Ter and RRM2Bp.Gln284Ter mutations caused different forms of MDDS 
in patients.  DGUOK is an enzyme involved in the mitochondrial nucleotide salvage 
pathway (Section 1.3.2.2) which phosphorylates purine nucleotides imported into the 
mitochondria to yield dGMP and dAMP (Figure 5.2).  These are then further 
phosphorylated by NMPKs and NDPKs to create dGTP and dATP which are the final 
building blocks of mtDNA208 (Section 1.3.2.2).  RRM2B in contrast is involved in the de 

novo nucleotide biosynthesis pathway.  RRM2B itself is a p53-inducible subunit of the 
RNR complex, which reduces rNDPs to dDNPs, which are again phosphorylated by NDPKs 
in the cytosol and transported into mitochondria.  In addition to mitochondrial genome 
maintenance, RRM2B also supplies a low level of nucleotides for DNA repair in the 
nucleus203.  Since p53 is a potent tumour suppressor commonly implicated in several 
cancers, there is a suggested role of RRM2B in cancer pathophysiology.  For example, 
RRM2B was found to be involved with the p53-dependent checkpoint for DNA 
damage204.  In vitro, RRM2B suppression was induced the proliferation of tumour cells, 
but the role of RRM2B in cancer remains an under-explored topic554.   

The DGUOK-deficient patient, whose fibroblasts were used in this study, originally 
presented with a hepatocerebral phenotype, commonly observed in other patients with 
DGUOK mutations (Section 2.2.3.2)481.  The subject harbouring the p.Gln284Ter mutation 
in RRM2B also displayed a characteristic phenotype of infantile-onset 
encephalomyopathy accompanied by renal tubulopathy (Section 2.2.3.4)203.  The hallmark 
molecular marker of MDDS is a decrease in mtDNA copy number in affected tissues such 
as muscle and liver.  Importantly, mitotic tissues such as lymphoblasts and fibroblasts 
often do not exhibit mtDNA depletion because sufficient nucleotides are provided by the 
R2 subunit of the RNR complex which is active during the S-phase of dividing cells204.  In 
a diagnostic setting this creates challenges, as post-mitotic tissues can only be obtained 
via invasive biopsies, whereas mitotic tissues can be obtained by less invasive skin 
biopsies and routine blood collections.  Nowadays, invasive tissue biopsies (e.g. muscle or 
liver biopsies) have been clinically limited to neonatal patients with suspected 
mitochondrial disease with life-threatening multi-systemic manifestations360.  However, 
mtDNA depletion can be observed in mitotic tissues if they are made quiescent.  An 
effective method of arresting fibroblasts in the G0 phase is to starve their growth medium 
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of serum.  This limits the nutrient availability and the cells reprogram and exit the cell 
cycle.  As a result, the cells are now forced to utilise the mitochondrial nucleotide salvage 
pathway as well as the p53-inducible R2 subunit of the RNR complex as their primary 
means of nucleotide pool maintenance.  The intrinsic mtDNA maintenance defect of the 
cells then appears in a time-dependent manner owing to the genetic defects in these 
pathways481. 
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Figure 5.2 Overview of mtDNA dNTP Pool Maintenance In the salvage pathway, dG and dA are imported 
into mitochondria where they are phosphorylated by DGUOK to yield dNMPs.  These are then further 
phosphorylated twice more to yield dNTPs, two of the building blocks of mtDNA (A).  In the de novo 
pathway, the RNR complex, with the p53-inducible R2 subunit (RRM2B) reduce rNDPs to dNDPs.  These are 
phosphorylated by NDPKs before being transported into mitochondria through specific dNTP carriers (B). 
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The final two of the patient cell cultures in our cohort were from a sibling pair carrying a 
homozygous nonsense mutation in STAT2.  STAT2 forms part of the JAK-STAT pleiotropic 
signalling cascade that mediates cytokine and growth factor signals instrumental for 
immune function, haematopoiesis, and cell differentiation555.  In innate immunity, STAT2 
has been well documented to function in anti-viral signalling by transactivating interferon 
(IFN)-stimulated genes556.  Upon cytokine-mediated activation of IFN receptors, a 
signalling cascade is activated wherein STAT1 and STAT2 become phosphorylated at 
tyrosine residues and subsequently dimerize556 (Figure 5.3).  The STAT1/STAT2 
heterodimer then associates with regulatory protein IFN regulatory factor 9 (IRF9) to form 
the IFN-stimulated gene factor (ISGF3) complex.  ISGF3 is then able to translocate into 
the nucleus, owing to the nuclear targeting signal on IRF9, to enhance the transcription of 
anti-viral genes557 (Figure 5.2).  STAT2 has also been implicated in STAT1-independent 
functions such as in myogenic differentiation558.   

Excitingly, recent work in our lab has additionally identified STAT2 as a novel regulator of 
mitochondrial fission518.  Microscope images of the two STAT2p.Cys612Ter patient fibroblasts, 
as well as a third unrelated patient with a STAT2 splice site variant not analysed here, 
showed a marked hyperfused mitochondrial phenotype.  In addition, all patients 
exhibited increased susceptibility to viral infection.  This work also reported that STAT2 
regulates mitochondrial fission by phosphorylating the master regulator of mitochondrial 
fission, DRP1 (Section 1.2.3.2) at its Ser616 residue, critical for its activation.  
Phosphorylation at DRP1Ser616 was previously shown to result in its translocation from the 
cytosol to the OMM and polymerisation into higher order structures required for 
membrane constriction before a final scission by related GTPase DNM2157.  In fact, the 
morphological phenotype of DRP1- and STAT2-deficient patients was identical518. 
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Figure 5.3 Overview of STAT2 Function STAT2 plays a role in anti-viral signalling.  Upon the activation of 
interferon-α receptors (IFNAR1 and IFNAR2), kinases JAK1 and TYK2 become phosphorylated.  They then 
phosphorylate STAT1 and STAT2, which  dimerise.  Finally, the association of the STAT1-STAT2 dimer with 
IRF9 yields ISGF3, which translocates to the nucleus to promote the transcription of anti-viral genes (A).  
STAT2 is also a regulator of mitochondrial fission.  It phosphorylates DRP1, allowing it to be recruited to the 
OMM.  DRP1 utilises ER-mitochondrial contact sites to bind to its receptors and constrict the OMM, 
resulting in mitochondrial fission (B). 
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5.2 Aims 

In the previous chapter, we have identified that treating mitochondrial patients with 
TRIDs or NMDIs results in a partial restoration of transcript and protein in certain patient 
cell cultures.  The degree to which gene expression is inhibited by NMD seemed to be the 
principal determining factor of translational read-through amenability.  In this chapter, we 
aim to take forward those cell lines which responded positively in transcript and protein 
experiments and perform functional assays to determine the in vitro efficacy of TRIDs and 
NMDIs on protein function.  Since Amlexanox was the only drug which elicited detectable 
protein changes as determined by western blot analysis, it was taken forward in this 
chapter as the principal drug used for functional assays.  However, in light of the unclear 
data resulting from use of unreliable/non-specific mitochondrial antibodies, we also 
wanted to determine whether TRIDs were in fact eliciting an improvement in 
mitochondrial function that was just not being detected by western blot analysis.  Thus, I 
also elected to use the optimal dose of Ataluren observed in the transcription and 
western blot experiments for all the functional studies performed in this chapter.   

The aims of this chapter are as follows: 

 Perform a spectrophotometric CIV activity assay to test whether Amlexanox or 
Ataluren treatment could restore CIV enzyme activity in a patient fibroblast cell 
culture harbouring a bi-allelic nonsense mutation in the CIV assembly factor 
SURF1. 

 Perform absolute mtDNA quantification in patient cell cultures harbouring bi-
allelic nonsense mutations in DGUOK and RRM2B, to determine whether 
Amlexanox or Ataluren could restore mtDNA copy number. 

 Perform confocal live imaging of two patient cell cultures with STAT2 deficiency, 
resulting in a hyper-fused mitochondrial morphological phenotype.  This 
experiment will qualitatively assess mitochondrial network configuration and 
quantitatively determine whether Amlexanox and Ataluren can restore 
mitochondrial morphology to give a similar appearance as that of a healthy 
control. 
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5.4 Results 

5.4.1 The Effect of Amlexanox and Ataluren on Complex IV Activity in 
SURF1p.Gln251Ter Patient Fibroblasts 

In Chapter 4 we identified that SURF1p.Gln251Ter patient fibroblasts were modestly 
responsive to Amlexanox in transcript experiments, despite having virtually no SURF1 

gene expression (Figure 4.3; Figure 4.5).  Nevertheless, this low level of transcript 
restoration translated to protein restoration in western blot experiments.  To determine 
whether Amlexanox treatment resulted in a functional SURF1 protein, a 
spectrophotometric CIV activity assay was performed.  This method involved isolating 
protein lysates from patient and healthy control fibroblasts and immobilising the CIV 
enzyme in a 96-well plate lined with a monoclonal CIV antibody.  The substrate for CIV, 
reduced cyt c, was then added to the wells where it would be oxidised by the immobilised 
enzyme.  As cyt c becomes oxidized, its absorbance at 555nm decreases over a period of 
2 hours.  The enzyme rate of CIV decays pseudo-exponentially, meaning the rate rapidly 
becomes non-linear.  Therefore, the activity of CIV was expressed as a first-order rate 
constant calculated using the slope of linear region of the absorbance curve.  
SURF1p.Gln251Ter fibroblasts were treated with the two maximum doses of Amlexanox 
(250µM and 500µM) for 96 hours, with replenishment every 48 hours and the CIV activity 
was subsequently measured.  In addition, to also observe whether TRIDs could induce a 
functional amelioration, we treated SURF1p.Gln251Ter fibroblasts with a maximum dose of 
Ataluren for the same 96-hour treatment period as Amlexanox.  The activity of the treated 
patient samples was then compared with the activity of DMSO vehicle-treated 
SURF1p.Gln251Ter cells, as well as fibroblasts from a healthy control. 

Often, patients with mitochondrial disease (or disease causing secondary mitochondrial 
dysfunction) upregulate mitochondrial biogenesis as a compensatory mechanism559.  
However, owing to the underlying genetic defect, this response is often maladaptive.  In 
patients with MERRF, for example, mitochondrial biogenesis is upregulated in response to 
mtDNA mutations, however, abnormal mitochondria aggregate on the sarcolemmal 
membrane to form aberrant RRFs559.  From a biochemical standpoint, therefore, the 
activity of individual OXPHOS complexes needs to be normalised to the relative 
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mitochondrial density.  For this study, all CIV activity values were normalised to citrate 
synthase, a TCA cycle enzyme localised to the mitochondrial matrix which can serve as a 
marker of relative mitochondrial enrichment.  Citrate synthase catalyses the production of 
free CoA from oxaloacetate and acetyl-CoA.  Citrate synthase activity can also be 
measured using a spectrophotometric plate reader assay.  Based on a protocol developed 
by Sherpherd and Garland, citrate synthase activity is indicated by a colorimetric reaction 
of CoA and a separate compound DTNB to form TNB, which then elicits a maximal 
absorbance at 412nm.  Thus, citrate synthase activity was also assayed in the protein 
lysates500.   

SURF1p.Gln251Ter fibroblasts exhibited pathological biochemical features of mitochondrial 
disease similar to what has been previously reported485,560.  First, they had an 
upregulation of mitochondrial biogenesis as indicated by increased citrate synthase 
activity (Figure 5.4A).  This finding was not statistically significant; however, an increase 
can be seen compared to the citrate synthase activity of healthy controls.  Thus, it can be 
concluded that these SURF1-deficient cells may have upregulated mitochondrial 
biogenesis to compensate for the underlying CIV defect.  Secondly, the SURF1p.Gln251Ter cell 
culture exhibited a severe CIV deficiency.  The measured activity was 9% of the control.  In 
the raw absorbance data, it can be observed that the slope of the linear region indicated 
by dotted lines is less steep.  In addition to this SURF1-deficient patient, there has been 
one other report of an additional Leigh syndrome patient with the same p.Gln251Ter stop 
gain mutation560.  In this report, the patient also exhibited severe COX deficiency in both 
fibroblasts (2% of control activity) and muscle (14% of control activity)560.  Thus, the 
biochemical phenotype of this patient is consistent with previous reports.   

Amlexanox treatment of SURF1p.Gln251Ter cells seemed to elicit at least a partial functional 
amelioration of CIV deficiency.  This was indicated first by an attenuation of citrate 
synthase activity compared to the untreated sample (Figure 5.4B) and secondly, an 
increase in CIV activity compared to the untreated patient sample (Figure 5.4C).  250µM 
of Amlexanox was the most effective dose compared to 500µM, restoring CIV activity to 
22% and 16% of control, respectively.  However, despite the increase in CIV activity the 
findings were not statistically significantly different from the activity of the untreated 
patient (Figure 5.4C).  In addition, Ataluren also increased CIV activity to 20% of control 
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activity (Figure 5.4A-B).  There was one outlier (Figure 5.4C), however, which may have 
skewed the result.   

The experimental validation of the CIV assay achieved linearity across serial dilutions of 
protein samples, with a Pearson correlation coefficient slightly less than 0.99 (Figure 
2.10A).  Maintaining cyt c in a reduced state was a challenge, so many experimental 
replicates were needed.  The values in Figure 5.4 represent the culmination of replicates 
whose readings were not erratic and which exhibited the expected pseudo-exponential 
decay curve.  In contrast, the citrate synthase assay was more robust with near perfect 
linearity achieved in validation experiments of serial dilutions of healthy control protein 
lysates (Figure 2.9).  Since there are a variety of methods available for testing both the 
activity and assembly of CIV, it may be worth validating the findings of this experiment 
with another method.  For example, by performing immunocytochemical staining of CIV 
subunits to determine the presence of CIV assembly intermediates in the SURF1p.Gln251Ter 
fibroblasts.   

Overall, it can be concluded that despite total ablation of SURF1 gene expression in these 
patient cells, 96-hour treatment with TRIDs and NMDIs confers a partial functional 
restoration of CIV.  As expected, Amlexanox seemed to be more effective than Ataluren at 
restoring CIV activity.  As in the paradigm of Amlexanox mechanism of action in Figure 
4.12, Amlexanox may be increasing SURF1 transcript by inhibiting NMD, and also 
promoting translational read-through.  The reason that Ataluren cannot confer as much 
of an effect may likely lie in the unavailability of transcript to read through.  In future, it 
will be of great interest to treat the SURF1-deficient fibroblasts with both Amlexanox and 
Ataluren combined, to observe whether a synergistic effect can be achieved.  Also, since 
these fibroblasts were treated for only 96-hours, a longer treatment course may provide 
further insights on whether prolonged treatment can confer increased CIV activity.   
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Figure 5.4 Complex IV Activity Measurements of Amlexanox- and Ataluren-Treated SURF1p.Gln251Ter 

Fibroblasts.  (A) Untreated SURF1p.Gln251Ter fibroblasts have a significant CIV deficiency and increased (but 
insignificant) citrate synthase activity.  Mean±SEM, n=3, technical triplicate for each n, ****p<0.0001, ns 
p>0.05, t-test.  (B) Amlexanox and Ataluren treatment attenuate citrate synthase activity increase although 
not significantly. Mean±SEM, n=3, technical triplicate for each n, ns p>0.05, one-way ANOVA with post-hoc 
t-test comparisons; (C) Amlexanox and Ataluren treatment does not significantly increase CIV activity.  
Mean±SEM, n=3, technical triplicate for each n, ****p<0.0001, ns p>0.05, one-way ANOVA with post-hoc t-
test comparisons. 
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5.4.2 The Effect of Amlexanox and Ataluren on mtDNA Copy Number in 
DGUOKp.Arg105Ter Patient Fibroblasts 

Another cell culture with total NMD that responded at both the transcript and protein 
levels to Amlexanox treatment was the DGUOKp.Arg105Ter patient cell culture (Figure 4.3).  
To test whether transcript and protein restoration could elicit downstream amelioration 
of mtDNA copy number, ddPCR was performed to quantify absolute mtDNA copy 
number in patient and control fibroblast DNA samples.  ddPCR is a PCR method wherein 
mtDNA and genomic DNA copy numbers are quantified with fluorescently labelled 
probes.  Each sample is partitioned into 20,000 oil droplets prior to PCR amplification.  A 
droplet reader then determines the fluorescence in each droplet, thereby providing a 
robust measurement of mtDNA copy number.  ddPCR is superior to relative mtDNA 
quantification using traditional RT-qPCR methods, as it has less inter-experimental 
variability.   

One caveat of fibroblast models of MDDS is that the cellular mtDNA depletion phenotype 
is not present.  This is because fibroblasts are mitotic tissues which maintain their 
nucleotide pools through the RNR complex and its R2 subunit which is active during S-
phase204.  Therefore, the nucleotide salvage defect caused by DGUOK mutations is 
masked.  However, mtDNA depletion in fibroblasts can be induced by starving the cell 
culture media of serum.  This depletes nutrient and growth factor availability, thereby 
arresting cells in the G0 phase.  Fibroblasts are thereby forced to utilise OXPHOS for 
energy generation and must rely on the mitochondrial de novo and nucleotide salvage 
pathways for efficient mtDNA replication.  The DGUOKp.Arg105Ter patient cells utilised for 
this study have previously been in shown in a separate study to display an mtDNA copy 
number close to control levels at baseline494, but serum starvation for 20 and 40 days 
could elicit a step-wise decrease in mtDNA copy number over time and treatment with 
purine nucleosides was sufficient to restore mtDNA copy number.  Thus, in our 
experiments, in order to determine a functional amelioration of the depletion phenotype, 
which could not be detected with RT-qPCR or western blot, the DGUOK-deficient patient 
cells were serum starved for 40 days in addition to being treated with the two highest 
doses of Amlexanox thrice weekly and also with the maximum tolerated dose of Ataluren.  
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In addition, non-serum starved DGUOKp.Arg105Ter fibroblasts were treated with the 
aforementioned doses for 40 days for comparison.  All samples were compared to 
healthy control fibroblasts and ρ0 A549 cells which lack mtDNA.  DNA was isolated at 20 
and 40 days for analysis.   

Unfortunately, the fibroblasts which underwent both serum-starvation and drug 
treatment had poor survival and increased susceptibility to infection.   However, results 
are available for non-serum starved samples and serum-starved samples that have not 
been pre-treated.  Firstly, as expected, DGUOKp.Arg105Ter fibroblasts do not have mtDNA 
depletion under standard cell culture conditions (Figure 5.5 and 5.6).  In our hands, the 
mtDNA copy number was higher than that of healthy controls, however, this finding was 
not statistically significant.  Serum starvation for 20 and 40 days did unmask the depletion 
phenotype as a sequential decrease in mtDNA copy number (Figure 5.5).  After 20 days of 
serum starvation, there was a 40% reduction of mtDNA copy number.  Depletion 
increased further to an 80% reduction after 40 days serum starvation.  The mtDNA 
depletion was also significantly lower after 40 days of serum starvation.  At 20 days, 
serum-starved fibroblasts treated with TRIDs and NMDIs showed almost a complete 
ablation of mtDNA, however, these cells were extremely unhealthy and likely dead (Figure 
5.6).  The DNA yield measurements were also substantially lower compared to other 
samples.  Furthermore, treated and serum-starved fibroblasts did not survive over 40 
days.  In future, serum starvation experiments will be repeated in larger culture flasks to 
obtain more DNA.   

In non-serum starved cells, Amlexanox and Ataluren treatment did seem to elicit an 
increase in mtDNA copy number after 40 days of treatment (Figure 5.6).  Interestingly, 
Ataluren was the only treatment to yield a statistically significant increase, while the two 
doses of Amlexanox were not as effective (Figure 5.6).  However, at 20 days mtDNA copy 
number measurements were lower than the untreated patient.  It is possible that the copy 
number increase in response to Ataluren treatment was an artefact.  Since mtDNA is far 
more abundant than nuclear DNA, contamination with any genetic material (e.g.  hair, 
dead skin) can cause false positive droplet readings.  However, great care was taken to 
reduce contamination and inter-experimental variability.  The validation assay conducted 
in chapter 2 demonstrated that these experimental precautions were sufficient to prevent 
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contamination (Figure 2.7A).  Therefore, it is likely that the Ataluren-treated sample was a 
true result.  The TRID- and NMDI-treated DNA samples were extracted from one half of 
one well of a 6-well plate.  The remainder of the cells in the well were grown and treated 
for a further 20 days.  As a result, the DNA yield was considerably lower than that of the 
20-day control DNA sample, which was extracted from a 75cm2 culture flask. 

Despite the discrepancies in DNA sample quality, the overall impression from these data 
is that after prolonged treatment with Amlexanox and Ataluren, an increase in mtDNA 
copy number can be achieved.  Thus, it can be concluded that translational read-through 
therapy is sufficient to partially correct the cellular phenotype in DGUOKp.Arg105Ter cells in 

vitro. 
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Figure 5.5 Confirmation of Induced mtDNA Depletion in DGUOKp.Arg105Ter Fibroblasts.  DGUOKp.Arg105Ter patient fibroblasts did 
not exhibit mtDNA depletion at day 0 (A;B left panel).  After 20 and 40 days of serum-starvation, mtDNA depletion occured in a 
step-wise reduction (A;B middle and right panels).  Mean±SEM, n=3, technical triplicate for each n, **p<0.01, ***p<0.001, ns 
p>0.05, one-way ANOVA with post-hoc t-test comparisons. 
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Figure 5.6 The Effect of Amlexanox and Ataluren on mtDNA Copy Number in DGUOKp.Arg105Ter 
Fibroblasts.  DGUOKp.Arg105Ter were treated with Amlexanox or Ataluren for up to 40 days in both serum-
starved and serum-fed conditions and mtDNA copy number was measured (A).  Statistical significance of 
mtDNA copy number changes were determined by comparing the means of treated, untreated, and control 
samples using a t-test.  After a tri-weekly treatment for 40 days, 100µM Ataluren (bar P100) increases mtDNA 
copy number in serum-fed cells (A;B left panel).  Mean±SEM, n=3, technical replicate for each n, ***p<0.001, 
**p<0.01, *p<0.05, ns p>0.05, one-way ANOVA with post-hoc t-test comparisons. 
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5.4.3 The Effect of Amlexanox and Ataluren on mtDNA Copy Number in 
RRM2Bp.Gln284Ter Patient Fibroblasts  

The RRM2Bp.Gln284Ter patient cell culture provided an MDDS cell line for investigation in 
this study, the specific mutation being predicted to lead to truncated protein formation 
and possessing a number of sequence elements predicted to improve amenability to 
translational read-through therapy (Table 4-3).  In line with these bioinformatics analyses, 
the RRM2Bp.Gln284Ter patient cell culture had displayed increases in transcript expression 
and detectable changes in protein expression in RT-qPCR and western blot experiments, 
respectively (Figures 4.6A and 4.9B).  To determine whether Amlexanox or Ataluren could 
also restore RRM2B function, ddPCR was performed on serum-starved treated and 
untreated DNA samples, as outlined in the previous section.   

In this set of experiments however, the non-serum starved samples were discarded owing 
to bacterial infection.  Since the RRM2Bp.Gln284Ter cell lines exhibited extreme slow growth, 
the 40-day treatment course could not be repeated within the timeframe of his PhD.   

As expected, untreated RRM2Bp.Gln284Ter cells do not exhibit a depletion phenotype 
compared to controls (Figure 5.7).  However, serum starvation unmasks the depletion 
phenotype in a step-wise manner after 20 and 40 days.  After 20 days, serum-starved 
RRM2Bp.Gln284Ter fibroblasts have a 68% reduction in copy number.  After 40 days, there 
was a 90% reduction of mtDNA copy number compared to controls.  This depletion 
phenotype through serum starvation recapitulates the original 2007 report of the 
RRM2B-deficient patients from which the fibroblasts were derived, where severe mtDNA 
depletion was observed in the muscle of the affected subjects203.   

Treatment of serum-starved patient fibroblasts with 250µM or 500µM of Amlexanox 
elicited a definitive increase in mtDNA copy number that was comparable to healthy 
controls (Figure 5.8).  After 20 days of serum starvation, 500µM Amlexanox elicited a 
significant increase in mtDNA copy number with insignificant difference from controls, 
thereby indicating copy number restoration potentially equivalent to physiological levels 
(Figure 5.8A).  At 20 days, 250µM Amlexanox treatment only elicited a modest copy 
number increase that was statistically insignificant (Figure 5.8A).  However, at 40 days, the 
phenotypic correction of mtDNA depletion is significantly reversed with 250µM 
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Amlexanox treatment (Figure 5.8A).  There was also a statistically significant increase in 
copy number with 500µM Amlexanox treatment after 40 days, indicating that repeated 
treatment has potential to induce a stable read-through of the RRM2B transcript and 
downstream formation of a functional RRM2B protein (Figure 5.8A). 

The effect of Ataluren was less pronounced in RRM2Bp.Gln284Ter fibroblasts.  After 20 days, 
there was a slight increase in mtDNA copy number, however, this was statistically 
insignificant (Figure 5.8A).  Unfortunately, the cells did not survive a 40-day Ataluren 
treatment for this set of experiments so it cannot be determined at this point whether a 
prolonged Ataluren treatment is able to correct the depletion phenotype in serum-
starved RRM2Bp.Gln284Ter fibroblasts.  In future, this treatment (40 days of serum starvation 
and 100µM Ataluren treatment) as well as the same treatment courses on normally fed 
samples will be repeated.   

Overall, the achieved ddPCR data of RRM2Bp.Gln284Ter fibroblasts indicate that Amlexanox is 
potentially able to completely correct the depletion phenotype in vitro. 
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Figure 5.7 Confirmation of Induced mtDNA Depletion in RRM2Bp.Gln284Ter Fibroblasts.  RRM2Bp.Gln284Ter patient fibroblasts did not 
exhibit mtDNA depletion at day 0 (A;B left panel).  After 20 and 40 days of serum-starvation, mtDNA depletion occured in a step-
wise reduction (A;B middle and right panels).  Mean±SEM, n=3, technical triplicate for each n, ***p<0.001, **p<0.01, ns p>0.05, 
one-way ANOVA with post-hoc t-test comparisons. 
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Figure 5.8 The Effect of Amlexanox and Ataluren on mtDNA Copy Number in Serum-Starved 
RRM2Bp.Gln284Ter Fibroblasts.  DGUOKp.Arg105Ter were treated with Amlexanox or Ataluren for up to 40 days in 
serum-starved conditions and mtDNA copy number was measured (A).  Statistical significance of mtDNA 
copy number changes were analysed by comparing the means of treated, untreated, and control samples 
using a t-test.  After a tri-weekly treatment for 20 days, 500µM Amlexanox increases mtDNA copy number in 
serum-starved cells (A;B top panels). After a tri-weekly treatment for 40 days, 250µM and 500µM Amlexanox 
increase mtDNA copy number in serum-starved cells (A;B bottom panels).  Mean±SEM, n=3, technical 
replicate for each n, ****p<0.0001, ***p<0.001, **p<0.01, ns p>0.05, one-way ANOVA with post-hoc t-test 
comparisons. 
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5.4.4 The Effect of Amlexanox and Ataluren on Mitochondrial Morphology 
in STAT2p.Cys612Ter Patient Fibroblasts 

Two patient cell cultures which responded to Amlexanox in transcript and protein 
analyses were fibroblasts from a sibling pair with mutations in the mitochondrial fission 
regulator STAT2.  The two fibroblast cell cultures exhibited partial NMD, and therefore a 
better response to Amlexanox and TRID treatment.  Previous work demonstrated that 
STAT2-deficient patient fibroblasts displayed a hyper-fused mitochondrial phenotype 
characterised by statistically significant increases in mitochondrial perimeter.  This was 
corrected with lentiviral transduction of the STAT2 cDNA159.  To determine whether 
Amlexanox or Ataluren could similarly correct the hyper-fusion phenotype in the 
STAT2p.Cys612Ter fibroblasts, live cell imaging was performed followed by a comprehensive 
3D analysis of mitochondrial morphology.  Patient samples treated with the two highest 
doses of Amlexanox (250µM and 500µM) and the highest dose of Ataluren (100µM) for 
96 hours were compared to untreated patients and healthy control fibroblasts.  To 
visualise mitochondria, live cells were stained with TMRE, a positively charged ester-based 
dye which is readily taken up by intact mitochondria with a negative membrane 
potential561. 

Live imaging analysis was used in this study, to take images on a confocal microscope 
with the mitochondria traced as tubes in ImageJ.  3D measurements of mitochondria 
were generated from the images, based upon volume, surface area, and FR.  This 
technique gives an accurate assessment of mitochondrial morphology, as individual 
mitochondria are visualised in 3D.  One caveat of measuring mitochondrial perimeter in 
2D, is that this measurement does not account for individual mitochondria that may be 
superimposed on top of each other.   

Hundreds of mitochondria were identified per image with our image analysis macro and 
these were plotted on histograms to elucidate the network distribution of mitochondria 
in STAT2p.Cys612Ter and healthy control cells.  Three separate treatment courses (biological 
replicates) were performed.  Table 5-1 denotes the numbers of cells analysed per 
biological replicate in this section.   
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Table 5-1 Total Number of Cells Analysed for Mitochondrial Morphology Experiments 

Sample Number of Cells per n Total No. of Cells Analysed 
Healthy Control 5 15 
P1 + 2% DMSO 6 18 
P1 + 250µM Amlexanox ≥8 32 
P1 + 500µM Amlexanox 3 9 
P2 + 2% DMSO 5 15 
P2 + 250µM Amlexanox ≥6 31 
P2 + 500µM Amlexanox ≥3 14 
P2 + 100µM Ataluren 5 15 
Total 135 

P1: STAT2p.Cys612Ter Fibroblasts from Patient 1; P2: STAT2p.Cys612Ter Fibroblasts from Patient 2 

 

In figures 5.9 and 5.12, individual mitochondria counted in cells are denoted in different 
randomly generated colours.  Both figures visualise representative single cells of a similar 
mitochondrial volume (mean = 750 units3) to highlight differences in surface area 
distribution.  Within each sample group (healthy controls, DMSO-, Amlexanox-, and 
Ataluren-treated patients) cells were chosen that had similar volumes and good image 
quality.  The coefficient of variation (CoV) (standard deviation/mean) of all analysed cells 
in Figures 5.9 and 5.12 was 0.03 (a CoV<1 is considered to be a low-variance sample)562, 
indicating that the variability of the sample is low.  Therefore, visualising the surface area 
distribution in these cells gives insight into overall mitochondrial morphology.  Previously, 
a similar method has been utilised to characterise different mitochondrial morphologies 
in HeLa cells563.  When plotted on a logarithmic histogram, a healthy control cell had a 
distribution characterised by several tubular mitochondria and lower frequencies of larger 
branched mitochondria (Figure 5.9A).  Overall, four types of mitochondrial morphologies 
were observed on image analyses of patient and control cells.  These were punctate, 
tubular, branched, and hyper-fused.  In addition, fibroblasts from both patients (but not 
control) showed the presence of hyper-fused mitochondria with a high degree of 
branching, that largest of which were significantly larger than any of the mitochondria 
observed in healthy controls (Figure 5.10).  Punctate mitochondria were small and 
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spherical and had surface areas of 0.2-10 units2.  Tubular mitochondria were oblong (10-
50 units2).  Branched mitochondria showed a high degree of branching and very high FR 
values (>20).  They also had the high surface areas (50-250 units2).  Healthy control 
fibroblasts showed a naturally occurring skewed distribution, characterised by mainly 
punctate and tubular mitochondria and lower densities of branched mitochondria (Figure 
5.9).   

In patient cells of similar total mitochondrial volume (~750 units3), there was a shift in 
distribution characterised by the increased presence of tubular and branched 
mitochondria and a single hyper-fused mitochondrion (Figure 5.9) when plotted on a 
logarithmic scale.  Both STAT2-deficient patients displayed a hyper-fused mitochondrial 
phenotype compared to healthy controls and this phenomenon was observed in 31 
individual cells.  The hyper-fusion and shift towards less punctate mitochondria were 
accompanied by an increased total cellular mitochondrial volume and surface area 
(although distribution plots were generated for cells of similar total mitochondrial 
volumes for patients and healthy controls) (Figure 5.11A;D).  These findings were 
statistically significant in both patients (Figure 5.11B;E).  In addition, average 
mitochondrial volume and surface area were increased in fibroblasts from patient 2, 
although, this was not observed in patient 1 (Figure 5.11C;F).   

These data suggest that there is a gross abnormality in the distribution of the 
mitochondrial network arising from deficient STAT2.  This network morphology effect was 
missed in the previous report159 and this is likely because the 3D analyses performed here 
account for several additional punctate mitochondria that were positioned below the 
hyper-fused mitochondrion.  In the previous 2D analysis, this would have all been 
incorporated as a single entity.  The presence of several small circular mitochondria 
decreases average mitochondrial surface area and volume, despite the singular hyper-
fused mitochondrion, therefore the average 3D volume and surface area measurements 
are not as striking in terms of augmentation as the 2D perimeter measurements reported 
by Shahni et al.  The difference in analysis may also likely explain the larger number of 
mitochondria recorded here per cell in patient fibroblasts (Figure 5.11C).  Overall, the 
conclusion is that untreated STAT2-deficient fibroblasts show 3D abnormalities in 
mitochondrial morphology. 
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Figure 5.9 Qualitative Morphological Observations of STAT2p.Cys612Ter Fibroblasts.  Four main mitochondrial morphologies 
were observed and quantified in cells.  Compared to healthy controls (A), STAT2p.Cys612Ter fibroblasts (B-C) have a greater level 
of abnormal mitochondrial morphologies recorded by immunofluorescent staining.  Distribution histograms of the four main 
morphologies recorded in cells of similar total cellular mitochondrial volume (737-786 units3) show a shift in patients towards 
more tubular mitochondria as well as the presence of a single hyper-fused mitochondrion.  Histograms and density plots are 
plotted on a continuous log2 scale. 

Healthy Control Mitochondrial 
Morphology Distribution 

Healthy Control Mitochondrial 
Morphology Distribution 

STAT2p.Cys612Ter Patient 1 Mitochondrial 
Morphology Distribution 

STAT2p.Cys612Ter Patient 1 Mitochondrial 
Morphology Distribution 

STAT2p.Cys612Ter Patient 2 Mitochondrial 
Morphology Distribution 

STAT2p.Cys612Ter Patient 2 Mitochondrial 
Morphology Distribution 

Volume = 737 units3 

Volume = 786 units3 

Volume = 743 units3 
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Figure 5.10 STAT2p.Cys612Ter Patient Fibroblasts Have Hyper-Fused Mitochondria.  A commonly observed phenomenon in STAT2-deficient patient fibroblasts was the presence 
of a single hyper-fused mitochondrion which had a volume and surface area larger than that of any mitochondria observed in healthy controls. 
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Figure 5.11 Quantitative Morphological Observations of STAT2p.Cys612Ter Fibroblasts.  STAT2p.Cys612Ter fibroblasts display abnormal morphological parameters compared to healthy 
controls. STAT2-deficient patient fibroblasts exhibited higher total and average cellular mitochondrial surface area and volume (A-B, D-E) compared to healthy controls.  Patient 
fibroblasts had more individual mitochondria per cell than controls (C).  The surface area of the largest observed mitochondrion per cell was higher in patients (F).  A t-test was used 
to calculate differences between controls and patients. Mean±SEM, n=3 (biological replicate), at least 5 cells analysed per n, **p<0.01, *p<0.05, ns p>0.05, one-way ANOVA with 
post-hoc t-test comparisons. 
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The effect of 96-hour Amlexanox treatment on both patient fibroblast cultures was next 
evaluated (Figure 5.12; Figure 5.13).  In both patients, the aforementioned mitochondrial 
parameters (surface area, volume, number of mitochondria, largest mitochondrion) were 
exacerbated with Amlexanox treatment (Figure 5.12C-D; Figure 5.12F-G; Figure 5.13).  This 
unexpected effect was most potent at 250µM (Figure 5.12C;F), and slightly attenuated 
and possibly corrective at 500µM (Figure 5.12D;G).  Morphologically, there was no change 
in the presence of hyper-fused mitochondria in patient fibroblasts (Figure 5.12B;E).  There 
was also increased mitochondrial fragmentation in fibroblasts treated with 500µM 
Amlexanox, indicating neither an improvement in hyper-fusion or in stress-induced 
mitochondrial fragmentation (compared to Figure 5.11).  Due to time constraints, fewer 
images were taken of 500µM Amlexanox-treated fibroblasts (Table 5-1), therefore the 
statistical sample needs to be increased in future to fully validate this finding.  
Interestingly, the morphology distributions of Amlexanox-treated patient fibroblasts were 
increasingly polarised, with a hyper-fused mitochondrion but also a ‘left’-shift towards 
punctate mitochondria (Figure 5.13).  The reason for this may lie in the fact that 
Amlexanox is a multi-functional drug.  Currently, it is marketed as an anti-inflammatory 
mouth ulcer gel.  Since Amlexanox and STAT2 function in innate immunity, it is possible 
that Amlexanox is further inhibiting STAT2 function, thus contributing to the exacerbation 
of the hyper-fusion phenotype.  Alternatively, Amlexanox may be a novel regulator of 
mitochondrial morphology by inducing mitochondrial fusion.  To test this hypothesis, 
Amlexanox treatments of healthy control fibroblasts can be performed in future.  The 
pleiotropic effects of Amlexanox will be further discussed in Section 5.5.  However, these 
results suggest that Amlexanox treatment is unsuitable for STAT2-deficiency.   

Treatment of STAT2-deficient patient fibroblasts with Ataluren in patient 2 appeared to 
have a far greater amelioration effect on the mitochondrial morphological phenotype 
(Figure 5.12H; Figure 5.13).  Ataluren-treated fibroblasts from Patient 1 were photo-
bleached during imaging; therefore, data are unavailable for this patient at this time.  In 
figure 5.12 panel H, it can be observed that Ataluren treatment in Patient 2 restores the 
mitochondrial network distribution to something more akin to that observed in controls 
(Figure 5.12A).  Ataluren treatment eliminated the presence of the single hyper-fused 
mitochondrion and decreased total and average mitochondrial surface areas and 
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volumes, to levels insignificantly different from controls (Figure 5.12; Figure 5.13).   
However, the quantitative morphological findings in Ataluren-treated cells were not 
statistically significant compared to DMSO-treated patient cells  (Figure 5.13). 

Since the presence of STAT2 transcript was not able to be tested with qPCR (owing to a 
machine error), it cannot be said whether Ataluren produces a molecular effect on STAT2-
deficient patient fibroblasts.  However, since STAT2-deficient fibroblasts responded to all 
the other drugs (Amlexanox, gentamicin, and RTC13) in this study (Figure 4.6-4.7; 
Appendix C), the implication is that Ataluren could produce the same effect at the RNA 
level.  It has been possible to show in this study that Ataluren treatment did not elicit an 
increase in detectable protein expression of STAT2 in western blot experiments, however, 
western blot antibody availability means that this may not be the optimal read-out for 
the efficacy of TRID or NMDI treatments.  Based on the available live imaging findings, 
Ataluren ameliorates mitochondrial phenotype and could be further investigated as a 
potential treatment for STAT2-deficiency. 

Overall, live imaging was a scalable experiment for elucidating whether translational read-
through therapy was a viable strategy for STAT2-deficiency.  Although our 3D analyses 
differed from the 2D analyses in one past report159, it was still apparent that STAT2-
deficient fibroblasts have an abnormal mitochondrial morphology characterised by the 
presence of hyper-fused mitochondria.  TMRE is a dye that is readily taken up by intact 
mitochondria, however, it is subject to photo-bleaching with prolonged exposure to the 
microscope bulb.  Although care was taken to image cells quickly, certain samples were 
compromised.  In future, it will be imperative to repeat some experiments to validate the 
findings in this section.  It is also possible to image fixed samples; however, the fixing 
process may cause changes to mitochondrial morphology which cannot be controlled.  
Furthermore, it will be more informative and beneficial in future work on this read-
through drug testing to have a functional assay to evaluate improvements to STAT2 
function, based upon tests of its association with STAT1, as this was shown to be 
impaired in STAT2-deficient cells in a previous study159.   
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In summary, live imaging of STAT2-deficient patient fibroblasts showed that Amlexanox 
treatment largely exacerbated pathological mitochondrial morphology, while Ataluren 
ameliorated mitochondrial hyper-fusion after a 96-hour treatment.
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Figure 5.12 Qualitative 
Morphological Observations of 
Amlexanox- and Ataluren-
Treated STAT2p.Cys612Ter 
Fibroblasts.  Shown in 
representative single cell 
examples of a similar volume of 
706-763 units3, untreated 
STAT2p.Cys612Ter fibroblasts (P1, P2) 
display hyper-fused 
mitochondria and a distribution 
shift towards tubular 
mitochondria (B, E) compared to 
a healthy control (HC) (A).  
Amlexanox treatment 
exacerbates abnormal 
mitochondrial morphology by 
increasing hyper-fusion and 
shifting distribution towards 
punctate mitochondria (C-D; F-
G).  100µM Ataluren treatment 
eliminates hyper-fused 
mitochondria in P2 and partially 
restores distribution (H) to 
resemble HC (A).  Histograms 
and density plots calculated in 
the same way as in Figure 5.10 
are shown in the lower panels for 
each example, plotted on a 
continuous log2 scale. 

A B C D 

E F G H 

Volume = 706 units3 Volume = 763 units3 Volume = 755 units3 Volume = 753 units3 

Volume = 758 units3 Volume = 761 units3 Volume = 762 units3 Volume = 726 units3 
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Figure 5.13 Quantitative Morphological Observations of Amlexanox- and Ataluren-Treated 
STAT2p.Cys612Ter Fibroblasts.  Amlexanox exacerbated mitochondrial hyper-fusion and as a result led to 
higher total (A-B) and average (E-F) volume and surface area.  The largest hyper-fused mitochondrion was 
also significantly larger (C).  The number of mitochondria per cell varied between patients 1 and 2 (D).  
Ataluren corrected the hyper-fusion phenotype by reducing total (A-B) and average (E-F) surface area and 
volume.  The surface area of the largest mitochondrion is significantly reduced with Ataluren treatment (C), 
as is the total number of mitochondria per cell (D).  Statistical significance was determined by comparing 
control and treated patient samples to DMSO-treated patient samples using a t-test. Mean±SEM, n=3 
(biological replicate), at least 5 cells analysed per n, ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns p>0.05, 
one-way ANOVA with post-hoc t-test comparisons. 
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5.5 Discussion 

In the previous chapter, we tested the hypothesis that translational read-through therapy 
could be a potential treatment strategy for several mitochondrial disorders caused by bi-
allelic nonsense mutations.  It was concluded that TRID and NMDI treatment can elicit 
changes in transcript and protein levels, however, this was not a universal effect.  The 
level of NMD appears to influence TRID/NMDI response, as do sequence elements such 
as the length of the 3’UTR and the specific stop codon created by the mutation.  
Furthermore, we found that western blot studies were not a robust determinant of 
translational read-through efficacy.  After determining that TRIDs and NMDIs induce a 
partial corrective effect of transcript and protein, in some patient fibroblasts, we here 
tested whether or not this could also lead to a downstream effect of restoration of 
protein function. 

When a transcript undergoes read-through, a near-cognate aminoacyl-tRNA is 
incorporated in favour of the eRF1-eRF3-GTP pre-termination complex461.  Examples of 
near-cognate aminoacyl tRNAs include cysteine and tryptophan.  Incorporation of the 
amino acid into the nascent PTC-containing polypeptide appears to occur randomly461.  
Thus, it is difficult to predict whether the protein resulting from read-through will be 
functional, as the incorporation of a random amino acid may induce a loss-of-function 
missense mutation.  However, since translation occurs on several hundred if not 
thousands of ribosomes concurrently, a separate argument can be made that enough 
functional protein is synthesised to sufficiently correct the cellular phenotype.  The 
collective results from the five patient fibroblasts (defects in SURF1, DGUOK, RRM2B and 
STAT2 (2)) examined in this study suggest that either Amlexanox or Ataluren are capable 
of inducing sufficient levels of functional protein rescue to elicit changes in mitochondrial 
cellular phenotypes.  Therefore, the current results provide evidence that translational 
read-through therapy yields proteins which are functional.   

Despite translational read-through therapy having partial corrective effects in all the cell 
lines examined in Chapter 4, the effects were varied.  Differences in treatment likely 
reflect the original amount of transcript and the degree of protein restoration, which 
appears to be linked to the degree of NMD of mutant transcripts, as discussed in Chapter 
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4.  SURF1p.Gln251Ter, for example, did have increased CIV activity and attenuation in 
maladaptive mitobiogenesis in response to Amlexanox and Ataluren treatment; however, 
treated fibroblasts still had significantly lower enzyme activity than healthy controls.  In 
Chapter 4, SURF1p.Gln251Ter fibroblasts were part of the group with total ablation of NMD 
and a stop codon (UAG) that was less amenable to read-through.  Amlexanox treatment 
however, still increased detectable SURF1 protein levels (Figure 4.9E).  This suggests that 
the low degree of transcript and protein restoration conferred by translational read-
through therapy is proportional to the degree of downstream functional correction.   

In this study, CIV enzyme activity was increased 1.3-fold with 250µM Amlexanox 
treatment (Figure 5.4), however it is difficult to determine whether this would lead to a 
clinical improvement in SURF1-deficient patients.  Heterozygous parents of affected 
patients are not routinely screened for OXPHOS enzyme activity measurements, 
especially if the analyses are performed on muscle tissue, due to their invasive nature.  A 
natural history study of SURF1-deficiency determined that there was no correlation 
between genotype and phenotype severity.  Although only one patient had a truncating 
variant, survival was not significantly worse than for other genotypes485.   

Previously, one wide-scale investigation of CIV activity in SURF1-deficient patient 
fibroblasts showed Leigh syndrome patients symptomatic but with over 40% retained 
enzyme activity560, therefore the increased enzyme activity accrued with Amlexanox 
treatment may not be sufficient to improve disease symptoms.  On the other hand, a 
well-versed argument for the use of translational read-through therapy in IEMs, including 
mitochondrial enzyme deficiencies, is that only partial restoration of enzyme activities 
may be sufficient to ameliorate the cellular phenotype465.  Asymptomatic heterozygous 
carriers of alleles causing IEMs sometimes have attenuated enzyme activities, therefore 
restoring even partially the CIV enzyme activity in SURF1-deficient patients could lead to 
an amelioration of symptoms.  This was the case for a separate IEM wherein 
asymptomatic heterozygous carriers of aspartylglucosaminuria had on average 50% 
residual aspartylglucosaminidase enzyme activity470.   In an in vitro study of the effects of 
Amlexanox on aspartylglucosaminuria (caused by nonsense mutations), it was found that 
Amlexanox could restore enzyme activity to a carrier (but not control) level470.  Thus, it 
remains possible that the modest increase in CIV activity may be sufficient to improve 
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disease in SURF1 deficiency but further investigation is required to determine whether 
this increase in enzyme activity could translate into correction of disease phenotype. 

These studies could include further in vitro functional assays such as blue-native 
polyacrylamide gel electrophoresis to investigate the structural integrity of CIV following 
Amlexanox treatment or microscale oxygraphy to test the overall respiratory capacity of 
SURF1-deficient patient fibroblasts before and after NMDI treatment.  Future in vivo 

validation of the use of Amlexanox for SURF1 deficiency caused by nonsense mutations 
will be impeded by the lack of a mouse model for this specific mutation.  Furthermore, 
there is contention as to whether a Surf1-/- mouse would have a phenotype since current 
SURF1-deficient knockout animal models do not display a deleterious phenotype.  Not 
only do they survive, but, yeast, nematode, and mice Surf1 knockouts show improved 
organismal longevity despite a CIV defect564.  Therefore, it may be more useful to repeat 
analyses in primary or induced pluripotent stem cell (iPSC)-derived myocytes of SURF1-
deficiency caused by bi-allelic nonsense mutations. 

Another fibroblast cell culture with total NMD which functionally responded to Ataluren 
treatment was one from a patient with DGUOK-deficiency (Figure 5.6).  40-day treatment 
with 100µM Ataluren significantly increased mtDNA copy number in serum-fed cells.  
Although these patients did not initially exhibit a depletion phenotype, Ataluren was 
nevertheless able to further increase mtDNA copy number, presumably by restoring 
functional DGUOK.  It will be important to repeat this experiment in serum-starved cells 
to determine whether Ataluren or Amlexanox can restore mtDNA copy number in these 
cells.  In future, it will also be useful to couple the ddPCR mtDNA copy number analyses 
with other mitochondrial functional assays, for example OXPHOS activity assays, also 
branching out into use of different model systems.  Patients with hepatocerebral MDDS 
caused by DGUOK mutations display a marked multiple respiratory chain enzyme 
complex deficiency in the liver565, but not in fibroblasts566.  Furthermore, a recent paper 
describing the first Dguok-/- mouse model has also identified a detrimental hepatic 
phenotype characterised by elevated liver transaminases and a pathological liver 
ultrastructure567.  Thus, if a mouse model of DGUOK-deficiency caused by bi-allelic 
nonsense mutation were to become available, it would most likely be a clinically relevant 
model on which to test translational read-through therapy.  In future it would therefore 
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be of utility to explore whether cultured human hepatocytes and mutant mice harbouring 
bi-allelic DGUOK nonsense mutations respond similarly to Amlexanox or Ataluren or 
combined treatments. 

The remainder of the patient cell cultures that functionally responded to translational 
read-through therapy were from those cell lines which had partial NMD in qPCR 
experiments (Figure 4.4).  One of these was RRM2Bp.Gln284Ter where serum-starved 
fibroblasts showed a step-wise decline in mtDNA copy number following 40-days of 
serum starvation (Figure 5.7).  After 40 days, serum-starved RRM2Bp.Gln284Ter fibroblasts 
have a 90% reduction in mtDNA copy number, comparable to the extent of depletion 
observed in patient muscle203.  Treatment with 250µM Amlexanox completely ameliorated 
the depletion phenotype to healthy control levels of mtDNA copy number (Figure 5.8).  
After 20 days, the higher dose of Amlexanox (500µM) was also able to increase mtDNA 
copy number (Figure 5.8), however, this effect was dampened over time.  This observation 
suggests that in the long-term, lower doses of Amlexanox are potentially more effective 
at maintaining NMD inhibition and (possibly) translational read-through.  Since the 
RRM2Bp.Gln284Ter mutation was predicted to result in a truncated protein, it was initially 
predicted as the most likely responder to translational read-through therapy (Section 
4.4.4).  This hypothesis was further consolidated by the presence of a –1 adenosine 
flanking the stop codon and a long 3’UTR, which may further inhibit NMD.  Additional 
assays that can be performed for this particular gene defect include OXPHOS enzyme 
activity assays and microscale oxygraphy.  Like other forms of MDDS, the originally 
reported RRM2Bp.Gln284Ter patients had multiple respiratory chain enzyme deficiencies 
observed in affected tissue (muscle), but not in cultured skin fibroblasts.   

In the case of RRM2B deficiency, truncating mutations seem to have worse prognoses 
compared to missense mutations.  In a recently published natural history study of 
RRM2B-deficiency, a group of patients with truncating RRM2B variants only had a median 
survival of 2.5 months and early onset of irreversible CNS damage568.  Thus, treating 
RRM2B-deficiency caused by bi-allelic nonsense mutations could be beneficial for 
patients in terms of not only prolonging their life, but also improving their quality of life.  
Therefore, in vivo testing of translational read-through therapy on a mouse model of the 
human RRM2Bp.Gln284Ter mutation may be a future clinically relevant model on which to 
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test translational read-through therapy would be of great interest.  A previous model of 
Rrm2b-null mice showed a severe phenotype characterised by growth retardation and 
kidney failure, as well as other abnormalities in the heart, spleen, muscle, nerves, and 
lymph nodes.  These mice were found to die at 14 weeks from kidney failure and had 
severe dNTP pool depletions569.  Overall, this phenotype closely resembles the phenotype 
of infantile-onset RRM2B-deficiency, which is characterised by neuromuscular features 
(e.g.  hypotonia, dystonia, seizures) sometimes accompanied by renal or gastrointestinal 
features568.   Whether a mouse harbouring a homozygous truncating mutation would also 
display a similar severe phenotype would need testing by performing similar detailed 
phenotyping.   

Fibroblast cultures from a sibling pair harbouring a nonsense mutation in the STAT2 
transcription factor, a regulator of mitochondrial fission159, were also investigated.  
Although the p.Cys612Ter protein mutation is predicted in silico to cause NMD, the 
mutated transcript also has sequence elements that make it favourable for translational 
read-through therapy.  These include a long 3’UTR (1792bp) and a low-affinity UGA stop 
codon (table 4-3).  In the previous chapter STAT2p.Cys612Ter cells were observed to have 
partial NMD and responded to all drugs (except Ataluren) in RT-qPCR experiments.  
However, only Amlexanox was able to elicit a detectable protein restoration in western 
blot experiments.  For this study confocal microscopy of live fibroblasts, a robust way to 
determine mitochondrial morphology in vitro, principally showed a gross perturbation of 
mitochondrial network morphology in the fibroblasts of both siblings (Figure 5.9).  Patient 
cells, meanwhile, displayed a fission defect characterised by the presence of usually a 
single (but sometimes up to three) hyper-fused mitochondrion.  These mitochondria were 
significantly larger than the largest mitochondrion found in healthy controls (Figure 
5.11F).  In addition, patients also had more numerous punctate mitochondria, probably in 
response to the defect in the fission pathway.  As a result, both patients have more total 
mitochondria than healthy controls (5.11C).  This is something that may have been 
missed in an original report, which relied on an image analysis macro which flattened the 
images.  This would cause punctate mitochondria to be merged with larger hyper-fused 
mitochondria found in patient cells.   
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Our 3D image analysis macro contributes robustness to the confocal imaging protocol.  It 
is superior to 2D analyses as it eliminates false positive hyper-fusion and its design aims 
at accounting for every single individual mitochondrion in the cell.  Some mitochondrial 
morphology image analysis algorithms utilise a feature called skeletonization, which 
converts a globular image such as a TMRE-stained fibroblast and traces the filaments to 
create a skeleton of the image570.  On ImageJ, this can be done using the skeletonise 
feature.  There are a few caveats to using this approach to determine mitochondrial 
morphology570,571.   Firstly, skeletonization can falsely join together separate 
mitochondria, thus artificially creating long mitochondria.  In addition, a level of detail is 
lost, as mitochondria with pathologically higher surface areas and volumes would not be 
expressed qualitatively or quantitatively with skeletonization.  Finally, skeletonization 
often cannot accurately reconstitute highly branched entities such as a hyperfused 
mitochondrion and therefore may not be able to effectively measure mitochondrial 
length.  Our macro instead uses the “tubeness” feature, which effectively traces a 
mitochondrion with greater accuracy, allows for the elucidation of surface areas and 
volumes and better captures the morphological complexity of mitochondria.   

Since STAT2p.Cys612Ter fibroblasts were one of the top responders in Chapter 4 to TRIDs and 
NMDIs, it was surprising to observe that Amlexanox exacerbated the pathological hyper-
fusion observed in live imaging (Figure 5.12; Figure 5.13).  Firstly, Amlexanox treatment 
appeared to skew the mitochondrial morphology distribution to the extremes of punctate 
and hyper-fused mitochondria (Figure 5.12).  In addition, average and total mitochondrial 
volumes, total number of mitochondria per cell, and the surface area of the largest 
mitochondrion were all increased with Amlexanox treatment.  In addition, 500µM 
Amlexanox treatment increased the number of observed punctate mitochondria in 
STAT2p.Cys612Ter fibroblasts.  However, Amlexanox-treated cells still appeared abnormal 
with hyper-fused mitochondria (Figure 5.12).  It seems likely that maximum dose 
Amlexanox exerts stress onto STAT2-deficient fibroblasts and perhaps induces stress-
induced mitochondrial fission141.  Thus, it was concluded that Amlexanox will likely not be 
able to provide a suitable treatment for STAT2 deficiency.   
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Target Protein Protein Function Mechanism of Amlexanox Action Pathway Reference 
FGF1 Growth Factor Inhibitor FGF1 Signalling 572 

GRK5 G-Protein Coupled Receptor Inhibitor NFκB Kinase Cascade 573 

HMGB1 Unknown Inhibitor Brain Ischaemia 574 

HSP90 Heat Shock Protein Inhibitor Unfolded Protein Response 575 

IKKε Regulatory Kinase Inhibitor NFκB Kinase Cascade 576 

IL-3 Cytokine Antagonist Haematopoesis 577 

Optineurin  Adaptor Protein Inhibitor Autophagy, NFκB Kinase Cascade 578 

p62 Autophagy Receptor Inhibitor Autophagy 578 

S100A12 Ca2+-Binding Protein Antagonist NFκB Kinase Cascade 579 

S100A13 FGF1 Assembly Factor Antagonist FGF1 Signalling 579 

S100A4 Ca2+-Binding Protein Inhibitor Epidermal Growth Factor Signalling 580 

S100A6 Immune Escape Factor Inhibitor TNFα Signalling 581 

TBK1 Regulatory Kinase Inhibitor NFκB Kinase Cascade 576 

UPF1 Helicase/ATPase Indirect Inhibitor NMD 471 

Table 5-2 Pharmacological Targets of Amlexanox 
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NMD inhibition is not the principal function of Amlexanox.  In fact, the primary functions 
of Amlexanox are in the innate immune system, namely in anti-inflammatory signalling 
and autophagy (Table 5-2).  Immunological targets of Amlexanox have been identified.  
These include the inhibition of inflammatory-response proteins such as S100A12, 
fibroblast growth factor 1 (FGF1), IKκB kinase-epsilon (IKKε) and TANK-binding kinase-1 
(TBK1)572,576,579. 

Since functions of STAT2 overlap mitochondrial function and innate immunity, there are 
likely multiple interactions between STAT2 and Amlexanox that culminate in the 
exacerbation of mitochondrial hyper-fusion.  The most direct link between Amlexanox 
and STAT2 is Amlexanox-mediated inhibition of IKKε and TBK1.  Upon the recognition of 
viral patterns, these kinases are required to form the IFNβ enhanceosome which in turn 
binds to IFNAR1/2 and results in its dimerization.  The receptor tyrosine kinase (RTK) then 
activates the JAK/STAT signalling pathway to form ISGF3 which includes phospho-STAT2 
(Figure 5.3)582.  Therefore, the inhibition of upstream interferon signalling may lead to 
further inhibition of STAT2 function and subsequent exacerbation of mitochondrial 
hyper-fusion.  Furthermore, it is worth noting that none of the mitochondrial quantitative 
changes induced by Amlexanox treatment were significantly different from untreated 
STAT2-deficient cells.  Thus, a hypothesis can be developed wherein the NMD- and innate 
immunity-inhibiting actions of Amlexanox contribute to the simultaneous restoration of 
STAT2 protein and inhibition of STAT2 function.  To determine the effect of Amlexanox 
on STAT2 function, western blot of activated (phospho)-STAT2 compared to whole 
circulating STAT2, as was examined in Chapter 4, may help to disentangle the interactions 
between Amlexanox and STAT2. 

It could also be the case that Amlexanox enhances mitochondrial fusion and along with 
the inherent STAT2 defects in patient cells, is further causing mitochondrial hyper-fusion.  
Another target of Amlexanox is p62, a master regulator of autophagy and putatively of 
mitophagy, the selective degradation of mitochondria578,583,584.  Mitochondrial fusion is 
thought to be antagonistic to mitophagy as it serves to merge together functional 
OXPHOS components and shield them from removal585.  Thus, inhibition of 
autophagy/mitophagy by Amlexanox might result in mitochondrial hyper-fusion.  
However, most studies attribute mitochondrial fusion as a protective not compensatory 
response to autophagy586).  Since the intricacies of both the mitochondrial fusion 
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pathway and autophagic response have yet to be elucidated, there may be a link between 
hyper-fusion and decreased autophagy that is yet to be established.  In future, to 
determine whether Amlexanox is a novel regulator of mitochondrial fusion, live cell 
imaging experiments can be repeated on healthy control or other mitochondrial disease 
patient cells which do not have a mitochondrial dynamics defect to observe whether the 
hyper-fusion effect recurs. 

In contrast, Ataluren was able to ameliorate mitochondrial hyper-fusion in STAT2-
deficient patient cells.  This result is exciting as it demonstrates that protein produced 
from translational read-through is functional and can ameliorate cellular phenotypes.  In 
contrast to Amlexanox, which has pleiotropic functions, Ataluren only acts as a TRID and 
is presumably therefore able to restore fully functional STAT2 protein.  In future, it might 
therefore be useful to trial Ataluren in a mouse model of STAT2 deficiency caused by bi-
allelic nonsense mutations.  Previously published Stat2-null mice were shown to have 
several aspects of immunological dysfunction including increased susceptibility to viral 
infection and altered lymphocyte maturation587.  Multi-systemic involvement or 
mitochondrial dynamics changes were not reported but this publication preceded the 
discovery of a link between STAT2 and mitochondrial fission.   

 

5.5.1 Conclusions 

In this chapter it was demonstrated that both Amlexanox and Ataluren can correct 
mitochondrial dysfunction in five patient fibroblast cultures from mitochondrial disease 
patients.  Amlexanox seemed to be effective in partially correcting CIV deficiency in 
SURF1p.Gln251Ter fibroblasts and completely corrected mtDNA depletion in serum-starved 
RRM2Bp.Gln284Ter cells (Figure 5.4; Figure 5.8).  Ataluren was able to increase mtDNA copy 
number in DGUOKp.Arg105Ter fibroblasts and also corrected mitochondrial hyper-fusion in 
one STAT2p.Cys612Ter cell line (Figure 5.6; Figure 5.12-5.13).   

Together with the results from Chapter 4, these data demonstrate the in vitro efficacy of 
translational read-through therapy for a range of mitochondrial disease-causing gene 
defects. 
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6 Discussion 
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6.1 General Discussion 

Mitochondria are dynamic organelles responsible for a multitude of cellular and 
metabolic functions including OXPHOS, ROS signalling, programmed cell death, and 
calcium homeostasis2.  In addition to several hundred individual copies of mtDNA per 
cell, ~7.5% of nuclear genes are dedicated to mitochondrial maintenance and function276.  
Mutations in either genome lead to mitochondrial disease2.  Mitochondrial disorders are 
among the most complex inherited genetic disorders, beset by genetic, phenotypic, and 
biochemical heterogeneity.  This along with a poor understanding of gene-to-phenotype 
relationships and a lack of curative therapies often leads to poor outcomes for patients.  
In light of the significant diagnostic and therapeutic challenges hindering a better 
prognosis for patients, the aim of this project was to develop new strategies to improve 
upon both these areas.   

“A correct diagnosis is three-fourths the remedy”.  While this Mahatma Ghandi quote is 
not evidence based, it does illustrate the immense importance of elucidating a timely and 
accurate diagnosis for rare genetic disorders.  The benefits of an early diagnosis are 
numerous: it enables therapeutic intervention, improves clinical management, avoids 
potential harmful therapies, informs reproductive counselling, and can provide a 
psychological benefit to families360,372,386.  Traditionally, mitochondrial disease diagnostics 
have been challenging.  Early diagnostic algorithms were convoluted and required several 
single-gene tests and time-consuming functional assays often from risky muscle biopsy 
procedures274.  The advent of NGS including exome and genome sequencing and 
diagnostic gene panels has exponentially increased the discovery of novel mitochondrial 
disease genes and is increasingly becoming the gold standard for rare disease 
diagnostics588,589.  A study of the impact of exome sequencing in neurometabolic 
disorders documented that a genetic diagnosis enabled a change in clinical management 
or enabled therapeutic intervention in 44% of cases372.  An early diagnosis is also 
becoming increasingly pertinent with the advent of cell and gene therapies where prompt 
intervention significantly increases therapeutic efficacy590.   

Several multi-centre studies have revealed a diagnostic rate of mitochondrial disorders of 
35-60%501,591,592.  While NGS provides a non-biased approach, the interpretation of 
identified genetic variants, especially VUS, remain a challenge.  Bioinformaticians are 
tasked with discriminating a truly pathogenic variant from variants arising from 
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individual- or population-based genetic diversity375.  To aid in genetic interpretation of 
potential disease-causing variants, we proposed that standardised phenotypic 
information may be able to help better annotate NGS outputs.  Using analytical text-
mining, we created a prototype resource Leigh Map which documented all gene-to-
phenotype relationships in gene defects causing Leigh syndrome, the most commonly 
observed paediatric phenotype of mitochondrial disease361,588 .  Leigh Map featured data 
about 92 genes and 241 phenotypes on a user-friendly interface resembling Google 
Maps.  When tested with genetically confirmed Leigh syndrome cases from a national 
mitochondrial disease clinic, Leigh Map was able to correctly identify causative genes in 
80% of cases and also filtered out 90% of known disease genes for each case361.  Thus, we 
concluded that niche phenotypic resources such as Leigh Map have a diagnostic utility in 
the clinic.  Indeed, there exist additional diagnostic resources for rare genetic disorders 
for rare cardiomyopathies, Fanconi anaemias, and rare retinopathies, demonstrating the 
clinical interest and diagnostic utility of these tools361,384,385.   

In chapter 3, we expanded upon our original approach for Leigh Map and created four 
additional larger gene-to-phenotype diagnostic resources for common mitochondrial 
disease abnormalities in addition to a large map encompassing the entirety of 
mitochondrial disease.  MitoEpilepsy Map, a diagnostic resource for mitochondrial 
epilepsy, contained detailed genetic and phenotypic information about of the 233 
epilepsy-causing genes and 579 phenotypes all standardised in HPO.  Overall, 
MitoEpilepsy Map was able to correctly identify causative genes in 86% of 21 test cases of 
genetically confirmed mitochondrial epilepsy, with elimination of the ~75% of the 
candidate genes in each case.  The accuracy of MitoEpilepsy Map was enhanced by 
detailed EEG phenotyping by an epilepsy specialist.  MitoCardio Map is a diagnostic 
resource for mitochondrial cardiomyopathy.  While cardiomyopathy is estimated to be 
present in two-thirds of mitochondrial disease patients, there seems to be less genetic 
heterogeneity surrounding mitochondrial cardiomyopathy since MitoCardio Map 
contains only 162 of the approaching 400 genes now linked to mitochondrial disease.  
MitoCardio Map was able to correctly identify the causative in 95% of genetically 
confirmed test cases, with elimination of 70% of the candidate genes for each case.  
Moreover, 60% of positive “hits” were in the top 20% of candidates.  However, the most 
effective of the phenotype-specific MitoMaps was the MitoLiver Map, a 125-gene 
diagnostic resource for mitochondrial hepatopathy.  Not only did MitoLiver map 
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accurately predict causative genes in 100% of test cases, but 90% of these were identified 
in the top 20% of candidates.  In addition, MitoLiver was adept at diagnosing both 
syndromic and atypical presentations of mitochondrial liver disease in test cases provided 
by 5 clinicians from four countries.  Collectively, the organ-specific mitochondrial maps 
demonstrate potential clinical utility.   

We also created MitoMedicine Map, a diagnostic resource that covers the entirety of 
mitochondrial disease.  MitoMedicine Map documents gene-to-phenotype associations 
for 369 gene defects which had accompanying phenotypic information (not all gene 
defects linked to mitochondrial disease have documented clinical features, and are 
therefore not a part of MitoMedicine Map at this time).  It also contains 614 
phenotypes—a 160% increase in phenotypes compared to Leigh Map and includes more 
detailed biochemical phenotypes.  In a group of 20 test cases for the MitoMedicine Map, 
the causative gene was accurately predicted in 11.  Since four cases in this group remain 
unsolved, the current calculated accuracy of MitoMedicine Map is 69%.  This lower 
diagnostic rate suggests that it is still difficult to disentangle phenotypic patterns for 
mitochondrial disease.  Nonetheless, all four MitoMaps demonstrate diagnostic aptitude, 
and when combined with existing NGS and biochemical testing, could potentially 
facilitate faster and more accurate genetic diagnoses.  In addition, the MitoMaps provide 
diagnostic accuracy without inundating the user with thousands of outputs, which is the 
case for many available phenomic resources376,383.   

Although an accurate diagnosis can enable therapeutic intervention, there is a dearth of 
disease-modifying therapeutic interventions for mitochondrial disorders.  Treatment is 
currently limited to symptomatic management, organ transplantation in selected cases, 
and vitamin and cofactor administration365.  However, in recent years several 
pharmacological and genetic therapies have reached various stages of clinical 
development, including clinical trials2.  While the advent of gene therapy proposes a cure 
for mitochondrial disorders by correcting individual gene defects, it seems unlikely that a 
gene therapy could be developed for 369 different disease genes.  To this end, 
pharmacological therapies still provide value as more clinically scalable and widely 
applicable potential treatments.   

In view of these considerations, we hypothesised whether a subset of mitochondrial 
disorders, those caused by bi-allelic nonsense mutations, could be amenable to 
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translational read-through therapy.  This therapeutic strategy pharmacologically targets 
the cytoplasmic translation machinery and/or PTC-containing transcripts to cause a 
continuation of translation despite the presence of a PTC461,465.  In addition, there is 
evidence that inhibiting the NMD surveillance pathway is another means to achieve read-
through471.  Translational read-through is in fact a naturally-occurring phenomenon 
thought to occur once in every 1000 ORFs.  Rather than being a result of inefficient 
protein synthesis, there is evidence in several organisms that read-through actually plays 
a physiological role436,437,456.  For example, retroviruses such as HIV-1 rely on translational 
read-through to produce pol genes vital for replication436.  Therefore, translational read-
through therapy may be considered as a pharmacological equilibrium shift towards read-
through.   

A benefit to this therapeutic strategy is that in theory it is a gene-agnostic approach.  Any 
mitochondrially targeted protein synthesised on cytosolic ribosomes, no matter its 
function, could potentially be tested with TRIDs or NMDIs.  Indeed, translational read-
through therapy has been tested in a number of disease models including DMD, IEMs, 
retinal dystrophy, and haemophilia461,465,525,536.  However, this strategy has never been 
reported in mitochondrial disorders.  IEMs including mitochondrial disorders are thought 
to be amenable to translational read-through therapy as only a modest restoration in 
protein can translate to a restoration of function.  Heterozygous carriers of IEM-causing 
mutations often have lowered enzyme activities compared to healthy people 
homozygous for the wild-type allele, yet remain asymptomatic.  The enzyme activity of 
carriers of IEMs can vary.  One study of carrier testing of isovaleric acidaemia 
demonstrated that carriers had only 35% of enzyme activity of controls593.  Meanwhile a 
different study which measured α-N-acetyl-D-glucosaminidase activity, whose deficiency 
causes Sanfilippo B disease, showed an average carrier enzyme activity which was ~65% 
of controls594.   

In this PhD, we sought to establish a varied collection of fibroblast cell cultures derived 
from patients with primary mitochondrial disorders caused by bi-allelic nonsense point 
mutations.  In total, we were able to collect 21 patient cell cultures from all over the 
world.  This cohort of cells were derived from patients with several common 
mitochondrial disorders including OXPHOS defects (caused by SURF1 and TTC19 

mutations), MDDS (caused by RRM2B, DGUOK, and MPV17 mutations), MEGDEL 
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syndrome (caused by SERAC1 mutations), and primary CoQ10 deficiency (caused by 
COQ8A and COQ9 mutations).   

A total of 10 patient cell cultures underwent treatment with three TRIDs, Ataluren, 
gentamicin, and RTC13, and the NMDI Amlexanox.  Aminoglycoside antibiotics such as 
gentamicin were the earliest identified TRIDs457.  They are thought to work by altering the 
conformation of rRNA residues to favour read-through459.  Although gentamicin is readily 
available for use in an in vitro system such as a fibroblast cell model, the clinical use of 
aminoglycoside antibiotics is limited owing to nephro- and oto-toxicity at high 
concentrations460,535.  The first non-aminoglycoside TRID was Ataluren461.  This drug was 
found to have robust read-through activity in a luciferase reporter assay for all eukaryotic 
stop codons and is currently approved for the treatment of DMD461,464.  Since the safety, 
efficacy, and bioavailability of this drug have been established, we aimed to test whether 
Ataluren could be used for the treatment of mitochondrial disorders.  We also wanted to 
test an experimental non-aminoglycoside read-through compound to see if there were 
better alternatives to Ataluren.  Thus, we also treated selected cell cultures with RTC13, a 
designer TRID which previously demonstrated in vivo safety and efficacy in mdx mice 
models of DMD467.  Finally, to test whether NMD inhibition could also result in 
translational read-through, cell cultures were treated with NMDI Amlexanox.  Originally 
marketed (and approved) as an anti-inflammatory mouth ulcer gel577, Amlexanox has 
been implicated to have a host of other functions including NMD inhibition471,573,576.  
Using a medium-throughput flow cytometry assay, the safety of all doses and treatment 
durations of all four drugs was demonstrated in chapter 4.   

The amenability of different mutations to translational read-through therapy is not 
random.  In fact, there are several sequence elements that make some PTC-containing 
transcripts better suited to TRID or NMDI treatment.  These include the type of stop 
codon (the order of read-through efficiency is: UGA>UAG>UAA), presence of a cytidine 
immediately following a stop codon, a purine base in the –1 position, and whether or not 
a transcript is degraded by NMD435,461,531.  In silico analysis of all the mutations in our 
patient cell culture group was performed to prioritise those cell lines that were 
theoretically more amenable to translational read-through therapy.  All but one of the cell 
lines in our cohort were predicted to have transcripts degraded by NMD.  The exception 
was a cell line harbouring a mutation in the mtDNA maintenance gene RRM2B.  Together 
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with this RRM2Bp.Gln284Ter cell culture, it was concluded that the DGUOKp.Arg105Ter, 
SERAC1p.Arg183Ter, and STAT2p.Cys612Ter cells could also potentially respond to translational 
read-through therapy.  Interestingly, all the aforementioned cell cultures responded to 
either TRID or NMDI treatment, demonstrating the utility of in silico functional tools in 
the development of novel therapies.  In addition to enhancing sequence elements, the 
growth parameters of each cell culture also needed to be considered, for practical 
reasons.  For example, the RRM2Bp.Gln284Ter cell culture, while the top in silico candidate, 
was the slowest-growing cell culture, taking nearly 3 weeks to reach confluency in a 
10cm2 cell culture dish.  Thus, not all drugs could be tested on this cell culture, owing to 
the time-consuming nature of performing these experiments in such slow-growing cells.   

The initial read-outs of translational read-through efficiency was the restoration of 
transcript and/or protein, established by qPCR and Western blot analyses, respectively.  
Transcript analyses revealed an interesting pattern in the response of the fibroblast 
cultures to TRID or NMDI treatment.  While all 10 fibroblast cultures tested demonstrated 
transcript degradation via NMD, the degree to which NMD occurred varied between the 
different cells.  A number of cell cultures had an attenuation in NMD and retained more 
of their gene expression.  Interestingly, these were the cell cultures which better 
responded to translational read-through therapy.  In transcript analyses, only one patient 
cell culture with a p.Cys612Ter mutation in STAT2 achieved a statistically significant 
increase in transcript levels following gentamicin and Amlexanox treatment.  However, 
RRM2Bp.Gln284Ter, SERAC1p.Arg183Ter, and TTC19p.Leu219Ter cells showed an increase in 
transcript levels (although not statistically significant) with both TRID and NMDI 
treatment.  Protein analyses were far less clear-cut owing to a lack of robust primary 
antibodies.  While TRIDs showed no protein restoration (despite eliciting a response in 
numerous qPCR analyses), Amlexanox treatment did lead to an increase in protein in five 
cell cultures: SURF1p.Gln251Ter, DGUOKp.Arg105Ter, RRM2Bp.  Gln284Ter, SERAC1p.Arg183Ter, and 
STAT2p.Cys612Ter.  Notwithstanding experimental limitations, chapter 4 clearly demonstrated 
that translational read-through therapy could be elicited in vitro with TRIDs and NMDIs.  
Moreover, NMD inhibition seemed to be superior to TRIDs in restoring both transcript 
and protein. 

After establishing the in vitro efficacy of TRIDs and NMDIs at a molecular level, we 
wanted to establish whether an increase in transcript and protein was associated with 
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improved protein function at a cellular level.  Five cell cultures from chapter 4 were taken 
forward for functional studies.  An advantage in working with mitochondrial disorders in 

vitro is the availability of a number of robust functional read-outs such as enzymatic 
assays, respiration measurements, ROS measurements, microscopic observation of 
mitochondrial morphology, and mtDNA copy number measurements. 

In chapter 5, it was demonstrated that both Ataluren and Amlexanox could ameliorate 
mitochondrial dysfunction in all patient cells studied, although to varying degrees.  The 
patient cell culture with a homozygous nonsense mutation in the CIV assembly factor 
SURF1, demonstrated a severe CIV deficiency (~8% activity of control) and a mild increase 
in citrate synthase activity signifying a compensatory increase in mitochondrial 
biogenesis.  Treatment with both Amlexanox and Ataluren moderately increased CIV 
enzyme activity and partially attenuated citrate synthase activity.  Particularly, 250µM 
Amlexanox treatment increased patient cell CIV activity by 1.3-fold.  However, it is not 
known whether this increase would be sufficient in a patient setting.  In chapter 4, the 
SURF1p.Gln251Ter cell culture was one of those with almost complete ablation of gene 
expression.  Therefore, the slight increase in CIV activity is proportional to the amount of 
transcript and protein restoration observed in this fibroblast culture.   

Two cell cultures which responded to TRIDs and NMDIs in qPCR and western blot 
experiments were from patients with MDDS.  The functional readout for these two cell 
cultures was absolute mtDNA quantitation using ddPCR.  Again, the degree to which the 
mutant transcript was degraded by NMD played a role in drug response.  DGUOKp.Arg105Ter 

cells responded quite strikingly to Ataluren treatment after 40 days.  However, since that 
particular treatment course was performed under serum-fed conditions, it cannot be 
determined whether the mtDNA maintenance defect caused by the DGUOK mutation was 
by-passed.  Unfortunately, serum-starved Ataluren- and Amlexanox-treated 
DGUOKp.Arg105Ter fibroblasts died before they could be analysed for mtDNA copy number.  
The other fibroblast culture from a patient with MDDS harboured the RRM2Bp.GLn284Ter 

mutation.  In line with positive in silico predictions and transcript and protein 
experiments, Amlexanox treatment completely ameliorated the depletion phenotype in 
these cells in serum-starved conditions. 

The final two fibroblast cultures analysed in chapter 5 were sourced from a sibling pair 
with a nonsense mutation in STAT2.  Already a well-characterised component of the JAK-
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STAT kinase cascade involved in innate immunity, STAT2 was also discovered to be a 
novel regulator of mitochondrial fission by our research group518.  Owing to the defect in 
mitochondrial fission, both patients exhibited hyperfused mitochondria in their fibroblasts 
characterised by a significantly increased mitochondrial perimeter in 2D image 
analyses518.  To determine whether TRID or NMDI treatment could restore normal 
mitochondrial morphology, STAT2p.Cys612Ter fibroblasts were treated with Ataluren and 
Amlexanox and mitochondrial morphology was analysed in 3D to gain a deeper 
understanding of the fission defect.  Untreated fibroblasts showed a markedly different 
mitochondrial morphology distribution to control fibroblasts, characterised by the 
presence of one or two hyperfused mitochondria which were significantly larger than the 
largest mitochondrion of control fibroblasts.  Furthermore, STAT2p.Cys612Ter fibroblasts had 
increased mitochondrial volume, surface area, and number of mitochondria.    

Strikingly and surprisingly, Amlexanox treatment in both patients altered mitochondrial 
morphology and exacerbated the fission deficient phenotype.  However, Ataluren 
treatment was associated with an improvement in mitochondrial morphology.  All 
parameters were restored to a control level and the mitochondrial morphology 
distribution resembled that of control fibroblasts.  Since Amlexanox has many targets, 
including the innate immune system where STAT2 primarily functions, it is possible that 
Amlexanox is further exacerbating the fission phenotype by dysregulation of the JAK-
STAT pathway582.  This result highlights the importance of drug specificity when 
developing pharmacological therapies.   

In future, it will also be valuable repeat treatments, namely Amlexanox treatments, on 
healthy control fibroblasts to observe whether there are off-target effects on 
mitochondrial parameters.  The wide-ranging effects of Amlexanox on inflammatory 
signalling576,577,579 along with the increasingly prevalent links between mitochondrial and 
immune function332,333 invite the possibility of modulation of mitochondrial function with 
Amlexanox.  NMD is also an important surveillance pathway for the prevention of 
neoplastic transition and pathological protein aggregation in neurodegenerative 
disease448, thus further in vitro studies in control fibroblasts may be necessary to evaluate 
the global impact of NMD inhibition, perhaps through transcriptomic analysis.  

The overall aim of the treatment arm of this project was to provide in vitro proof-of-
principle evidence of the efficacy of translational read-through therapy.  Chapters 4 and 5 
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demonstrate that a multitude of mitochondrial disorders are amenable to this therapeutic 
strategy in vitro.  Rather than an aspect of mitochondrial function, response seems to be 
dictated by sequence elements and degree of NMD.  In light of the body of evidence 
presented in this thesis, translational read-through therapy is a good candidate to be 
taken forward into further preclinical and eventually clinical development.  When 
considering the future development of this therapy, there are two areas which need to be 
improved upon: developing more specific and sensitive TRIDs and NMDIs, and 
progressing to clinical testing in animal models and humans.   

Both gentamicin and Amlexanox are non-specific read-through agents and only elicited 
their read-through effects at high concentrations.  For the former, these concentrations 
are far too high to ever use in patients in view of toxicity459,460,535.  Furthermore, the 
plethora of drug targets of Amlexanox make it less than ideal for clinical translation 
owing to the possible cross-interactions, as was observed in STAT2p.Cys612Ter cells.  Indeed, 
there are several novel TRIDs and NMDIs in development.  These include minority 
gentamicin components with less toxicity, Ataluren derivatives, and completely new 
unrelated TRIDs459,466,515.  Currently, two clinical-stage companies PTC Therapeutics and 
Eloxx Pharmaceuticals are developing and trialling new TRIDs for clinical use in rare and 
ultra-rare disorders466,595.   

The clinical development of NMD inhibition is less established than that of TRIDs.  Several 
drugs such as cycloheximide, 5-azacytidine, and pateamine A moonlight as NMD 
inhibitors468,469.  Designer NMD inhibitors have been reported in the scientific literature, 
however, safety, efficacy and other of pharmacological parameters (bioavailability, 
pharmacodynamics, pharmacokinetics) have not been established for these drugs473,474.  
One issue with targeting the NMD pathway is that one risks altering transcriptional 
control on a global level.  NMD plays a role in the regulation of the adaptive immune 
system, tumorigenesis, and embryonic development448,596.  Therapeutic NMD inhibition 
strategies must therefore screen for unwanted changes in other cellular pathways.  
Evidence provided in this thesis about the safety and efficacy of NMD inhibition suggest 
that this is an avenue that should be explored further in future studies.   

Translational read-through therapy at present is limited to the use of pharmacological 
agents.  However, the therapeutic concept can in future be adapted into a genetic 
therapy.  Inhibition of NMD, for example, can be achieved with CRISPR- or small 
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interfering RNA (siRNA)- mediated knockdowns of genes involved in NMD.  For example, 
siRNA-mediated knockdown of SMG8 led to an amelioration of cellular phenotype in 
fibroblasts from patients with Ullrich disease, a muscular dystrophy characterised by joint 
contractures and muscle weakness597.  Moreover, the silencing of NMD did not lead to 
growth defects, ER stress, or activation of DNA damage repair pathways.  SMG8, an 
accessory regulatory protein of SMG1, a kinase which activates UPF1, was selected from a 
knockdown of 15 NMD pathway inhibitors448,597.  These results demonstrate the possible 
clinical translation of genetic NMD silencing.  More recently, a CRISPR-based technique 
has been reported that involves delivering exogenous adenine base editors (ABEs) to sites 
of nonsense mutations to modify nonsense point mutations and induce translational 
read-through.  ABEs are deaminases that convert a A:T pair to a G:C pair without 
introducing double-stranded breaks into DNA.  Studies have shown that ABE delivery was 
able to correct a nonsense mutation in the mouse Dmd gene in vivo as well as ameliorate 
the cellular phenotype of patient-derived fibroblasts harbouring a mutation in XRC, a 
DNA repair enzyme whose deficiency causes xeroderma pigmentosum598,599.  It is 
estimated that ~95% of pathogenic nonsense mutations may be amenable to ABE-
mediated PTC correction.   

The future clinical development of translational read-through therapy for rare diseases 
will be challenging.  Up to now, translational read-through has only been tested 
adequately in vivo in mouse models of CF, DMD, and aniridia461,600,601.  Only after these 
findings were published were subsequent phase 1, 2, or 3 clinical trials performed464.  
Disorders such as DMD, while technically classified as rare diseases (prevalence of 
<1:2000)602, benefit from a single genetic cause, adequate patient numbers for traditional 
clinical trials, and a robust animal model546.  The landscape is quite different for 
mitochondrial disorders.  In vivo testing for every single gene defect analysed in this 
thesis will be difficult as there is a scarcity of viable mouse models of mitochondrial 
disease, let alone those with bi-allelic nonsense mutations.  If mouse models were to be 
developed for the gene defects analysed in this study, there also runs a risk of generating 
mice which have no phenotype (e.g.  Surf1-/- mice)564 or generating mice with an 
embryonic lethal phenotype (e.g.  Rrm2b-/- mice)569. 

In light of challenges with animal models, alternative methods of functional testing and 
routes to licencing should be explored.  Within the translational read-through space, 
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there are two examples of partial bypassing of animal testing.  The first was the use of 
Ataluren in CF.  Since mouse models of CF lack a respiratory phenotype, the preclinical 
testing was done in two stages.  Pharmacokinetics, pharmacodynamics, and safety studies 
were performed in a transgenic mouse model harbouring a nonsense mutation in the 
human CFTR gene600.  Meanwhile, functional work was carried out in ex vivo human 
intestinal organoids603.  Although the Ataluren CF trial ultimately failed463, these 
alternative means of clinical development can still be useful for the translation of 
translational read-through therapy for mitochondrial disorders. 

In another disease, PTC therapeutics was able to commence a phase 2 clinical trial of 
Ataluren in 16 patients with Dravet syndrome caused by CDLK5 mutations 
(NCT02758626).  Although there was no preclinical or phase 1 testing of Ataluren for use 
in this disorder, it may be that the previous extensive characterisation of the in vivo safety 
and efficacy of Ataluren was considered sufficient to commence a phase 2 clinical trial.  
Furthermore, the Dravet syndrome clinical trial has only 16 participants enrolled.  This is 
unsurprising as CDLK5 deficiency is considerably rarer (prevalence 1:40,000-1:60,000)604 
than DMD (prevalence 1:3,500)464 or CF (prevalence 1:2,500)463.  For comparison, the 
phase 2 study of Ataluren for DMD had 174 enrolled participants605.   Thus, for the clinical 
translation of translational read-through therapy for mitochondrial disorders, alternative 
model systems (e.g.  organoids, iPSC-derived tissues) and novel routes to licencing 
should be considered. 

Notwithstanding the scientific and logistical roadblocks to clinical approval, there is a 
major case for continuing the clinical journey for translational read-through therapy for 
mitochondrial disorders.  The potential to treat several mitochondrial diseases with a 
single therapy is incredibly appealing.  Our results indicate that several mitochondrial 
disorders can respond to this treatment in vitro.  The TRID- and NMDI-responsive cell 
cultures in this study encompass a wide range of mitochondrial functions and clinical 
presentations.  Translational read-through therapy is also partially corrective, directly 
restoring the absent protein to ameliorate mitochondrial function.  This contrasts 
pharmacological agents currently in trials for mitochondrial disease, which aim to broadly 
improve mitochondrial function without correcting inherent genetic defects.  There is 
contention as to whether this approach is efficacious as recently a phase 3 trial of the CL 
stabiliser Elamipretide failed to reach its primary endpoint420.  However, pharmacological 
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therapies are beneficial as development costs are significantly lower than that for genetic 
therapies.  For example, the list price for one dose of Zolgensma, a gene therapy for 
spinal muscular atrophy, costs $2.1 million.  The high price tag of gene therapies not only 
reflects the development costs, but the smaller market for these drugs.  Therefore, it is 
unlikely that there is commercial incentive for companies to develop 369 individual gene 
therapies to enable treatment of the entirety of mitochondrial disease.  In essence, 
translational read-through therapy is a strategy which has components of precision 
medicine and also the benefit of increased cost-effectiveness for payers and developers 
alike.   

A graphical overview of the diagnostic and therapeutic implications this thesis provides 
for mitochondrial disorders is shown in Figure 6.1. 
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Figure 6.1 Novel Diagnostic and Therapeutic Approaches for Mitochondrial Disorders.  
The new strategies developed in this thesis contribute to improved outcomes for patients 
with mitochondrial disorders.  Adapted from Rahman and Rahman 2019 [ref 360]. 
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6.2 Final Conclusions 

The clinical, biochemical, and genetic heterogeneity surrounding mitochondrial disorders 
create diagnostic and therapeutic challenges.  While the advent of NGS has greatly 
increased the diagnostic rate of primary mitochondrial disorders, genetic complexity and 
a lack of understanding of gene-to-phenotype relationships have led to lengthy 
diagnostic odysseys.  To help improve the diagnostic yield of mitochondrial disorders, 
four novel computational tools were created to aid clinicians in interpreting NGS data.  
The MitoMaps are free interactive online resources that can be navigated and queried in 
a Google Maps-like interface.  These resources were highly adept in identifying causative 
candidate genes (69-100% accuracy) and eliminating ~75% of genes in each resource.  
Phenomic resources such as the MitoMaps created in this project will help to improve 
interpretation of NGS results, potentially eliminate the need for invasive biopsy 
procedures, and direct better clinical management for patients.   

The management of mitochondrial disorders is also complicated by a lack of curative 
therapies.  To make improvements in this area, an in vitro proof-of-principle study was 
conducted to test the efficacy of translational read-through therapy for mitochondrial 
disorders.  A heterogenous group of fibroblast cell cultures was established with cells 
sourced from all over the world.  qPCR, western blot, and functional studies 
demonstrated that TRID and NMDI treatment was able to restore transcript, protein, and 
even mitochondrial function in five cell cultures for 4 different gene defects (RRM2B, 

DGUOK, SURF1 and STAT2).  These findings pave the way for the development for an 
alternative gene-agnostic approach to mitochondrial disease treatment that may be able 
to treat dozens of patients with mitochondrial disease caused by bi-allelic nonsense 
mutations.   

Taken together, the diagnostic and therapeutic strategies developed in this thesis help 
contribute to improved outcomes for patients suffering from mitochondrial disease.   
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A1 Bioinformatics for the MitoMaps 

MitoMaps Data Integration Method 

Part 1 – Software Requirements 
a. QDA Miner – text mining of literature files.  Lite version will suffice, but pro 

version also available.   

b. Microsoft Excel, Google Sheets (or similar) – organising database. 

c. Notepad, Text Editor (or similar) – exporting the database for input into 
python scripts.  Also useful for viewing the .xml files to find species aliases 
required for the interaction file. 

d. Python, Anaconda [Spyder] (or similar) – python development environment.  
Note Spyder will need to be reconfigured to read Python 2.7. 

e. CellDesigner (v.4.4) – Building main map, submaps, and interaction file. 

f. MINERVA – platform on which maps will be uploaded.  An account needs to 
be requested.   
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Part 2 – Building the Base Map using CellDesigner 
Build Mitochondria by using the square tool twice to make two membranes.  Create 
complexes of genes using the complex tool.  Genes (rectangular boxes) can be 
placed within the complexes to which they belong or can be placed throughout the 
layout.  The best dimensions of the layout are x=5000, y=2500.  Make sure to save 
the .xml (CellDesigner File) as a descriptive title in lower case with no spaces. 
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Part 3 – Preparing the Excel Database for Map Building 
Extract from Excel table a txt file as shown in the attachment (Gene-Pheno-Table.txt).  
This step is very important as downstream submaps will not be accurate unless the 
text file is exactly correct. 

Ensure that the all formats are cleared from the spreadsheet and that everything is in 
one font.  Most importantly, ensure that there are no line breaks in the spreadsheet.  
This will result in “” in the text file.  Also ensure that gene names are in lower case in 
the spreadsheet.  This can be done by =LOWER(cell) and dragging down.  Once the 
formatting is removed, this will not be an issue.  Generate the text file by copying and 
pasting into a text editor or saving the excel spreadsheet as a .txt file. 

Optimal Text File – lower case genes and no line breaks or other formatting 
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Wrong Text File 

 

 

 

 

 

 

Line breaks 
make all the 
phenotypes 
appear in 
quotations 
and new 
lines. 

Upper case gene 
names will cause 
downstream 
errors when 
uploading the 
map to MINERVA. 
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Part 4 – Running Python Scripts to Generate Submaps 
There are two different scripts that need to be run.  They are both found in tool box 
BuildCellDesigner.py.  It is important to note that these scripts are written in Python 
2.7 and as such need to be run in an environment which can read this version. 

 

First import the directory.  Python directories are written with forward slashes so 
change the direction if copying and pasting a directory. 

 

Run the script buildGene2PhenoTxtFiles where it receives 2 arguments: 

interactionFile – table described in (2) 

targetFolder – folder where single txt files for genes will be generated 

 
Remember to close the folder name with a “/” at the end. 

This script will make all the rows (genes to phenotype correlations) in the table into 
one file.  If you open one of these text files in excel it should look like one row of the 
database. 

 
 

Next run the buildCellDsngFiles, which again receives 2 arguments: 

sourceFolder – folder used as target in step (3) 

targetFolder – folder where CellDesigner files will be located 
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These scripts can be run in a sequence.  The whole code looks like this: 

 
The output should be these CellDesigner submaps.  There should be one for every 
gene in the original table. 

 
 

Part 5 – Optimising Submap Layouts 
The outputs from the python scripts stack the phenotypes on top of each other.  Each 
file will have to be opened in CellDesigner and run a layout (Incremental Hierarchic 
Layout – Left to Right).  Save the files in CellDesigner. 

Before 
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After 

 

Part 6 – Building the 
Interaction File 
The interaction file is the link between all the genes in the basic layout and the 
submaps.  It does this using a species alias, which is a graphical representation of an 
entity (in our case genes).  Nomenclature and labelling are very important in the 
interaction files.  Any mistakes will result in a failure to load the map.  The interaction 
file is created in CellDesigner. 

To build MitoMap Interaction files your main map will be in the centre.  The complex 
needs to be named the FILE NAME of  your main map.  Again, this should be in lower 
case and no spaces.   

The main layout of the MitoEpilepsy map was saved as epilepsy_main.xml.  This 
becomes the title for the central interaction complex. 

 
The genes in the map are drawn individually outside the main complex.  Genes in the 
interaction file are drawn as complexes not genes.  Ensure that the genes names 
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again are written in lower case.  

 
Next you need to find the species alias of each gene.  To do this, open the main map 
.xml file in a text editor or web browser.  Here, it will tell you the relationship between 
a species to a species alias (i.e.  a gene to where it is located on the map). 

In this below example you can see that “sa19” is associated with “s117”. 

 
If you go into the main map, this time in CellDesigner, you will be able to view the 
species IDs of all the genes.  Making a spreadsheet of the genes, species IDs, and 
species aliases may be useful.  Now we know that the gene ndufa1 (s117) has a 
species alias (sa) of 19. 
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Once all the sa-s interactions are known, they have to be connected visually on the 
interaction map.  Draw the species alias as a protein which is located inside the main 
complex.  Then use the state transition tool to connect the species alias with its 
species. 

 
Finally, save this interaction file in the same folder as your submaps. 
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Complete Interaction File 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part 7 – Uploading the Map to MINERVA 
When you are ready to upload the map, there are three components of files: the main 
layout, the submaps, and the interaction file.  Combine these all in a compressed 
folder.  The main map should be a separate file from the submaps folder (which also 
contains the interaction file). 

 

 

 

Log in to MINERVA and create a new project.  Upload the .zip file.  This should create 
additional tabs. 
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Under the submaps tab, select your root map (main layout) and mapping file 
(interaction file).  Leave the rest of the submaps unchecked.  When this is done, go 
back to the general tab and save.  Your map should now be

 
uploaded to MINERVA.   
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Any errors with uploading the map to MINERVA are from a disconnect with the file 
names of the submaps and the names of genes on the interactions file.  Double 
check these and then re-zip the folders and re-upload the map. 

Further information on how to build an interaction file and all tasks related to upload 
and usage of MINERVA are available here:  https://minerva.pages.uni.lu/doc/    
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B Prevalence of Nonsense Mutations in Mitochondrial Disease 

B1 Table of All Reported Nonsense Mutations in Mitochondrial Disease 

Gene cDNA Mutation Protein Mutation Zygosity 
AARS2 c.2681C>A p.Ser894Ter Homozygous 
AARS2 c.2392C>T p.Gln798Ter Homozygous 
ACAD9  c.1429C>T p.Arg477Ter Homozygous 
ADCK3 c.1042C>T p.Arg348Ter Homozygous 
ADCK4 c.241G>T p.Glu81Ter Homozygous 
AGK c.306T>G p.Tyr102Ter Homozygous 
AGK c.841C>T p.Arg281Ter Homozygous 
BCS1L c.245C>A p.Ser82Ter Homozygous 
BCS1L c.349C>T p.Arg117Ter Homozygous 
BCS1L c.1036C>T p.Arg346Ter Homozygous 
BOLA3 c.136C>T p.Arg46Ter Homozygous 
C12ORF65 c.394C>T p.Arg132Ter Homozygous 
C12ORF65 c.415C>T p.Gln139Ter Homozygous 
CLPB c.1249C>T p.Arg417Ter Compound Heterozygous 
CLPB c.748C>T p.Arg250Ter Compound Heterozygous 
CLPB c.961A>T p.Leu321Ter Homozygous 
CLPB c.1249C>T p.Arg417Ter Homozygous 
CLPB c.919C>T p.Arg307Ter Homozygous 
CLPB c.748C>T p.Arg250Ter Homozygous 
COQ9 c.730C>T p.Arg244Ter Homozygous 
COX7B c.55C>T p.Gln19Ter X-Linked 
COX10  c.445C>T p.Gln149Ter Homozygous 
DARS2 c.20T>A p.Leu7Ter Homozygous 
DARS2 c.1355T>G p.Leu452Ter Homozygous 
DGUOK c.313C>T p.Arg105Ter Homozygous 
DGUOK c.533G>A p.Trp178Ter Homozygous 
DGUOK c.658G>T p.Glu220Ter Homozygous 
DNM1L c.1588C>T p.Arg530Ter Homozygous 
DNA2 c.1882C>T p.Gln630Ter Dominant 
EARS2 c.684C>A p.Tyr228Ter Homozygous  
ELAC2 c.1444G>T p.Glu482Ter Homozygous  
ELAC2 c.1275C>A p.Tyr425Ter Homozygous  
ETHE1 c.187C>T p.Gln63Ter Homozygous  
ETHE1 c.295C>T p.Gln99Ter Homozygous 
ETHE1 c.34C>T p.Gln12Ter Homozygous  
FARS2 c.261G>A p.Trp87Ter Homozygous 
FARS2 c.646C>T p.Gln216Ter Homozygous  
FARS2 c.919C>T p.Arg307Ter Homozygous  
FASTKD2 c.1294C>T p.Arg432Ter  Homozygous 

FASTKD2 c.682C>T p.Gln228Ter Homozygous 
FASTKD2 c.1690C>T p.Gln564Ter Homozygous 
FBXL4 c.64C>T p.Arg22Ter Homozygous + Compound Het 
FBXL4 c.1303C>T p.Arg435Ter Compound Heterozygous 
FBXL4 c.1555C>T p.Gln519Ter Homozygous 
FBXL4 c.1555C>T p.Gln519Ter Homozygous 
FBXL4 c.1360C>T p.Gln454Ter Homozygous  
FBXL4 c.1303C>T p.Arg435Ter Homozygous 
FBXL4 c.1288C>T p.Arg430Ter Homozygous 
FBXL4 c.1210C>T p.Gln404Ter Homozygous 
FBXL4 c.903T>A p.Cys301Ter Homozygous 
FBXL4 c.616C>T p.Arg206Ter Homozygous 
FBXL4 c.370C>T p.Gln124Ter Homozygous 
FBXL4 c.292C>T p.Arg98Ter Homozygous 
FBXL4 c.219T>A p.Tyr73Ter Homozygous 
FBXL4 c.106A>T p.Arg36Ter Homozygous 
FOXRED1 c.313C>T p.Gln105Ter Homozygous 
FOXRED1 c.1102C>T p.Gln368Ter Homozygous  
GDAP1 c.487C>T p.Gln163Ter Homozygous 
GDAP1 c.581C>G p.Ser194Ter Homozygous 
GDAP1 c.92G>A p.Trp31Ter Homozygous 
GDAP1 c.571C>T p.Arg191Ter Homozygous 
GDAP1 c.295C>T p.Gln99Ter Homozygous 
GDAP1 c.373C>T p.Arg125Ter Homozygous 
GDAP1 c.112C>T p.Gln38Ter Homozygous 
GDAP1 c.372C>G p.Tyr124Ter Homozygous 
GDAP1 c.703C>T p.Gln235Ter Homozygous 
GDAP1 c.769C>T p.Arg257Ter Homozygous 
GFER c.373C>T p.Gln125Ter Homozygous 
GFER c.502C>T p.Gln168Ter Homozygous 
GFM1 c.100C>T p.Arg34Ter Homozygous 
GFM1 c.193C>T p.Arg65Ter Homozygous 
GFM1 c.661C>T p.Arg221Ter Homozygous 
GFM1 c.700C>T p.Arg234Ter Homozygous 
GFM1 c.2008C>T p.Arg670Ter Homozygous 
GTPBP3 c.643G>T p.Gln215Ter Homozygous 
GTPBP3 c.865G>T  p.Gln289Ter Homozygous 
HCCS c.589C>T p.Arg197Ter X-Linked 
HCCS c.589C>T p.Arg197Ter X-Linked 
IARS2 c.55C>T p.Arg19Ter Homozygous 
IARS2 c.1342C>T p.Gln448Ter Homozygous 
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LARS2 c.c.1115C>G p.Ser372Ter Homozygous 
LARS2 c.2263C>T p.Gln755Ter Homozygous 
LONP1 c.859G>T p.Glu287Ter Homozygous 
LRPPRC c.3963C>A p.Tyr1321Ter Homozygous 
LRPPRC c.3952G>T p.Glu1318Ter Homozygous 
LRPPRC c.3045G>A p.Trp1015Ter Homozygous 
LRPPRC c.3397C>T p.Gln1133Ter Homozygous 
LRPPRC c.3524C>G p.Ser1175Ter Homozygous 
LRPPRC c.2984T>G p.Leu995Ter Homozygous 
LRPPRC c.2755C>T p.Arg919Ter Homozygous 
LRPPRC c.2450T>A p.Leu817Ter Homozygous 
LRPPRC c.2326G>T p.Gln776Ter Homozygous 
LRPPRC c.1792C>T p.Gln598Ter Homozygous 
LRPPRC c.1723C>T p.Arg575Ter Homozygous 
LRPPRC c.1612C>T p.Gln538Ter Homozygous 
LRPPRC c.1589C>A p.Ser530Ter Homozygous 
LRPPRC c.1577C>A p.Ser526Ter Homozygous 
LRPPRC c.1201C>T p.Gln401Ter Homozygous 
LRPPRC c.1091C>G p.Ser364Ter Homozygous 
LRPPRC c.601C>T p.Gln201Ter Homozygous 
LRPPRC c.600C>A p.Tyr200Ter Homozygous 
LRPPRC c.589C>T p.Arg197Ter Homozygous 
LRPPRC c.254G>A p.Trp85Ter Homozygous 
LYRM7 c.214C>T p.Gln72Ter Homozygous 
MARS2 c.1240A>T p.Arg414Ter Homozygous 
MFF c.190C>T p.Gln64Ter Homozygous 
MFN2 c.2251C>T p.Gln751Ter Dominant 
MFN2 c.703C>T p.Gln235Ter Dominant 
MFN2 c.880C>T p.Arg294Ter Dominant 
MFN2 c.1198C>T p.Arg400Ter Dominant 
MFN2 c.1252C>T p.Arg418Ter De Novo Dominant 
MFN2 c.1292C>A p.Ser431Ter Dominant 
MFN2 c.2037C>G p.Tyr679Ter Dominant 
MFN2 c.2256C>A p.Tyr752Ter Dominant 
MGME1 c.456G>A p.Trp152Ter Homozygous 
MPV17 c.130C>T p.Gln44Ter Homozygous 
MPV17 c.370C>T p.Gln124Ter Homozygous 
MPV17 c.359G>A p.Trp120Ter Homozygous 
MPV17 c.297T>A p.Cys99Ter Homozygous 
MPV17 c.206G>A p.Trp69Ter Homozygous 
MPV17 c.106C>T p.Gln36Ter Homozygous 
MRPS16 c.331C>T p.Arg111Ter Homozygous 
MTFMT c.91C>T p.Arg31Ter Homozygous 
MTO1 c.1201C>T p.Arg401Ter Homozygous 
MTO1 c.1399C>T p.Arg467Ter Homozygous 
MTO1 c.1537C>T p.Arg513Ter Homozygous 
MTO1 c.1462C>T p.Arg488Ter Homozygous 
NARS2 c.1306C>T p.Arg436Ter Homozygous 

NARS2 c.727C>T p.Arg243Ter Homozygous 
NARS2 c.418C>T p.Arg140Ter Homozygous 
NDUFA12 c.253G>T p.Gln85Ter Homozygous 
NDUFA12 c.178C>T p.Arg60Ter Homozygous 
NDUFA12 c.4G>T p.Gln2Ter Homozygous 
NDUFAF2 c.9G>A p.Trp3Ter Homozygous 
NDUFAF2 c.182C>T p.Arg45Ter Homozygous 
NDUFAF2 c.79C>T p.Gln27Ter Homozygous 
NDUFAF2 c.114C>G p.Tyr38Ter Homozygous 
NDUFAF2 c.139C>T p.Arg47Ter Homozygous 
NDUFAF2 c.221G>A p.Trp74Ter Homozygous 
NDUFAF6 c.561C>G  p.Tyr187Ter Homozygous  
NDUFB11 c.1149T>G p.Tyr108Ter Compound Het (X-Linked) 
NDUFB11 c.1080C>T p.Trp85Ter Compound Het (X-Linked) 
NDUFB11 c.262C>T p.Arg88Ter X-Linked 
NDUFS4 c.44G>A p.Trp15Ter Homozygous 
NDUFS4 c.316C>T p.Arg106Ter Homozygous 
NNT c.1356C>T p.Arg379Ter Homozygous + Compound Het 
NNT c.211C>T p.Arg71Ter Homozygous + Compound Het 
NNT c.385C>T p.Arg129Ter Homozygous + Compound Het 
NUBPL  c.526C>T p.Gln176Ter Homozygous 
OPA1 c.1096C>T p.Arg366Ter Dominant 
OPA1 c.1861C>T p.Arg621Ter Dominant 
OPA1 c.687T>G p.Tyr229Ter        Dominant 
OPA1 c.700G>T p.Glu234Ter Dominant 
OPA1 c.703C>T p.Arg235Ter Dominant 
OPA1 c.703C>T p.Gln297Ter Dominant 
OPA1 c.728T>A p.Leu243Ter Dominant 
OPA1 c.1549G>T p.Glu517Ter Dominant 
OPA1 c.635T>A p.Leu212Ter Dominant 
OPA1 c.1669C>T p.Arg557Ter Dominant 
OPA1 c.2131C>T p.Arg711Ter Dominant 
OPA1 c.2197C>T p.Arg733Ter Dominant 
OPA1 c.2257C>T p.Gln753Ter Dominant 
OPA1 c.2334G>A p.Trp778Ter Dominant 
OPA1 c.2386G>T p.Gln796Ter Dominant 
OPA1 c.2470C>T p.Arg824Ter Dominant 
OPA1 c.2551G>T p.Glu851Ter Dominant 
OPA1 c.2635C>T p.Arg879Ter Dominant 
OPA1 c.2586C>G p.Tyr862Ter Dominant 
OPA1 c.2569C>T p.Arg857Ter Dominant 
PARS2 c.383G>A p.Trp128Ter Homozygous 
PDHA1 c.1148G>A p.Trp383Ter Homozygous 
PET100 c.142C>T p.Gln48Ter Homozygous 
PDHX c.742C>T p.Gln248Ter Homozygous 
PDHX c.14G>A p.Trp5Ter Homozygous 
PDHX c.1336C>T p.Arg446Ter Homozygous 
PDHX c.1159C>T p.Gln387Ter Homozygous 
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PDHX c.1426C>T p.Arg476Ter Homozygous 
PDHX c.134G>A p.Trp45Ter Homozygous 
PUS1 c.658G>T p.Glu220Ter Homozygous 
PUS1 c.426C>A p.Cys142Ter Homozygous 
PUS1 c.633C>A p.Tyr211Ter Homozygous 
QARS c.1567C>T p.Arg523Ter Homozygous 
QARS c.1314C>G p.Tyr438Ter Homozygous 
RARS2 c.1156C>T p.Arg386Ter Homozygous 
RARS2 c.1423G>T p.Glu475Ter Homozygous 
RRM2B c.850C>T p.Gln284Ter Homozygous 
RRM2B c.979C>T p.Arg327Ter Homozygous 
RRM2B c.952G>T p.Glu318Ter Homozygous 
RRM2B c.736C>T p.Arg246Ter Homozygous 
RRM2B c.696T>A p.Cys232Ter Homozygous 
SARS2 c.30G>A p.Trp10Ter Homozygous 
SDHD c.64C>T p.Arg22Ter Homozygous 
SDHAF1 c.22C>T p.Gln8Ter Homozygous 
SDHAF1 c.156C>A p.Tyr52Ter Homozygous 
SERAC1 c.547C>T p.Arg183Ter Homozygous 
SERAC1 c.1159C>T p.Arg387Ter Homozygous 
SERAC1 c.1126C>T p.Gln376Ter Homozygous 
SERAC1 c.493C>T p.Gln165Ter Homozygous 
SERAC1 c.442C>T p.Arg148Ter Homozygous 
SERAC1 c.202C>T p.Arg68Ter Homozygous 
SERAC1 c.21C>A p.Cys7Ter Homozygous 
SLC19A3 c.20C>A p.Ser7Ter Homozygous 
SLC19A3 c.148G>T p.Glu50Ter Homozygous 
SLC25A22 c.418C>T p.Gln140Ter Homozygous  
SLC25A22 c.394C>T p.Gln132Ter Homozygous  
SLC25A22 c.271C>T p.Arg91Ter Homozygous  
SLC25A22 c.13C>T p.Gln5Ter Homozygous  
SLC25A46 c.736A>T p.Arg246Ter Homozygous  
SLC33A1 c.1098C>G p.Tyr366Ter Homozygous 
SPG7 c.233T>A p.Leu78Ter Homozygous 
SPG7 c.679C>T p.Arg227Ter Homozygous 
SPG7 c.806G>A p.Trp269Ter Homozygous 
SPG7 c.865C>T p.Gln289Ter Homozygous 
SPG7 c.1192C>T p.Arg398Ter Homozygous 
SPG7 c.1369C>T p.Arg457Ter Homozygous 
SPG7 c.1147G>T p.Gly383Ter Compound Heterozygous 
SPG7 c.1822C>T p.Gln608Ter Compound Heterozygous 
SPG7 c.1408C>T p.Arg470Ter Homozygous 
SPG7 c.1447C>T p.Gln483Ter Homozygous 
SPG7 c.1672A>T p.p.Leuys558Ter Homozygous 
STAT2 c.1836C>A p.Cys612Ter Homozygous 
STAT2 c.1999C>T p.Arg667Ter Homozygous 
SUCLA2 c.750C>A p.Tyr250Ter Homozygous 
SURF1 c.751C>T p.Gln251Ter Homozygous 

SURF1 c.258C>T p.Gln82Ter Homozygous 
SURF1 c.688C>T p.Arg230Ter Homozygous 
SURF1 c.834G>A p.Trp278Ter Homozygous 
SURF1 c.867G>A p.Trp288Ter Homozygous 
SURF1 c.681G>A p.Trp227Ter Homozygous 
SURF1 c.585C>T p.Gln196Ter Homozygous 
TARS2 c.1756C>T p.Arg586Ter Homozygous 
TAZ c.153C>G p.Tyr51Ter X-Linked 
TAZ c.154G>T p.Glu52Ter X-Linked 
TAZ c.208C>T p.Gln70Ter X-Linked 
TAZ c.421C>T p.Arg141Ter X-Linked 
TAZ c.582G>A p.Trp194Ter X-Linked 
TAZ c.583G>T p.Gly195Ter X-Linked 
TAZ c.639G>A p.Trp213Ter X-Linked 
TAZ c.823C>T p.Gln275Ter X-Linked 
TIMM8A c.238C>T p.Arg80Ter X-Linked 
TIMM8A c.112C>T p.Gln38Ter X-Linked 
TIMM8A c.100C>T p.Gln34Ter X-Linked 
TIMM8A c.70G>T p.Glu24Ter X-Linked 
TMEM70 c.336T>A p.Tyr112Ter Homozygous 
TMEM70 c.238C>T p.Arg80Ter Homozygous 
TK2 c.583A>T p.Leu195Ter Homozygous 
TK2 c.133C>T p.Gln45Ter Homozygous 
TRMU c.718C>T p.Arg240Ter Homozygous 
TTC19 c.829C>T p.Gln277Ter Homozygous 
TTC19 c.517C>T p.Gln173Ter Homozygous 
TTC19 c.656T>G p.Leu219Ter Homozygous 
TTC19 c.937C>T p.Gln313Ter Homozygous 
TTC19 c.194G>A p.Trp65Ter Homozygous 
TTC19 c.304C>T p.Arg102Ter Homozygous 
TTC19 c.817G>T p.Glu273Ter Homozygous 
TWNK c.853C>T p.Arg285Ter Homozygous 
TWNK c.967C>T p.Arg323Ter Homozygous 
TWNK c.1422G>A p.Trp474Ter Dominant 
TWNK c.1768C>T p.Gln590Ter Homozygous 
TXN2 c.71G>A p.Trp24Ter Homozygous 
TYMP c.112G>T p.Glu38Ter Homozygous 
TYMP c.1048C>T p.Gln350Ter Homozygous 
TYMP c.1412C>A p.Ser471Ter Homozygous  
TYMP c.1326G>A p.Trp442Ter Homozygous  
TYMP c.709G>T p.Gly237Ter Homozygous  
TYMP c.328C>T p.Gln110Ter Homozygous  
WARS2 c.715C>T p.Arg239Ter Homozygous 
XRCC4 c.674C>T p.Arg225Ter Homozygous + Compound Het 
XRCC4 c.481C>T p.Arg161Ter Compound Heterozygous 
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C Additional RT-qPCR Analyses 

 Figure C1 The Effect of TRIDs and NMDIs on Gene Expression in Mitochondrial Disease Patient Fibroblasts.  All analyses are normalised to ACTB and B2M 
expression except for COQ9p.Arg244Ter patient 2, which is only normalised to B2M.  Mean±SEM, n=3, technical triplicate for each n, ****p<0.0001, ***p<0.001, **p<0.01, 
*p<0.05, ns p>0.05, one-way ANOVA with post-hoc t-test comparisons (B; D-F), Mean±SD, n=2, technical triplicate for each n, t-test (A) Mean, n=1, technical 
triplicate for each n, not enough biological replicates for a statistical test (C).    

E 

A 

C 

B 

D 

F 

RQ
 C

OQ
9  

RQ
 SU

RF
1  

RQ
 ST

AT
2  

RQ
 C

OQ
9  

RQ
 M

PV
17

  
RQ

 ST
AT

2 



331 
 

D Published Conference Abstracts 

D1 EuroMit 2017 

 

 
Figure D1 EuroMit 2017.  Published Abstract Selected for a Poster Presentation at 
EuroMit.  Cologne, Germany 2017 
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D2 ICIEM 2017 

 

 

 

Figure D2 2017 International Congress of Inborn Errors of Metabolism (ICIEM).  
Published Abstract Selected for an Oral Presentation at ICIEM.  Rio de Janeiro, Brazil 2017. 
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D3 Mitochondrial Medicine 2019 

 

 

 

Figure D2 2019 Wellcome Genome Campus Mitochondrial Medicine Meeting.  
Published Abstract Selected for an Oral Presentation at the Wellcome Genome Campus 
Mitochondrial Medicine Meeting.  Cambridge, United Kingdom 2019. 
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E Publications 

E1 List of Papers Published during PhD 

Maldonado EM, Taha F, Rahman J, Rahman S.  Systems Biology Approaches Toward 
Understanding Primary Mitochondrial Diseases.  Front.  Genet.  2019; 10: 19. 
 
Rahman J, Rahman S.  The utility of phenomics in diagnosis of inherited metabolic 
disorders.  Clin Med (Lond) 2019; 19: 30-36. 
 
Rahman J, Rahman S.  Mitochondrial medicine in the omics era. 
Lancet 2018; 391: 2560-74. 
 
Thorburn DR, Rahman J, Rahman S.  Mitochondrial DNA-Associated Leigh Syndrome 
and NARP.  2003 Oct 30 [Updated 2017 Sep 28].  In: Adam MP, Ardinger HH, Pagon RA, 
et al., editors.  GeneReviews® [Internet].  Seattle (WA): University of Washington, 
Seattle; 1993-2020.  Available from: https://www.ncbi.nlm.nih.gov/books/NBK1173/ 
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E2 Mitochondrial Medicine in the Omics Era (Lancet, 2019) 
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E3 The utility of phenomics in diagnosis of inherited metabolic 
disorders.  (Clinical Medicine (London), 2019) 
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Supplementary Data 
 

Description of Supplementary Files 

Supplemental data is available with the .zip file attached with this thesis.  All 
supplementary files are outlined in the table below. 

Supplementary Data Contents 

File Name Description Notes 

S1 Western blot analyses of TRID-
treated fibroblasts. 

Whole blots of all definitive 
western blot analyses of TRID-
treated fibroblasts (gentamicin, 
Ataluren, or RTC13).  Files are 
organised by the gene defect 
name (e.g.  “SURF1”), followed by 
the drug that was tested (“e.g.  
Gentamicin”), followed by the 
replicate number (“1”).  Images 
can be classified as protein of 
interest bands, loading control 
bands, or protein ladder.   

S2 Western blot analyses of 
Amlexanox-treated fibroblasts. 

Whole blots of all definitive 
western blot analyses of 
Amlexanox-treated fibroblasts.  
Files are organised by the gene 
defect name (e.g.  “SURF1”), 
followed by the drug that was 
tested (“e.g.  Gentamicin”), 
followed by the replicate 
number (“1”).  Images can be 
classified as protein of interest 
bands, loading control bands, or 
protein ladder. 
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