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Mitochondrial disorders are among the most frequent metabolic disorders and a 

major burden for society. There are more than 60 confirmed mitochondrial DNA 

(mtDNA) point mutations associated with several diseases. Since the mtDNA is highly 

polymorphic with peculiar properties, the pathogenicity of a novel sequence variation 

needs to be determined using a series of criteria, including functional studies, for 

establishing genotype/phenotype correlations. 

The present study comprises four unclassified mtDNA variants with potential 

pathogenic effect, identified in four unrelated Portuguese patients suspected of 

mitochondrial disease, at Laboratory of Biochemical Genetics, Center for neuroscience 

and cell biology – University of Coimbra. 

Patient 1 (P1) presented severe bilateral optic neuropathy. Patient 2 (P2) 

manifested severe intellectual disability, cerebellar atrophy, severe ataxia, coarse face, 

relative macrocephaly, congenital hypotonia, absent speech, and other features such 

as clinodactyly. Patient 3 (P3) presented chronic progressive external ophthalmoplegia. 

Finally, patient 4 (P4) was suspected of cardiomyopathy after sudden death. A mtDNA 

variant has been identified in each patient, affecting genes encoding subunits of 

oxidative phosphorylation (OXPHOS) enzymatic complexes or variants in mt-tRNA 

genes. The alterations identified were m.8418T>C, p.Leu18Pro (MT-ATP8), 

m.14771C>A, p.Pro9Thr (MT-CYB), m.7486G>A, mt-tRNASer(UCN) (MT-TS1) m.14706A>G, 

mt - tRNAGlu (MT-TE), in patients 1, 2, 3 and 4, respectively. 

Accordingly, a series of biomolecular studies, using a functional genomics’ 

approach was conducted for evaluating the pathogenicity of the unclassified mtDNA 

variants, for establishing the genetic diagnosis of the patients and clarify the 

pathogenic mechanism. 

The methods used included Sanger sequencing, pyrosequencing, next generation 

sequencing, long-range PCR, real-time PCR, histochemistry, histology, cell culture, 

western-blot, blue native polyacrylamide gel electrophoresis, spectrophotometry, 

fluorimetry, Seahorse Bioscience® technology and transmission electron microscopy. 

The samples investigated included cultured fibroblasts (derived from skin biopsy) 

of the four patients described above plus three controls, and blood (family studies of 

P2 and P4, and controls), muscle (P3 and P4) and liver (P4) samples when available. 
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The functional evaluation in the skin fibroblasts of P1 showed a decrease in A6L 

protein level of complex V (encoded by MT-ATP8 gene), a reduction of the fully 

assembled complex V, mitochondrial dysfunction (namely alterations in OXPHOS 

enzymatic activity and oxygen consumption, glycolysis, intracellular ATP levels, 

mitochondrial membrane potential and reactive oxygen species production) and 

evidences of endoplasmic reticulum stress. 

In the cells of P2, a decrease in the cytochrome b levels and activity of complex III 

was observed. Moreover, in addition to mitochondrial dysfunction detected, the 

presence of multilamellar bodies were identified in skin fibroblasts, suggesting 

autophagy impairment. 

Skin fibroblasts of P3 presented a reduction in the assembly of the four complexes 

with subunits encoded by mtDNA, mitochondrial dysfunction, changes in 

mitochondrial membrane potential and in the production of reactive oxygen species. 

Also, multilamellar bodies were observed in fibroblasts. Additionally, morphological 

and histochemical evidences for mitochondrial disease were detected in patient’s 

muscle. 

In P4, deficiency of OXPHOS enzymatic activity was only observed in muscle and 

liver biopsy, suggesting tissue specificity. The reduction in assembly of the four 

complexes with subunits encoded by mtDNA was the more significant finding detected 

in patient’s fibroblasts, in addition to abnormal increase of mitochondria’s size. 

Furthermore, deeper molecular genetic investigation revealed a second mtDNA 

alteration in P3, described in association with the pathology, known as “common 

deletion”. Also, a mutation in SNX14 gene (P2) and a mutation in MYBPC3 gene (P4) 

were detected, in parallel studies performed by other collaborators. 

The present work allowed: (i) to confirm the high pathogenic potential of the four 

unclassified mtDNA variants; (ii) to report the variants showing functional evidences 

for its pathogenicity; (iii) to include these sequence variations in the genetic 

investigation of the patients presenting similar phenotypes; (iv) to contribute for 

significant developments in the field of mitochondrial diseases pathogenicity. 

In conclusion, the evidences taken together suggest that: (i) the mtDNA variants 

analysed are probably involved in the observed mitochondrial dysfunction; (ii) 

mitochondrial impairment may influence cellular mechanisms, namely endoplasmic 



xli 
 

reticulum stress and macroautophagy; (iii) mitochondrial diseases are heterogeneous 

and complex diseases that may have a double genetic origin, besides the known 

depletion or deletion-associated syndromes. 

 

Keywords: mitochondrial DNA; mutation; pathogenicity; mitochondrial dysfunction; 

mitochondrial diseases; functional genomics. 

  





 

 

 

 

 

 

 

 

 

 

 

 

RESUMO 

 

  





xlv 
 

As doenças mitocondriais são das doenças metabólicas mais frequentes e 

representam um grande encargo económico na sociedade. Atualmente, existem mais 

de 60 mutações no DNA mitocondrial (mtDNA) associadas a patologias. Uma vez que o 

mtDNA é altamente polimórfico e apresenta características peculiares, a 

patogenicidade de uma nova alteração detetada, apoia-se numa série de critérios para 

estabelecer a correlação genótipo-fenótipo. 

O presente trabalho inclui o estudo de quatro variações de sequência no mtDNA, 

não classificadas, com potencial efeito deletério, identificadas em quatro doentes 

portugueses com suspeita de doença mitocondrial e sem parentesco, estudados no 

Laboratório de Bioquímica Genética, Centro de Neurociências e Biologia Celular e 

Molecular – Universidade de Coimbra. 

O doente 1 (P1) apresentou neuropatia ótica bilateral grave. O doente 2 (P2) 

manifestou deficiência mental grave, atrofia cerebelar, ataxia grave, fácies grosseira, 

macrocefalia relativa, hipotonia congénita, afasia, e outras características tal como 

clinodactilia. O doente 3 (P3) apresentou oftalmoplegia externa progressiva crónica. O 

doente 4 (P4) sofreu morte súbita infantil, com a suspeita posterior de cardiomiopatia. 

Foi identificada uma variante no mtDNA em cada doente em genes que codificam 

subunidades dos complexos enzimáticos da fosforilação oxidativa ou RNAs de 

transferência. As variantes identificadas foram m.8418T>C, p.Leu18Pro (MT-ATP8), 

m.14771C>A, p.Pro9Thr (MT-CYB), m.7486G>A, mt-tRNASer(UCN) (MT-TS1), 

m.14706A>G, mt-tRNAGlu (MT-TE), nos doentes 1, 2, 3 e 4, respetivamente. 

Foram realizados estudos biomoleculares, usando uma abordagem de genómica 

funcional para avaliar a patogenicidade das variantes no mtDNA de forma a 

estabelecer o diagnóstico genético dos quatro doentes e clarificar o mecanismo de 

patogenicidade. 

Os métodos usados incluíram sequenciação de Sanger, pirosequenciação, 

sequenciação de nova geração, PCR longo e PCR em tempo real, histologia, 

histoquímica, cultura de células, espectrofotometria, fluorimetria, Western-blot, 

eletroforese nativa em gel de acrilamida, tecnologia Seahorse Bioscience® e 

microscopia de transmissão eletrónica. 

As amostras investigadas foram obtidas a partir da cultura primária de fibroblastos 

(derivada de biópsia de pele) dos quatro doentes descritos acima e de três controlos, 
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além de sangue (estudo familiar dos P2 e P4, e controlos), músculo (P3 e P4) e fígado 

(P4). 

A avaliação funcional nas células do P1 mostrou um decréscimo nos níveis da 

proteína A6L (codificada pelo gene MT-ATP8) do complexo V, uma redução do 

assembly do complexo V, disfunção mitocondrial (nomeadamente alterações na 

atividade enzimática da cadeia respiratória mitocondrial, consumo de oxigénio, 

glicólise, níveis de ATP intracelulares, potencial de membrana mitocondrial e produção 

de espécies reativas de oxigénio), com evidencias de stresse no reticulo 

endoplasmático. 

Nas células do P2 foi detetada disfunção mitocondrial, com diminuição dos níveis 

da proteína citocromo b e da atividade do complexo III. Observou-se também a 

presença de corpos multilamelares, sugerindo um comprometimento da autofagia. 

Os fibroblastos do P3 apresentaram redução no assembly dos quatro complexos 

com subunidades codificadas pelo mtDNA, disfunção mitocondrial, alterações no 

potencial de membrana mitocondrial e na produção de espécies reativas de oxigénio, 

bem como a presença de corpos multilamelares. Foram ainda detetadas evidências 

histoquímicas e morfológicas, sugestivas de doença mitocondrial, no músculo. 

No P4, a deficiência na atividade enzimática da fosforilação oxidativa foi detetada 

apenas na biópsia de fígado e músculo, o que sugere a existência de especificidade 

tecidular. A redução no assembly dos quatro complexos com subunidades codificadas 

pelo mtDNA foi o resultado mais significativo, além do aumento anormal do tamanho 

das mitocôndrias. 

Para além disso, a investigação genética revelou uma segunda alteração 

(conhecida como “deleção comum”) no mtDNA (P3), descrita em associação com a 

patologia. Foi ainda detetada uma mutação no gene SNX14 e outra no gene MYBPC3 

nos P3 e P4, respetivamente, em estudos paralelos realizados por colaboradores. 

O trabalho permitiu: (i) confirmar o potencial patogénico das quatro variantes no 

mtDNA; (ii) reportar variantes com evidências funcionais de patogenicidade; (iii) incluir 

estas variantes na investigação genética de doentes que apresentem fenótipo 

semelhante; (iv) contribuir para desenvolvimentos significativos na patogenicidade em 

doenças mitocondriais. 
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Em conclusão, as evidências sugerem que: (i) as variantes analisadas estão 

provavelmente envolvidas na disfunção mitocondrial; (ii) défice mitocondrial pode 

influenciar mecanismos celulares, nomeadamente stresse no reticulo endoplasmático 

e a macroautofagia; (iii) as doenças mitocondriais são heterogéneas e complexas, com 

possível dupla origem genética, além das associadas a síndromes de depleção/deleção, 

já conhecidas. 

 

Palavras-chave: DNA mitocondrial; mutação; patogenicidade; disfunção mitocondrial; 

doenças mitocondriais; genómica funcional. 
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Mitochondria are ubiquitous organelles in most eukaryotic cells, having a size 

of   1̴µm. On average, there are ten to thousand mitochondria per cell, depending on 

the energetic demands. Accordingly, in cells that are metabolically more active, and 

therefore, have higher energy requirements, the amount of mitochondria is higher1. 

Each eukaryotic cell has a variable number of mitochondria which exhibit a 

spherical or rod-shape in a large reticular network, forming tubular or punctate 

structures, as they can fuse and divide2,3, with variable morphology shape in different 

tissues. 

Analysis by transmission electron microscopy (TEM) revealed a double-membrane 

structure, the outer (OMM) and the inner mitochondrial membrane (IMM). The OMM 

individualizes mitochondria from the cytosol. The IMM is creased into a series of 

internal folds named cristae, and define two internal compartments: the 

intermembrane space (IMS), between the outer and the inner membranes; and the 

matrix, bounded by IMM. 

Each of the mentioned components has specific features according to their role in 

mitochondrial function. The OMM is permeable to small molecules and ions, due to 

the presence of integral proteins, such as aqueous channels (porins). Large molecules 

(>10kDa) are translocated by a complex of membrane proteins that form the 

translocase of the outer membrane (TOM), as they are mitochondrial targeted 

proteins4. 

The IMM has also a complex to import proteins from the IMS to the matrix, the 

translocase of the inner membrane (TIM)4. In addition, transport shuttles are 

responsible for the flux of adenosine triphosphate (ATP), adenosine diphosphate 

(ADP), pyruvate, Ca2+, H+, citrate, among others, since the IMM is almost impermeable 

to ions and polar molecules, due to its lipid bilayer composed by high proportion of the 

IMM-specific phospholipid cardiolipin. This selective permeability allows the 

generation of gradients that are essential to the mitochondrial function maintenance. 

The fact that the IMM is creased, forming cristae, increases the total surface area, in 

order to increase the efficiency of the energy production in the process of oxidative 

phosphorylation (OXPHOS), at the mitochondrial respiratory chain (MRC) “units”, 

inserted in this membrane. 
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The matrix contains several molecules of mitochondrial DNA (mtDNA), ribosomes, 

and many enzymes that catalyse essential reactions to cell homeostasis, since key 

metabolic processes, such as Krebs cycle, β-oxidation of fatty acids and urea cycle, take 

place in this mitochondrial compartment. 

Mitochondria harbour the major enzymatic systems used to complete the 

oxidation of carbohydrates, fats and proteins in order to produce energy in the form of 

ATP. Each of the three substrates can be converted to acetyl coenzyme A (acetyl-CoA) 

that is integrated in the tricarboxylic acid (TCA) cycle, also known as citric acid cycle or 

Krebs cycle, taking place in the mitochondrial matrix. Carbohydrates enter into 

mitochondria as pyruvate and are converted to acetyl-CoA by the pyruvate 

dehydrogenase. Fatty acids are converted to acetyl-CoA inside the mitochondria, 

through β-oxidation. On the other hand, several enzymes are responsible for the 

conversion of specific amino acids into pyruvate, acetyl-CoA or into TCA intermediates. 

The TCA cycle is composed by seven subsequent enzymatic steps, where the 

electrons removed during the process are transferred to the substrate nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which in turn, 

carry this free energy to the MRC. The MRC consists of five multisubunit protein 

complexes, embedded in the IMM, where the OXPHOS process occurs, culminating in 

the synthesis of ATP5. 

Mitochondria are in continuous communication with the cytosol in order to 

coordinate the balance between energy demands of the cell and energy production by 

OXPHOS. Therefore, some other functions are mediated by mitochondria (Figure 1.1), 

namely the reactive oxygen species (ROS) production and detoxification, regulation of 

calcium homeostasis, biosynthesis of haem and iron-sulphur clusters, metabolism of 

lipids, cholesterol, steroids, nucleotides, immune response and apoptosis2,6–9. 

The regular metabolism of oxygen generates ROS mainly at the MRC, as a by-

product, which are essential in several processes of cell signalling to control cell 

proliferation and differentiation, and contribute to adaptive stress pathways, including 

hypoxia7,10. 

Calcium is fundamental for many processes that are associated with increased 

demand of energy (e.g. secretion, contraction, motility, electrical excitability), which 

require increased energy provision. During these processes, cytosolic Ca2+ 
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Figure 1.1 - Mitochondrial functions. Mitochondria are the major source of energy in form of 
ATP, for cells, and they are responsible for the intrinsic pathway of programmed cell death, 
calcium (Ca2+) signalling and reactive oxygen species (ROS) production and detoxification. 

concentration [Ca2+]c increases, promoting mitochondrial Ca2+ uptake, as Ca2+ moves 

down its electrochemical potential gradient into the matrix, through the selective 

channel in the IMM – mitochondrial calcium uniporter (MCU). In the matrix, the rise of 

the Ca2+ concentration activates enzymes of TCA cycle in order to stimulate ATP 

synthesis11,12, and it also increases the mitochondrial biogenesis by interacting with the 

calcium/calmodulin-dependent protein kinase kinase 2 (CAMKKβ) to activate the 

peroxisome proliferator-activated receptor γ coactivator 1- alpha (PGC1α)13. Another 

function of calcium regulation is associated to cellular signalling, namely the activation 

of apoptotic cascade, leading to cell death. 

 

 

 

 

 

 

 

 

 

 

 

Mitochondria are responsible for the intrinsic pathway of programmed cell death 

or apoptosis14. The B-cell lymphoma 2 (Bcl-2) family proteins are the first regulatory 

mediators for mitochondrial apoptosis. They can be divided in three major groups: the 

pro-survival group (e.g. Bcl2, Bcl-xL, Mcl-1); the pro-apoptotic BH123 protein group 

(Bax and Bak); and the BH3 domain-only proteins (Bad, Bid, Bim, Puma and Noxa), also 

known as apoptosis initiator group. After a death stimulus, the modification of OMM 

proteomics, namely the increased expression of BH3 domain-only proteins, lead to the 

release of Bax/Bak, culminating in OMM permeabilization and cytochrome c (Cyt c) 

release from the IMS to the cytoplasm. In cytosol, this essential component of the MRC 
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binds to the apoptotic protease activating factor-1 (Apaf-1), inducing the apoptosome 

formation, a wheel-shaped homo-heptameric Apaf-1 complex. The recruitment of the 

initiator procaspase-9 allows the activation of apoptosome and trigger the 

downstream caspases, such as caspase-3 and caspase-7, to complete the apoptotic 

process12,15.  

Recent evidences have demonstrated that Cyt c release and caspases activation 

are also involved in other biological processes, suggesting that these events are not 

always a “point of no-return” of mitochondrial programmed cell death. In fact, this 

mitochondrial pathway may act according to the biological context16. However, the 

mechanisms underlying this process remain unclear. 

 

 1.1 Mitochondrial genome  

 

Since the existence of the mtDNA was revealed17,18, its biology has been 

extensively studied. 

In humans, mtDNA is a small, closed, circular and double-stranded molecule of 

16,568-base pairs, which contains 37 genes (Figure 1.2). Of these, 13 are polypeptides 

that are structural subunits of OXPHOS: seven (ND1-3, ND4L, ND4-6) for complex I (CI) 

subunits, one (cytochrome b, CYB) for complex III (CIII), three (CO1-3) for complex IV 

(CIV) subunits, and two (ATP6 and ATP8) for complex V (CV) subunits. The remaining 

24 genes code for two ribosomal RNAs (12S rRNA and 16S rRNA) and 22 transfer RNAs 

(tRNA), required for the mtDNA translation19,20. In addition, mtDNA contains the D-

Loop region, a   ̴1,000bp non-coding region, so-called control region because it is 

responsible for regulation of mtDNA replication and transcription. 

The two strands of mtDNA present heterogeneous nucleotide composition, as the 

‘light’ strand (L) is rich in pyrimidines while the ‘heavy’ strand (H) is rich in purines. 

Most of genes encoding proteins, the two rRNAs, and 14 of the 22 tRNAs are included 

in the H-strand while eight tRNAs and the MT-ND6 gene are located in the L-strand. 

The mammalian mtDNA is one of the most compact pieces of genetic information, 

since it lacks introns, intergenic sequences are either absent or limited to a few bases 

and, in some cases, genes overlap (MT-ATP8/6 and MT-ND4L/4). 
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The mtDNA is organized in compact protein-DNA complexes designated as 

nucleoids that appear to be tethered to the IMM13,21. This high degree of compaction 

is achieved by the mitochondrial transcription factor A (TFAM) that wraps the mtDNA 

molecules, in order to stabilize the mtDNA22. It is hypothesized that the sequestration 

of mtDNA into nucleoids acts as a protective mechanism, since the mtDNA does not 

contain protective histones. 

Several unique features associated with mtDNA are important to understand and 

define the mitochondrial genetics. 

Human mtDNA is found in multiple copies (up to thousands) per cell, since each 

mitochondrion contains from two to ten copies. Usually, all mtDNA molecules in a cell 

or tissue are identical (homoplasmy) but in the case of mitochondrial disease, a 

mixture of mutant and wild-type mtDNA may exist within the same cell or tissue 

(heteroplasmy)23. The quantity of mutant mtDNA may vary among individuals within 

the same family, and also from organ to organ or tissue to tissue, within the same 

individual24. A minimum critical number of mutant mtDNA molecules known as 

“threshold effect” is required to cause mitochondrial dysfunction in a particular organ 

or tissue, and, consequently, to induce a mitochondrial disease in an individual25. It is 

widely accepted that mutation load must be quite high (> 50%) to induce pathology2,26. 

The mtDNA is maternally inherited27 and, in the case of heteroplasmic mutations, 

the inheritance pattern is complicated by a genetic bottleneck effect in the female 

germline, which means that the transmission of mtDNA molecules from mother to 

offspring is random and unpredictable, since only a subset of mtDNA molecules from 

mother will be transmitted28–30. Then, if the mother harbour 50% of a mtDNA mutation 

in her oogonia, the zygote may harbour 80%, through the random inheritance of 

mtDNA molecules, and the child likely will be affected, or the baby may inherit 40% or 

even less, and the child will be probably healthy. The bottleneck effect and the 

maternal inheritance contribute to ensure that mtDNA mutations do not spread 

through the population2. However, this evolutionary “protection” is responsible for the 

occurrence of a high number of families harbouring extremely rare or private mtDNA 

mutations, resulting in rare pedigrees. However, even if a pathogenic mtDNA 

alteration is present in the fetus, there is a possibility of the child to be healthy, since 

during cell division, mitochondria are randomly included into daughter cells, through a 
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process called mitotic segregation. So, in the case of heteroplasmy, the distribution of 

the mutation in daughter cells is approximately the same mutation load as the 

parental cells, but some daughter cells may have mutated mtDNA molecules in higher 

or fewer proportions. These genetic principles may explain the nature of different 

levels of heteroplasmy at the cellular and tissue level. 

Mitochondria have independent mtDNA replication, transcription, translation and 

repair systems, but dependent on nuclear genes (Figure 1.2A). These processes occur 

with a semi-autonomous regulation, since mitochondrial proteins coded by nuclear 

DNA (nDNA) are responsible for regulating these processes, including the assembly of 

the OXPHOS complexes, the involved in maintenance, expression, transcription and 

translation of mtDNA and the mitochondrial dynamics. Indeed, these proteins and the 

remaining OXPHOS subunits are synthesized in cytosol, and imported into 

mitochondria28,29,31. 
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  1.1.1 Replication 

 

It is well established that mtDNA replication is “independent” of the nDNA 

replication, and the cell cycle. However, all proteins responsible for the mtDNA 

replication are coded by the nuclear genome, translated in the cytosol and imported 

for mitochondria, revealing the essential role of nDNA in the mtDNA copy number 

maintenance. 

Replication and transcription of mtDNA are coupled in mitochondria, and share 

some proteins. For example, the only replicative DNA polymerase known in 

mammalian mitochondria, DNA polymerase γ (POLG), is involved in both processes. 

This holoenzyme consists of a large catalytic subunit and two accessory subunits, being 

also essential in proofreading and DNA binding. The single-stranded DNA binding 

protein (mtSSB) is involved in DNA stability; mitochondrial DNA helicase (Twinkle) has 

been shown to unwind DNA during the replication. The TFAM protein is essential in the 

initiation of replication and transcription. Some other transcription factors and ligases, 

such as topoisomerases, ligases and RNaseH complete the pool of mitochondrial 

proteins belonging to the mitochondrial replisome. Mitochondrial RNA polymerase 

(POLRMT) serves to produce not only transcripts, but also primers needed for mtDNA 

replication8. 

Briefly, the helicase Twinkle moves on one DNA strand, separating double-

stranded DNA into single-stranded DNA (ssDNA). The POLG perform DNA synthesis 

using the template released by Twinkle while the mtSSB protects the template from 

nucleolysis. 

The mechanism for mtDNA replication remains controversial, since at least three 

models have been described (recently reviewed in McKinney et al. (2013), Holt and 

Jacobs (2014) and Pohjoismaki et al. (2011)32–34). The original asynchronous strand-

displacement model was considered the accepted model for over 35 years35. This 

model proposed the initiation of the synthesis of the leading strand (heavy strand) 

within the D-loop region in a site designated as OH, and as the leading strand synthesis 

continues, a larger displacement parental H strand is synthesized, preserved in a 

single-stranded form. Then, H-strand replication exposes the origin of the lagging 

strand (or light [L] strand,) – OL, allowing replication of the new lagging strand to 
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initiate in the opposite direction. Therefore, replication is continuous, asymmetric and 

asynchronous. 

In the second model, referred as the strand-coupled model36, replication starts at 

a broad area beyond the D-loop, and proceeds bidirectionally as the conventional 

double-stranded replication forks through continuous synthesis of leading and 

discontinuous synthesis of lagging strand. This model relies on the incorporation of 

Okasaki fragments during lagging strand synthesis, as replication intermediates, and 

two polymerases working in a single replisome, which existence needs to be 

demonstrated. 

More recently, a third model was proposed37, based on the observation of RNA 

incorporation throughout the lagging strand (RITOLS), using two-dimensional agarose 

gel electrophoresis. This model implicates the strand-coupled replication proceeding 

unidirectionally from the D-loop region, with the incorporated RNA intermediates 

being maturated into DNA. Then, displaced H-strand occurs not as a single-stranded 

DNA, but rather as a DNA/RNA hybrid, until the duplex is made by POLG. Recent 

studies identified the RNA/DNA hybrids are present in vivo, using in organelle DNA 

synthesis and inter-strand crosslinking experiments38. 

A plausible hypothesis to understand the complexity of the different models for 

mtDNA replication could be that different models may operate in different tissues and 

cell types, and represent adaptive processes to ensure appropriate mtDNA 

maintenance32. 

 

  1.1.2 Transcription 

 

The production of functional RNA molecules required for protein synthesis 

involves transcription, nucleolytic processing, post-transcriptional modifications, 

polyadenylation of mitochondrial messenger RNA (mt-mRNA) and aminoacylation of 

mt-tRNA. However, the details of how these processes occur are still unclear39,40. 

The mammalian mtDNA contains a main promotor, at the D-loop region, for the 

transcription of each strand designated the H-strand promotor (HSP) and the L-strand 

promoter (LSP), allowing that the transcription of mtDNA occurs in both mtDNA 

strands. The transcripts are polycistronic, and produce long transcripts coding mt-
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mRNAs, mt-rRNAs and mt-tRNAs39,41. The transcription initiation core machinery 

consists of POLRMT, responsible for RNA synthesis, and at least two transcription 

factors – TFAM and mitochondrial transcription factor B2 – TFB2M39. The TFAM 

introduces a “U-turn” at LSP of mtDNA, mediating the activation of the transcription; 

TFB2M is a component of the catalytic site of POLRMT, necessary for transcription 

initiation42–44. The mitochondrial transcription termination factor (MTERF) has also 

been implicated in transcription initiation45 and termination to enhance the production 

of rRNAs, by binding upstream and downstream from transcriptional units, facilitating 

the transfer of POLRMT from the termination site to the initiation site46,47. 

After the transcription of two long transcripts, one originated from HSP and the 

other from LSP, the mitochondrial RNA-processing machinery acts in these transcripts 

in order to release the individual tRNAs, rRNAs, and mRNAs. The processing is initiated 

on the tRNA sequences through the cleavage at the 5’-end by the RNase P, followed by 

RNase Z cleavage at the 3’-end, in order to release the mRNAs and rRNAs flanked by 

tRNAs. However, it is not clear how mRNAs not flanked by tRNAs are processed. The 

present evidences indicate that the early transcript processing takes place co-

transcriptionally in distinct small spots called mitochondrial RNA granules (MRGs)48–50, 

followed by a second round of processing outside the MRGs51. 

Maturation steps occur after the release of the mtDNA encoded mRNAs. Then, all 

mRNAs contain short polyadenylation tails incorporated by MTPAP (mitochondrial 

poly(A) polymerase), with the exception of MT-ND6. However, the exact role for 

mitochondrial poly(A) tails is still unknown39. Additionally, the regulation of mRNA 

stabilization is usually mediated by protein complexes. Accordingly, the leucine-rich 

pentatricopeptide repeat (PPR)-containing (LRPPRC) protein and stem loop-interacting 

RNA-binding protein (SLIRP) form a stable complex that seems to act synergistically to 

promote mRNA stability39,52. 

After processing by RNaze Z, the 3’ –end of tRNAs is altered by addition of CCA, 

followed by post-transcriptional modifications, essential for its function, which can be 

divided into two subgroups: those that are important for the stability and correct 

folding of the overall structure and those that alter tRNA function by modifying tRNA 

interaction with other factors and codon-anticodon recognition39,51. Several enzymes 

are involved in mt-tRNA modifications, including the tRNA 5-Methylaminomethyl-2-
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Thiouridylate Methyltransferase (TRMU) and the Pseudouridylate Synthase 1 (PUS1). 

Subsequently, mt-tRNAs are charged with the specific amino acid by aminoacyl-tRNA 

synthetases (aaRs), before the translation. 

The mitoribosome is unique compared to its bacterial and cytoplasmic 

counterparts53,54. The complete mammalian mitoribosome (55S) comprises the large 

subunit (39S), containing the 16S rRNA and 50 mitochondrial ribosomal proteins 

(MRP), assembled with the small subunit (28S), containing the 12S rRNA, and more 

than 29 MRP55. Before the assembly of mitoribosome, rRNA is submitted to post-

transcriptional modifications in some residues, necessary for correct folding, stability 

and assembly39,51. 

 

  1.1.3 Translation 

 

Mitochondria contain specific protein synthesis machinery distinct from their 

cytosolic counterparts, more similar to those from bacteria, allowing the synthesis of 

polypeptides encoded by mtDNA. The process requires not only tRNA and rRNA 

encoded by mtDNA, but also hundreds of nuclear encoded proteins, such as ribosomal 

proteins, aminoacyl-tRNA synthases, tRNA modification enzymes, rRNA base-

modification enzymes, and initiation, elongation, termination and recycling factors56,57. 

The mechanisms involved in mitochondrial translation follow the same major 

steps: initiation, elongation, termination and recycling of the ribosome56,58. However, 

the current understanding of the detailed events underlying the human mitochondrial 

translation is far from being complete56. 

The mitochondrial translation starts with the formation of the initiation complex, 

composed by the mitorribosome, the tRNA carrying formylated methionine (tRNAfM), 

mRNA and initiation factors (mtIF2 and mtIF3)51,57. When the appropriate start codon 

is present, the tRNAfM associates with the mitoribosome and mRNA, releasing initiation 

factors, stimulating the elongation step. Then, mitochondrial elongation factor 

(mtEFTu) corrects the codon anti-codon pairing, with energy consumption by GTP 

hydrolysis. Aminoacylated tRNA moves from the A-site (aminoacyl or acceptor site) to 

the P-site (peptidyl site) of the mitoribosome, in where the peptide bond formation is 

catalysed, extending the growing polypeptide chain. Next, the elongation factor G1 
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(mtEFG1) catalyses the elongation step, simultaneously moving the deacylated tRNA 

from the P to the E-site (Exit site). This elongation repeats itself until the mitochondrial 

release factor recognizes the stop codon, inducing hydrolysis of the peptidyl-tRNA 

bond in the A-site, and, consequently, release of the mature protein. Finally, 

mitochondrial recycling factors (mtRRF1 and mtRRF2) induce the dissociation of the 

mRNA from mitoribosome, and the disassembly of the two mitoribosome subunits51,58. 

Evidence is accumulating to assert that the mitoribosome is normally bound to the 

IMM in order to facilitate the co-translationally insertion of peptides59. 

The mitochondrial genetic code has some differences from the nuclear genetic 

code, such as the codons AUA and AUG that code for methionine, the codon UGA that 

codes for a tryptophan instead of the usual STOP codon56 and finally, the existence of 

only two stop codons (UAA and UAG)60. The codons AGA and AGG were also 

considered STOP codons for thirty years, which is presently the cause of a continued 

debate between different authors. 

After the translation of the mtDNA-encoded proteins, post-translational processes 

are required for the correct incorporation of mtDNA-encoded and nDNA-encoded 

proteins at the IMM56,57. Therefore, chaperones and proteases are responsible for the 

quality control system of proteins through the folding and assembly or proteolytic 

degradation, followed by the insertion and assembly of the subunits in the IMM57. 

 

1.1.4 mtDNA damage and mechanisms of repair 

 

Sequence variations in mtDNA can arise through spontaneous errors of DNA 

replication or through the unrepaired chemical damage to mtDNA.  

Spontaneous replication errors by POLG are most likely responsible for the 

accumulation of mtDNA point mutations and deletions in ageing61. On the other hand, 

mtDNA suffers chemical damage from endogenous and exogenous origin, resulting in 

mutations. A major source of chemical damage to mtDNA is oxidative damage, caused 

by ROS61. In fact, the increased susceptibility of mtDNA to oxidative damage leads to a 

mutation frequency much higher than that of the nuclear genome62. 
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There are several types of mtDNA damage resulting from different origins63. 

Alkylation damage may be caused by exogenous (e.g., chemotherapy drugs) or 

endogenous (e.g., S-adenosylmethionine) agents. Hydrolytic damage induces the 

formation of abasic sites and hydrolytic deamination of bases. The synthesis of adducts 

may be caused by exogenous (e.g., tobacco smoke or UV radiation) and endogenous 

(e.g., estrogens) substances. Mismatched bases may arise from replication errors or 

incorporation of nucleotides containing modified bases during the replication process. 

The DNA strand breaks can be divided into single-strand breaks (SSBs) and double-

strand breaks (DSBs), and both types can be induced by direct or indirect (e.g., in the 

process of the repair of lesions) noxious stimuli63. Oxidation damage affects DNA bases 

and may originate abasic sites and SSBs64. 

It has been claimed for a long time that mitochondria have no efficient repair 

mechanisms because of the high rate of mutations accumulated in mtDNA. However, 

recent evidences suggest that specific repair processes are present in these 

organelles3,61. Currently, one main pathway is known to repair mtDNA lesions – Base 

excision repair (BER). This mechanism recognizes oxidized or damaged bases that are 

cleaved by a specific glycosylase, remaining an abasic site that is cleaved on the 5’ end 

by the AP endonuclease to generate a nick with a 5’deoxyribose phosphate flap. At this 

point, the mechanism is different according to the number of damaged bases. 

Accordingly, during the single-nucleotide BER, mitochondrial POLG cleaves the 

5’deoxyribose phosphate moiety and fills the gap. On the other hand, the long-patch-

BER requires an activity to remove the displaced 5’-flap structure61,63,64. The BER 

specifically acts on oxidized bases, as well as alkylation and deamination of DNA 

bases64. 

The nonhomologous end joining (NHEJ) and homologous recombination (HR) 

activities, which repair double-stranded DNA breaks included in nuclear DNA, have 

been detected in mammalian mitochondria64,65. There is limited evidence of mismatch 

repair (MMR) activity in mitochondria, and no report of such a mechanism in higher 

eukaryotes was published. Also, the localization of mitochondrial single strand break 

repair (SSBR) remains a controversial issue. On the other hand, no evidence was found 

for a nucleotide excision repair system (NER) or ribonucleotide excision repair system 

(RER) in mitochondria61,65. 
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1.2 Mitochondrial respiratory chain  

 

The MRC (Figure 1.2D), which is vital for human life, catalyses the oxidation of fuel 

molecules, derived from the intermediate metabolism, and concomitant energy 

transduction into ATP via five complexes, embedded in the IMM, by the process of 

OXPHOS5,20. 

The MRC is composed of five multisubunit complexes (CI to CV) and two mobile 

electron carriers, coenzyme Q (CoQ), or ubiquinone, and Cyt c, containing 

approximately 90 different structural protein subunits. This system produces a 

transmembrane proton gradient that is dissipated by the CV to synthesize ATP. 

All multisubunit complexes of MRC, except complex II (CII), have a double genetic 

origin and, therefore, they are under dual genetic control of both the mitochondrial 

and nuclear genomes. 

 

  1.2.1 Components, assembly and respirasome 

 

Complex I (NADH: ubiquinone oxidoreductase or NADH dehydrogenase) is a L-

shaped enzyme containing an hydrophobic domain embedded in the IMM, which 

contains all the seven mtDNA-encoded subunits, and an hydrophilic peripheral arm, 

protruding into the mitochondrial matrix, containing only nDNA-encoded subunits, the 

NADH binding site and the iron-sulphur clusters. This bigenomic encoded structure can 

be divided in three functional modules: the P module constitutes the majority of the 

“membrane” arm, including the seven mtDNA-encoded subunits (MTND1-3, MTND4L, 

MTND4-6), and it is responsible for proton translocation; the N module contains the 

dehydrogenase site for the oxidation of NADH to NAD+; the Q module holds the 

hydrogenase site for the electron transfer to CoQ66. The entire complex consists of 45 

subunits and almost 1MDa in mass. 

Complex II (Succinate dehydrogenase or succinate: ubiquinone oxidoreductase) 

catalyses the oxidation and dehydration of succinate to fumarate, being also a 

component of the TCA cycle. Besides, Complex II is the smallest ( ̴ 130kDa) MRC 

complex and it is the unique to be entirely coded by the nuclear genome. This enzyme 
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comprises four polypeptides, two hydrophilic subunits containing FAD as a prosthetic 

group alongside iron-sulphur clusters, and two hydrophobic subunits, responsible to 

anchor the complex to the IMM, containing a haem b moiety67,68. 

Complex III (Ubiquinol: cytochrome c oxidoreductase or cytochrome bc1 complex) 

forms a dimer structure where each monomer comprises eleven subunits, from which 

only one is encoded by mtDNA – cytochrome b (MT-CYB), located centrally in the 

transmembrane region. The remaining subunits are nDNA-encoded, namely the 

cytochrome c1 (CYC1), the Rieske iron-sulphur protein (RISP), two relatively large 

“core” proteins and other eight smaller proteins69. Each monomer harbour a Rieske.-

type iron-sulphur cluster in the RISP, two Fe-containing haem moieties of MT-CYB and 

a c-type haem where Cyt c binds, forming the catalytic redox core of CIII69. The exact 

function of the other subunits remains to be established70. 

Complex IV (cytochrome c oxidase, COX) is composed of two copper centres (CuA 

and CuB), two iron sites (haem a and a3), as well as zinc and magnesium sites9, two 

cytochromes and thirteen different protein subunits, three of which are mtDNA-

encoded, MTCO1-33,71,72. The central core is composed by MTCO1 and MTCO2, whilst 

MTCO3 and the remaining nDNA-encoded subunits constitute the structural scaffold 

around the central core73. The MTCO1-3 subunits allow the electron and proton 

transfers, and the nuclear-encoded subunits may participate in the modulation of the 

physiological activity of COX71. 

Complex V (F1F0 ATP synthase or ATP synthase) is a multi-subunit complex 

containing two domains: the hydrophobic F0 domain is a subcomplex embedded in the 

IMM, containing subunits that form a rotor-like structure harbouring a proton channel; 

the F1 domain is a soluble component that drops into mitochondrial matrix and 

contains the binding site for ADP and phosphate (Pi), allowing the ATP synthesis 

through a sequence of conformational changes. These two functional domains are 

physically connected to each other by two structures: an elongated peripheral stalk 

that anchors the head of the F1 domain on the IMM to form the external stator, and a 

centrally located stalk. The complex V acts as a rotary molecular motor. The rotor (c-

ring) is formed by the transmembrane proton channel of the F0 domain, which 

transfers the energy created by the differential gradient through the stalk to F1. 
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In addition to the complexes, there are two co-factors essential for the OXPHOS 

process: CoQ and Cyt c. The CoQ is a lipid soluble carrier molecule that cycles between 

a fully oxidized (ubiquinone), semiquinone (ubisemiquinone), and a fully reduced 

(ubiquinol) state, and it is also involved in nucleotide biosynthesis and antioxidant 

mechanisms74. The Cyt c is a low-molecular weight (13kDa) haemoprotein that also 

plays a role in apoptosis3,75. 

Functional complexes require structural integrity that is maintained by the 

assembly factors3. 

The most recent model of CI assembly mechanism is based on the independent 

assembly of the membrane and the peripheral arms, via sequential insertion of 

subcomplexes that join together to form the characteristic L-shaped structure76, 

involving at least eleven assembly factors77. 

The current model for CII assembly is based on the evidence that only two 

assembly factors and the haem b are involved in its assembly and stability78. 

The current model for CIII assembly in humans include an initial subassembly in 

which MT-CYB join with two other CIII proteins (Cytochrome b-c1 complex subunit 7 – 

UQCRB and Cytochrome b-c1 complex subunit 8 – UQCRQ) that are later incorporated 

by a second subassembly, where CYC1 is combined with the two core proteins 

(Cytochrome b-c1 complex subunit 1 – UQCRC1 and Cytochrome b-c1 complex subunit 

2 – UQCRC2), followed by the cytochrome b-c1 complex subunit 6 (UQCRH) and 

cytochrome b-c1 complex subunit 9 (UQCR10), to form the pre-complex III (pre-CIII2). 

At this point, the complex is already dimeric, but the precise stage at which the 

dimerization occurs is currently unclear. Finally, the remaining subunits are 

incorporated sequentially to the pre-complex of 500kDa, in order to form the 

enzymatic active CIII69,73,79. Currently, six proteins involved in CIII assembly are known 

in humans79. 

The CIV assembly begins with the insertion of MTCO1 into the IMM, and the 

insertion of haem a, a3 and CuB into MTCO1. Then, two nuclear-encoded subunits 

(COX4 and COX5A) are incorporated to allow that MTCO2, associated with the CuA 

centre, join to form the second assembly intermediate. Afterwards, MTCO3 and 

smaller subunits are sequentially incorporated, leading to the formation of a 

holocomplex monomer ( 2̴30kDa). Finally, COX dimerizes in an active structure that 
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contains	
  the	
  cytochrome	
  c	
  binding	
  site69.	
  Approximately	
   twenty	
  assembly	
   factors	
  are	
  

known	
  for	
  complex	
  IV71,80.	
  

Recent	
   studies	
   suggest	
   that	
   human	
  mitochondrial	
   ATP	
   synthase	
   assembles	
   from	
  

two	
   subcomplexes,	
   F1-­‐c-­‐ring	
  and	
   the	
  b-­‐e-­‐g	
   complex81.	
   Therefore,	
   the	
  F1	
  domain	
   join,	
  

through	
  the	
  stalk,	
  with	
  the	
  pre-­‐formed	
  c-­‐ring	
  of	
  F0	
  domain	
  in	
  the	
  IMM,	
  and	
  at	
  the	
  same	
  

time,	
   subunits	
   “b”,	
   “e”	
   and	
   “g”	
   join	
   together,	
   following	
   the	
   subunit	
   “d”,	
   oligomycin	
  

sensitivity-­‐conferring	
  protein	
  (OSCP)	
  and	
  F6,	
  in	
  order	
  to	
  complete	
  the	
  stator.	
  The	
  only	
  

two	
   mtDNA-­‐encoded	
   proteins	
   (MT-­‐ATP6	
   and	
   MT-­‐ATP8	
   or	
   subunit	
   “a”	
   and	
   A6L,	
  

respectively)	
   belongs	
   to	
   F0	
   and	
   they	
   connect	
   to	
   the	
   stator	
   in	
   the	
   final	
   step	
   of	
   CV	
  

monomer	
   (	
   ̴700	
   kDa)	
   assembly81.	
   The	
   subunit	
   “a”	
   binds	
   to	
   the	
   c-­‐ring	
   to	
   form	
   the	
  

integral	
   membrane	
   proton	
   channel,	
   while	
   the	
   A6L	
   subunit	
   is	
   presumed	
   to	
   provide	
  

physical	
   link	
   between	
   the	
   proton	
   channel	
   and	
   the	
   stator82,83.	
   These	
   last	
   assembled	
  

subunits	
   have	
   also	
   a	
   role	
   in	
   forming	
   dimeric	
   and	
   higher	
   oligomeric	
   forms	
   of	
   ATP	
  

synthase	
   that	
   seem	
  critical	
   to	
  maintain	
   the	
   shape	
  of	
  mitochondria	
  by	
  promoting	
   the	
  

formation	
   of	
   the	
   cristae	
   of	
   IMM69,84–86.	
   Currently,	
   only	
   two	
   assembly	
   factors	
   are	
  

known,	
  being	
  responsible	
  for	
  joining	
  the	
  α	
  and	
  β	
  subunits	
  of	
  the	
  c-­‐ring.	
  

There	
   have	
   always	
   been	
   two	
   points	
   of	
   view	
   about	
   the	
   organization	
   of	
   the	
  MRC	
  

enzymes	
   and	
   co-­‐factors	
   in	
   the	
   IMM.	
   The	
   first	
   model	
   called	
   “solid	
   state”	
   model	
  

defended	
  that	
  the	
  components	
  were	
  rigidly	
  held	
  together	
   in	
  a	
  structure	
  ensuring	
  the	
  

accessibility	
  and	
  activity87.	
  In	
  1955,	
  Chance	
  and	
  Williams	
  were	
  the	
  first	
  to	
  propose	
  that	
  

MRC	
   enzymes	
   exist	
   as	
   a	
   single	
   unit	
   of	
   respiration88.	
   On	
   the	
   other	
   hand,	
   Hafeti	
   and	
  

colleagues	
   showed	
   that	
   when	
   individual	
   complexes	
   were	
   isolated,	
   they	
   exhibit	
  

biochemical	
   activity89,	
   giving	
   rise	
   to	
   the	
   classic	
   or	
   “fluid	
   state”	
   model.	
   This	
   model	
  

defends	
   the	
   existence	
   of	
   two	
   mobile	
   electron	
   carriers,	
   CoQ	
   and	
   Cyt	
   c,	
   which	
   are	
  

responsible	
  for	
  the	
  “connection”	
  of	
  the	
  enzymatic	
  complexes90.	
  Some	
  years	
  later,	
  the	
  

isolation	
  of	
  Complex	
  III/IV	
  from	
  bacteria	
  and	
  yeast91–95	
  was	
  not	
  explained	
  by	
  the	
  classic	
  

model.	
  Finally,	
  the	
  use	
  of	
  blue	
  native	
  polyacrylamide	
  gel	
  electrophoresis	
  (BN-­‐PAGE)	
  to	
  

study	
  bovine	
  mitochondria	
  showed	
  Complex	
  I,	
  III	
  and	
  IV	
  in	
  supercomplexes96.	
  The	
  most	
  

common	
   supercomplexes	
   documented	
   are	
   Complex	
   I/IIIn,	
   Complex	
   IIIn/IVn	
   and	
  

Complex	
   I/IIIn/IVn.	
   More	
   recently,	
   respiratory	
   active	
   supercomplexes,	
   termed	
  

respirasomes,	
  owing	
  to	
  their	
  ability	
  to	
  form	
  functional	
  units	
  of	
  respiration,	
  which	
  may	
  

contain	
  both	
  Cyt	
  c	
  and	
  CoQ	
  were	
  isolated97.	
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Currently, the “plasticity state” model97 is the most accepted, hypothesizing that 

differences in the cell types and physiological states give rise to different combinations 

of respiratory supercomplexes98. It has been suggested that the association of 

complexes may promote stability, preventing destabilization and degradation, as well 

as improving of the electron transport efficiency, while minimizing ROS formation by 

decreasing the electron leakage99–102. Concerning the assembly of supercomplexes, 

two different models for supercomplex I/III2/IV were hypothesized. Because CI stability 

was found to depend on the assembly of supercomplexes, it was accepted that 

supercomplexes assembly follows the assembly of individual complexes. However, 

Moreno-Lastres and co-workers (2012) showed that the association of CIV and CIII 

subunits with the assembled 830kDa CI is required for the incorporation of the 

remaining CI subunits, such as NADH dehydrogenase [ubiquinone] iron-sulphur protein 

4 (NDUFS4) and NADH dehydrogenase [ubiquinone] flavoprotein 1 (NDUFV1)100. 

Currently, it is not clear if there are exclusive assembly factors that help to assemble 

supercomplexes after assembly of individual complexes, or if the assembly factors 

between different MRC enzymes are shared in this step. However, studies showing 

destabilized supercomplexes, proposed some additional assembly factors102, such as 

cardiolipin103, the mammalian homolog of Rcf-1, Hig2A104, and the AAC2 in yeast105. 

Other proteins and lipids have been hypothesized to participate in assembly and 

stability of supercomplexes, but firm evidence is still lacking. Also, the assembly factors 

required for the last stage of Complex I assembly may be considered supercomplex 

assembly factors102. 

According to the functional advantages proposed above, namely the stability of 

complexes and OXPHOS improvement, supercomplexes destabilization may cause 

decrease in efficiency of the electron transport, subsequently decreasing OXPHOS 

efficacy and ATP production. 
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 1.2.2 Mitochondrial electrochemical potential and ATP synthesis 

 

The functional individual complexes and supercomplexes of the MRC are 

responsible for the efficient ATP synthesis, using the electrochemical potential 

generated by the OXPHOS (Figure 1.2D). 

This process begins with the transfer of the electrons from the TCA cycle to the 

OXPHOS by the co-factors NADH and FADH2
12. First, NADH brings free energy to the 

MRC by binding to the largest of the respiratory complexes – CI. These electrons are 

then passed down the arm via a series of sulphur clusters to the lipid soluble carrier 

CoQ, linked to the translocations of four protons (H+) from the matrix across the 

IMM12. At that point, CII catalyses the oxidation of succinate to fumarate, resulting in 

reduction of the FAD to FADH2 allowing the transfer of the electrons to CoQ through 

FeS centres. In this step, no protons are pumped to IMS. The reduced CoQ by either CI 

or CII, is able to freely diffuse through the IMM to transfer electrons to the CIII of the 

MRC. In turn, CIII passes the electrons to Cyt c. Ultimately, electrons are transferred to 

the iron/copper active site of the CIV, where O2 (final electron acceptor) is fully 

reduced to water, allowing the H+ pumping from the matrix to the IMS. 

Subsequently to the H+ are pumped through CI, CIII and CIV of the MRC, the free 

energy generated from the redox reactions is converted into a transmembrane proton 

gradient, which creates a charge differential. Afterwards, the ATP synthase (CV) allows 

H+ ions to flow back into the mitochondrial matrix through the proton pore of F0 

domain, the rotor turns inside the head of the stator, and conformational changes are 

induced that promote the combination of ADP and Pi to synthesize ATP. 

The OXPHOS is responsible for more than 90% of body’s cellular energy13. 

Despite the synthesis of ATP, the mitochondrial transmembrane potential gradient 

is involved in the transfer of calcium and other ions exchanges, the import of 

mitochondrial proteins to matrix and ROS homeostasis31,106. 
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  1.2.3 Inhibitors and uncouplers of MRC 

 

Concerning the several reactions that take place for the correct functioning of 

MRC using various substrates, there are some substances that influence the 

mitochondrial electrochemical gradient, namely rotenone, malonate, antimycin A, 

cyanide and oligomycin B, which inhibit complex I, II, III, IV and V, respectively107. 

Additionally, other chemicals may uncouple proton pumping from ATP synthesis, by 

introducing protons to the matrix dissipating the proton gradient; common examples 

are the carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), the carbonyl 

cyanide m-chlorophenylhydrazone (CCCP) and the 2,4-dinitrofenol (DNP)107. 

Furthermore, other environmental contaminants may induce mitochondrial 

toxicity, including heavy metals, cigarette smoke and pesticides108. 

 

1.3 Oxidative Stress 

 

Mitochondria are continuously functioning to reduce oxygen. However, 0.4 to 4% 

of oxygen consumed by mitochondria is incompletely reduced, leading to the 

production of ROS (Figure 1.2D), namely superoxide anion (O2
•-), highly reactive and 

toxic to cell13. 

Deficiency of complexes I to III gives rise to an increase premature leakage of 

electrons, allowing their passage directly to oxygen, before reaching the CIV and, 

consequently, superoxide anion is overproduced109. Besides O2
•-, ROS are a family of 

free radicals that includes hydroxyl, peroxyl radicals and other reactive species capable 

of generating free radicals, such as nitric oxide13. 

In order to avoid severe oxidative damage to mitochondria, several defence 

mechanisms are used to alleviate the oxidative stress effect induced by the excessive 

generation of free radicals in the cells. Then, enzymatic defence system includes the 

beneficial action of various antioxidant enzymes, such as superoxide dismutase (SOD), 

catalase (CAT), glutathione reductase (GR) and glutathione peroxidase (GPx). Other 

non-enzymatic defences include the antioxidant compounds, such as Vitamins E and C, 

glutathione (GSH), various carotenoids and flavonoids13. 

https://en.wikipedia.org/wiki/Carbonyl_cyanide-p-trifluoromethoxyphenylhydrazone
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In normal conditions, the production of ROS is restricted via defence systems, in 

order to protect mitochondria from oxidative damage. However, when an 

overproduction of ROS occurs or when the antioxidant defences are affected, there is 

an excessive accumulation of ROS, which causes oxidative damage to DNA, lipids, and 

proteins in mitochondria13. Thus, oxidative stress refers to the imbalance of ROS 

production versus antioxidant defences capacity, wherein the damaging effects of ROS 

are more powerful compared to the compensatory effect of antioxidants in the cells. 

 

1.4 Mitochondrial dynamics 

 

Mitochondrial bioenergetics seems to rely on mitochondrial morphology, as 

modifications in morphology cause variations in bioenergetics state, whilst changes in 

bioenergetics often affect morphology. Mitochondrial shape is mainly determined by a 

balance between fusion and fission events, and this equilibrium maintains steady state 

mitochondrial morphology, mtDNA nucleoid and metabolic mixing, bioenergetics 

functionality and organelle number12,110. 

Mitochondrial division is essential for organelle biogenesis, inheritance, transport 

and for the removal of aged or damaged mitochondria through a specialized form of 

autophagy, termed mitophagy (see mitochondrial quality control section). Alterations 

in fission event can lead to a heterogeneous population of organelles with uneven 

mtDNA distribution, inconsistency in the ability to produce ATP, increased production 

of ROS and vulnerability of cells to undergo apoptosis12,111. 

In mammals, the dynamin 1 like protein (DNM1L) plays a central role in mediating 

the mitochondrial division112 by forming helical structures that wrap around 

mitochondria113–115. Therefore, mutations in this protein have been described in a 

patient presenting abnormal brain development, optic atrophy and early infant 

mortality116 and cardiomyopathy117. Recently, mitochondrial interactions with 

endoplasmic reticulum have been associated to the fission mechanism, since these 

interactions allow DNM1L protein bind to mitochondrial fission factor (MFF) receptors 

in mitochondria, as well as provide the mechanical force to facilitate the initiation of 

mitochondrial division118. 
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Mitochondrial fusion is essential to maintain a homogeneous organelle population 

and ensures inter complementation of mtDNA, masking partial defects and transient 

stresses12. Several known proteins are responsible for the fusion of OMM and IMM, 

despite it is unknown how the fusion machineries are activated12. Then, fusion 

requires two families of dynamin-related proteins, mitofusin 1/2 (MFN1/MFN2), 

responsible for the fusion of OMM, and Optic atrophy 1 (OPA1), mediating the fusion 

of IMM. Consequently, mutations in MFN2 have been described in patient presenting 

Charcot Marie-Tooth disease 2A119, whilst OPA1 mutations have been mainly related 

to autosomal dominant optic atrophy120,121. 

The importance of fission and fusion homeostasis has been highlighted by a 

number of disease states, emphasizing the important physiological roles and different 

requirements of mitochondrial dynamics in different cell types12,113. 

Moreover, mitochondrial dynamics also encompasses motility. Thus, failure to 

deliver mitochondria to the proper place and in the adequate amount, to various 

regions of the cell, can cause localized deficiencies in the production of ATP, with 

deleterious consequences2. This process is extremely important in neurons, since 

mitochondria are essential at the site of neural activity for providing a protection 

against excitotoxicity122. 

 

1.5 Mitochondrial quality control 

 

Mitochondrial quality control is the term used to describe the set of events and 

processes involved in the mitochondria homeostasis maintenance123. 

In normal conditions, chaperones and proteases participate in the folding, 

assembly and turnover of mitochondrial proteins, which maintain the front line of 

mitochondrial quality control124–126. Loss-of-function alterations, such like mutations in 

subunits of proteases, lead to several types of neurodegeneration, namely spastic 

paraplegia127,128. 

In proteotoxic stress conditions, different proteostasis responses have been 

described. The mitochondrial unfolded protein response (UPRmt) is a transcriptional 

pathway activated by the accumulation of unfolded or misfolded proteins in the 
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mitochondrial matrix129,130 playing a major role in the clearance of accumulated 

proteins in mitochondria; it involves the activation of proteases, namely the Lon and 

Clp families. Moreover, the UPRmt regulates a large set of genes that are not only 

involved in protein folding, but also in changes of ROS defences, metabolism, 

regulation of iron-sulphur cluster assembly, and modulation of the innate immune 

response131,132. Therefore, mutations in genes of this pathway may give rise to several 

neurodegenerative and metabolic disorders124,133. Damaged proteins from the IMM 

are cleared by the ATPase Associated with diverse Activities (AAA) proteases134, whilst 

proteins residing in OMM, or that become misfolded in the cytosol, on the way to 

mitochondria, are removed by the cytosol ubiquitin-proteasome system – UPS135. 

In addition, recent evidences suggest that vesicles budding from mitochondrial 

tubules, termed mitochondrial derived vesicles – MDVs136, might sequester selected 

mitochondrial proteins, and then deliver them in lysosomes for degradation. These 

studies indicate that MDVs are likely a first round of defence for the mitochondria to 

eject damaged proteins137. 

If misfolded proteins accumulate to a level that exceeds the capacity of the UPRmt, 

or if the mitochondrial membrane potential is lost, mitophagy appears to alleviate 

mitochondrial impairment. However, it is not clear how the cell determinates when to 

repair or to eliminate the organelle138. Mitophagy is an autophagy-lysosome system 

that selectively removes dysfunctional mitochondria61,135,139,140. Before this process, a 

shift in balance of mitochondrial dynamics, namely increased fission and decreased 

fusion, promotes segregation of damaged mitochondria and facilitates their clearance. 

Thereafter, the mitochondrial PTEN- induced putative kinase 1 – PINK1 – senses damage 

and recruits the cytosolic E3 ligase Parkin, which, in turn, ubiquitinates the OMM 

proteins to activate receptors that will signal the assembly of autophagosome close to 

the damaged mitochondria. Then, mitochondria are sequestered by autophagosome 

and autolysosome formation allows the hydrolytic degradation. In humans, loss-of-

function mutations in either PINK1 or PRKN genes lead to early onset Parkinson’s 

disease139. 

The existence of cross-regulation between these various mitochondrial quality 

control pathways has been suggested124,141. However, in case of irreversible cellular 

damage, apoptosis can also ensue7,124. 
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1.6 Crosstalk between mitochondria and nucleus  

 

The double genetic origin and the large number of mitochondrial proteins indicate 

a regulated communication between mitochondria and nucleus3. 

Either in case of depletion of mtDNA or in the accumulation of misfolded proteins 

within mitochondria, the mitochondrial perturbation triggers a nuclear transcriptional 

response, including the increased expression of the mitochondrial proteins, namely the 

majority of OXPHOS subunits, the assembly factors of the OXPHOS complexes, those 

involved in maintenance, expression, transcription and translation of mtDNA, 

mitochondrial dynamics and mitochondrial quality control factors7,129. The existence of 

this broad transcriptional response demonstrates that exists communication and 

coordination between the mitochondria and nucleus, creating a nuclear-to-

mitochondria regulation, the so-called “anterograde regulation”6,7. In fact, the 

anterograde signals are activated by upstream sensors that detect changes in 

metabolic conditions, such as exercise, caloric restriction or cold stress, promoting 

mitochondrial biogenesis7. In addition, anterograde communication can also signal the 

nuclear stress to the mitochondria, reducing mitochondrial metabolism in order to 

attenuate the consequences of nuclear DNA damage. For example, telomerase 

dysfunction results in impaired mitochondrial function and biogenesis142. 

Although there is a considerable interest in nuclear-to-mitochondrial regulation, 

there is also an important role for mitochondrial-to-nucleus signalling, called 

“retrograde response”7. In this case, mitochondria can generate a response, through 

which they regulate various cellular activities and protect against mitochondrial 

dysfunction, by activating the expression of nuclear genes involved in restoration of 

cellular metabolism and stress defence. 

The nature of retrograde signals may be related to oxidative/energetic stress and 

calcium-dependent responses7,123. In mammals, a decrease in ATP synthesis stimulates 

the mitochondrial energy metabolism, the biogenesis, and the quality control system, 

namely mitophagy7,123. Since mitochondria are essential to regulate the intracellular 

calcium levels, and mitochondrial calcium uptake relies on mitochondrial membrane 

potential, disruption of MRC complexes and OXPHOS, triggers the release of calcium 

into the cytoplasm143–145. Elevated levels of cytosolic calcium activate nuclear factors 
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involved	
   in	
  calcium	
  transport	
  and	
  storage,	
  and	
  glycolytic	
  and	
  gluconeogenic	
  enzymes	
  
146,147.	
   Finally,	
   increased	
   ROS	
   levels	
   activate	
   detoxification	
   enzymes	
   and	
   antioxidant	
  

proteins	
  in	
  mitochondria	
  and	
  cytosol148–150.	
  Besides,	
  ROS	
  can	
  also	
  induce	
  mitochondrial	
  

biogenesis	
  and	
  the	
  expression	
  of	
  genes	
  involved	
  in	
  OXPHOS	
  process7,151.	
  

As	
  a	
  result,	
  the	
  mito-­‐nuclear	
  communication	
  constitutes	
  a	
  network	
  that	
  helps	
  the	
  

cells	
   to	
  maintain	
   the	
  homeostasis	
  under	
  basal	
   conditions	
   and	
  enables	
   their	
   effective	
  

response	
   in	
  stressful	
  situations	
   (see	
  Eisenberg-­‐Bord	
  and	
  Schuldiner,	
  2016152	
   for	
  more	
  

details).	
  

	
  

1.7	
  Mitochondrial	
  communication	
  with	
  other	
  organelles	
  

	
  

Mitochondrial	
   dynamics	
   is	
   influenced	
   by	
   physical	
   contact	
   between	
   OMM	
   and	
  

diverse	
   intracellular	
   membranes,	
   such	
   as	
   autophagosomes,	
   the	
   plasma	
   membrane,	
  

endosomes,	
   lysosomes,	
   endoplasmic	
   reticulum	
   (ER)	
   and	
   peroxisomes,	
   termed	
  

mitochondria-­‐associated	
   membranes	
   (MAMs).	
   These	
   contacts	
   are	
   unique	
  

environments	
   for	
   localization	
   and	
   activity	
   of	
   components	
   that	
   act	
   in	
   shared	
  

interorganellar	
  roles,	
  namely	
  the	
  calcium	
  homeostasis	
  and	
  lipid	
  biosynthesis	
  present	
  in	
  

the	
  mitochondria-­‐associated	
  endoplasmic	
  reticulum	
  membranes2,113.	
  

The	
  ER-­‐mitochondria	
  communication	
  has	
  been	
  the	
  most	
  extensively	
  studied,	
  given	
  

its	
  role	
   in	
  regulating	
  the	
  transfer	
  of	
  calcium,	
  synthesis	
  of	
   lipids,	
  mitochondrial	
  fission,	
  

autophagy,	
  inflammation	
  and	
  apoptosis153,154.	
  

During	
   the	
   initial	
   phase	
   of	
   mitochondrial	
   fission,	
   ER	
   tubules	
   wrap	
   around	
   and	
  

constrict	
  mitochondria,	
   pointing	
   to	
   a	
   crucial	
   role	
   for	
   the	
   ER-­‐mitochondria	
   contact	
   in	
  

the	
   initiation	
   of	
   mitochondrial	
   fission113,118,153,154.	
   In	
   addition,	
   MFN2	
   is	
   involved	
   not	
  

only	
   in	
   fusion	
   process,	
   but	
   also	
   in	
   ER-­‐connection154,	
   suggesting	
   a	
   critical	
   role	
   of	
   ER-­‐

mitochondria	
  crosstalk	
  in	
  mitochondrial	
  dynamics153,154.	
  

Considering	
   the	
   key	
   roles	
   played	
   by	
  mitochondrial	
   calcium	
   in	
   the	
  modulation	
   of	
  

numerous	
   physiological	
   responses,	
   namely	
   in	
   bioenergetics	
   balance,	
   apoptosis	
   and	
  

inflammasome	
   activation,	
   it	
   is	
   logical	
   to	
   suggest	
   that	
   dysregulation	
   of	
   calcium	
  

trafficking	
   from	
  ER	
   to	
  mitochondria	
  will	
  have	
  effects	
  on	
  cellular	
  bioenergetics2,153,154.	
  

Moreover,	
   recent	
   reports	
   show	
   evidences	
   that	
   the	
   ER-­‐mitochondria	
   interface	
   is	
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involved in autophagosome formation, stimulating the macroautophagy155,156. 

Therefore, mutations in genes coding proteins involved in ER-mitochondria crosstalk 

are a contributory factor in human diseases, including metabolic disease157, 

Alzheimer’s disease158 and cancer159. 

Communication of mitochondria with other organellar structures also occurs via 

small vesicles that bud off from mitochondria – MDVs136. The MDVs comprise protein 

cargoes, which can be limited to OMM, or can include OMM, IMM and matrix content. 

The MDVs transport cargo to late endosomes/multivesicular body/lysosomes to be 

degraded, as referred below. On the other hand, MDVs transport cargo to 

peroxisomes160. However, the purpose of vesicle delivery to the peroxisomes and the 

cargo content are unclear136. 

Since mitochondria communicate with several organelles, research about the 

genetics of mitochondrial disorders will continue to reveal unexpected connections 

between mitochondria and the rest of the cell161. Therefore, new reports of 

mitochondrial disorders, arising from mutations in genes associated with these 

processes, are expected in the near future. 

 

1.8 Mitochondrial dysfunction and disease 

 

Mitochondrial dysfunction is the term used to refer any alteration in 

mitochondrial functions, namely the reduction of energy production162. 

Environmental factors, such as toxic substances, can influence the mitochondrial 

function. For example, the use of tobacco, heavy consumption of alcohol and certain 

medications (antibiotics and antivirals) are risk factors for loss of mitochondrial 

function108,138,161. 

In addition, mtDNA mutations, caused by replication of unrepaired DNA 

modifications, lead to a reduction of OXPHOS efficiency, caused by decreased of 

catalytic activity of MRC complexes, leading to mitochondrial dysfunction. 

On the other hand, mutations in nuclear genes encoding mitochondrial proteins 

that are essential for mitochondrial functions can disturb mitochondrial homeostasis. 
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Considering that mitochondria have a crucial role in the maintenance of cellular 

homeostasis, decline in mitochondrial function could have devastating consequences 

in the human body functioning, leading to a broad spectrum of human mitochondrial 

diseases1,6. 

In the past, mitochondrial diseases were considered rare, of purely academic 

interest. Currently, they are among the most common genetic human diseases. 

In fact, approximately 1,700 proteins are present in the mitochondrion. Most of 

them are required for the maintenance of the organelle itself (organellar morphology 

and integrity; replication, transcription and translation of mtDNA; import of proteins; 

transporters and carriers for small molecules), while the remaining proteins have more 

specialized functions (lipid and amino acid metabolism; OXPHOS; cell signalling and 

apoptosis) associated with the cell homeostasis2. Thus, mitochondrial diseases may 

result from a mutation in any of these hundreds genes. Currently, mutations in the 37 

mtDNA encoded genes and, at least, in 240 nuclear genes have been identified in 

association with the development of mitochondrial human disease, making these 

disorders the most heterogeneous group of metabolic diseases29,163. 

Mitochondrial diseases are associated with the genetic control of bioenergetics, 

dynamics, quality control and intracellular communication. Accordingly, these diseases 

can be divided into these four groups, despite there is considerable overlap between 

them. 

In this section, the term OXPHOS diseases will be used to define the pathologies 

related to mitochondrial bioenergetics, which are a genetically and clinically 

heterogeneous group of disorders caused by primary defects in the mitochondrial ATP 

production by OXPHOS. Although the common feature of OXPHOS diseases is MRC 

deficiency, they occur due to defects of different proteins and enzymes. An 

impairment of MRC function leads to a variety of metabolic consequences that are 

relevant for disease pathophysiology. The clinical manifestations (Figure 1.3) of 

patients are quite heterogeneous, involving isolated organ deficiency or affecting 

several organs, leading to multisystemic clinical presentations, being the nervous 

system, skeletal muscle and heart the most affected tissues28, which are reliant on 

mitochondrial energy, with less capacity to upregulate the glycolysis rates12. However, 
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the tissue specificity associated with specific mitochondrial genotypes is a key point 

that is still unclear28. 

Many classic syndromes have been described over the last decades. The age of 

onset range from the neonatal period to late adulthood3,26. The most common 

syndromes with neonatal and childhood onset include Leigh syndrome (LS), Pearson 

syndrome and Alpers syndrome. In contrast, examples of clinical syndromes with 

adulthood onset include Kearns-Sayre syndrome (KSS), myoclonic epilepsy with 

ragged-red fibres (MERRF), neuropathy, ataxia and retinitis pigmentosa (NARP), 

mitochondrial encephalopathy, lactic acidosis with stroke-like episodes (MELAS), 

mitochondrial neuro-gastrointestinal involvement and encephalopathy (MNGIE), and 

chronic progressive external ophthalmoplegia (CPEO)29. In some syndromes, such as in 

Leber’s Hereditary Optic Neuropathy (LHON), the symptoms may occur at any age 

between the adolescence and late adulthood3, with exceptions in childhood164. 

However, most of patients do not fit in defined syndromes. Instead, many other 

symptoms, common in the population, such as diabetes, deafness, myopathy, 

cardiomyopathy, liver and renal dysfunctions and gastrointestinal symptoms, may 

appear combined in the same individual, associated with mitochondrial 

disease29,135,161,165,166. In order to clarify the diagnosis, detailed investigations are 

mandatory to identify other signals such as cardiac involvement, short stature, 

sensorineural deafness, optic atrophy, epilepsy, pigmentary retinopathy and others29. 

CI deficiency is a frequent cause of mitochondrial diseases, and the main clinical 

features are hypotonia, antenatal and post-natal growth retardation and 

encephalopathy167,168. 

In contrast, CIII impairment is a relatively rare cause of MRC dysfunction, and the 

clinical presentation is highly heterogeneous, including myopathy, 

encephalomyopathy, cardiomyopathy, multisystem disorders, intrauterine growth 

retardation and tubulopathy169. 

CIV deficiency is associated with phenotypes such as encephalomyopathy, 

myopathy, hepatic failure, and Leigh syndrome170–172. 

Finally, CV deficiency is mainly related to cardiomyopathy and neuropathy173–175. 

However, deficiency of more than one MRC enzyme is a common finding, since 

combined defects are found in 49% of the known disease-causing genes of 
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mitochondrial energy metabolism163. The clinical presentations are heterogeneous 

concerning tissue involvement, severity and onset, presenting classical 

encephalomyopathy but also nephropathy, hepatopathy, hematologic findings, or 

Perrault Syndrome – ovarian dysgenesis (female) and sensorineural deafness163. 

Figure 1.3 - Range of clinical manifestations identified in patients presenting OXPHOS 
diseases, according to the affected organ. 

 

The inheritance pattern of OXPHOS diseases is dependent on the genetic 

mutations, including maternal, autosomal recessive, dominant or X-linked inheritance. 

In addition, sporadic cases due to de novo mutations may occur. Therefore, 

mitochondrial diseases are associated with mutations in either mtDNA and/or 

nDNA176. Primary mtDNA mutations have predominantly been identified in adults, 

compared with mutations in nuclear genes that are more often found in childhood, 
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associated to severe and progressive diseases28. However, over the last years, it has 

become clear that the mtDNA mutations can present throughout life and that nuclear 

genes mutations can also be present in adult life of patients with recessive, dominant 

or X-linked OXPHOS diseases177. The establishment of genotype-phenotype correlation 

has been difficult, since only few patients have been described with the same genetic 

mutation; moreover, different mutations can give rise to the same syndrome and, 

conversely, the same genetic mutation can be associated with different syndromes178. 

Therefore, the disease-causing mutation is identified in a limited number of patients3. 

The clinical and genetic heterogeneity bring difficulties in establishing the precise 

prevalence of OXPHOS diseases. Recent studies looking at the prevalence in children 

suggest a range from 5 to 15 cases per 100,000 individuals26. In centre Portugal, the 

prevalence in children up to 10 years of age was estimated to be 15:100,000179. In 

adults, OXPHOS disorders has been estimated to be approximately 1:4,300 of the 

population affected or at risk of developing disease, in North East England26. These 

recent studies support the view that mtDNA mutations are the major cause of OXPHOS 

disease in adults, since 40% of patients present one of the three point mutations 

causing LHON (m.11778G>A, m.3460G>A and m.14484T>C), against 23% of adults that 

had a known nuclear gene mutation180–182. 

 

1.8.1 Genetic causes 

 

To date, mitochondrial proteomics analysis reveals that, in addition to the 13 

proteins encoded by the mtDNA, more than 200 proteins encoded by nDNA are 

essential pieces for OXPHOS, including the majority of MRC subunits and the assembly 

factors of OXPHOS complexes, the substrates, and all the proteins involved in 

maintenance, expression, transcription and translation of mtDNA2,161. Therefore, it is 

not surprising that mutations in any of these components could lead to OXPHOS 

dysfunction. 
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 1.8.1.1 mtDNA mutations  

 

Pathogenic alterations in the mitochondrial genome were not reported until 

198823,183. Since then, several mtDNA mutations have been described, giving the 

notion that they are more common than it was previously thought, as they have been 

found in 0.5-1% of the population, at heteroplasmy levels higher than 1%184. In most 

cases, mtDNA pathogenic mutations are heteroplasmic, and the phenotype is a 

reflection of the proportion of mutant mtDNA molecules load185. Pathogenic 

homoplasmic mutations were thought to be a rare cause of diseases. However, in 

addition to the LHON mutation m.11778G>A183 and the mutation m.1555A>G 

associated to maternally inherited deafness186, several cases of multi-system disease 

have been described due to homoplasmic mutations187–189. 

The mtDNA mutations fall into three major classes: point mutations, 

rearrangements (insertions and deletions) and copy number reduction (depletions). 

In the last years, the “morbidity map” of mtDNA has gone from the one 

pathogenic point mutation identified in 1988 to more than 60 (Table 1.1) mtDNA point 

mutations confirmed to be associated with a wide variety of human diseases 

(http://www.mitomap.org; accessed on July, 2017). Point mutations in mtDNA can be 

further divided into those that affect the expression or the function of any of the 13 

respiratory chain subunits encoded by mtDNA, since they are present in mtDNA genes 

coding for MRC peptides, and those that impair mitochondrial protein synthesis, 

caused by mutations affecting tRNA or rRNA178,190. According to Mitomap, 29 

confirmed pathogenic mutations have been found in RNA genes and 35 confirmed 

pathogenic mutations in protein encoding genes. 

The most common mutations affecting mitochondrial genes encoding proteins 

have been reported in LHON and NARP/LS. These mutations are frequent, and have 

been identified in non-related patients. Other mutations have also been reported in 

numerous genes, more often restricted to a specific patient or family3. Approximately 

one-third of the mtDNA mutations were found only in single cases, according to a 

recent epidemiological study26. Frequently, NARP occurs due to the mutation 

m.8993T>G in the mt-ATP6 gene, changing an amino acid in the ATP6 protein191. To 

date, LHON has been associated with three primary mutations (m.3460G>A, 

http://www.mitomap.org/
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m.11778G>A and m.14484T>C), although several other mtDNA alterations can act 

synergistically, leading to different effects according to the haplogroup of each 

individual192,193. 

 

Table 1.1 Mitochondrial DNA point mutations identified in OXPHOS diseases, according to 
MITOMAP (www.mitomap.org, accessed on July, 2017). 

Mutation Locus Pathology/phenotype Homoplasmy Heteroplasmy 

m.583G>A MT-TF 
MELAS / mitochondrial myopathy / 

exercise intolerance 
- + 

m.1494C>T MT-RNR1 Maternally inherited deafness + - 

m.1555A>G MT-RNR1 Maternally inherited deafness + - 

m.1606G>A MT-TV Ataxia, myoclonus and deafness - + 

m.1644G>A MT-TV 
MELAS and hypertrophic 

cardiomyopathy 
- + 

m.3243A>G MT-TL1 

MELAS / LS / Diabetes mellitus and 
deafness / Maternal inherited diabetes 
and deafness/ Sensorineural Hearing 

Loss / CPEO/ Mitochondrial myopathy 
/Cardiac and multi-organ dysfunction 

- + 

m.3256C>T MT-TL1 MELAS - + 

m.3260A>G MT-TL1 
MELAS / Maternal myopathy and 

cardiomyopathy 
- + 

m.3271T>C MT-TL1 MELAS/ Diabetes Mellitus - + 

m.3291T>C MT-TL1 
MELAS/ Myopathy /Deafness and 

cognitive impairment 
- + 

m.3302A>G MT-TL1 Mitochondrial myopathy - + 

m.3303C>T MT-TL1 
Mitochondrial myopathy and 

cardiomyopathy 
+ + 

m.3376G>A MT-ND1 LHON-MELAS overlap syndrome + + 

m.3460G>A MT-ND1 LHON + + 

m.3635G>A MT-ND1 LHON + - 
m.3697G>A MT-ND1 MELAS / LS / LHON and dystonia + + 

m.3700G>A MT-ND1 LHON + - 
m.3733G>A MT-ND1 LHON + + 

m.3890G>A MT-ND1 
LS / optic atrophy / progressive 

encephalomyopathy 
- + 

m.4171C>A MT-ND1 LHON + + 

m.4298G>A MT-TI CPEO - + 

m.4300A>G MT-TI Maternally inherited cardiomyopathy + + 

m.4308G>A MT-TI CPEO - + 

m.4332G>A MT-TQ Encephalopathy / MELAS - + 

m.5537A>T MT-TW LS - + 

m.5650G>A MT-TA Myopathy - + 

m.5703G>A MT-TN CPEO / Myopathy - + 

m.7445A>G MT-CO1 Sensorineural hearing loss + + 

m.7497G>A MT-TS1 
Mitochondrial Myopathy / Exercise 

intolerance 
+ + 

m.7511T>C MT-TS1 Sensorineural hearing loss + + 
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Mutation Locus Pathology/phenotype Homoplasmy Heteroplasmy 

m.8344A>G MT-TK 

MERRF / Depressive mood disorder / 
leukoencephalopathy/ hypertrophic 

cardiomyopathy 

- + 

m.8356T>C MT-TK MERRF - + 

m.8363G>A MT-TK 

MERRF / Autism / LS / Maternally 
inherited cardiomyopathy and 

deafness 
- + 

m.8528T>C MT-ATP8/6 Infantile cardiomyopathy + + 

m.8993T>C MT-ATP6 NARP / LS / Maternally inherited LS - + 

m.8993T>G MT-ATP6 NARP / LS/ Maternally inherited LS - + 

m.9176T>C MT-ATP6 LS / Familial bilateral striatal necrosis + + 

m.9176T>G MT-ATP6 LS / Spastic paraplegia - + 

m.9185T>C MT-ATP6 LS / ataxia / NARP-like disease + + 

m.10010T>C MT-TG Progressive encephalopathy - + 

m.10158T>C MT-ND3 LS + + 

m.10191T>C MT-ND3 

LS/ Leigh-like disease / Epilepsy, 
strokes, optic atrophy and cognitive 

decline 

- + 

m.10197G>A MT-ND3 
LS / dystonia / stroke / LHON and 

dystonia 
+ + 

m.10663T>C MT-ND4L LHON + - 

m.11777C>A MT-ND4 LS - + 

m.11778G>A MT-ND4 LHON / progressive dystonia + + 

m.12147G>A MT-TH MERRF and MELAS / encephalopathy - + 

m.12315G>A MT-TL2 CPEO / KSS - + 

m.12706T>C MT-ND5 LS - + 

m.13051G>A MT-ND5 LHON + - 

m.13513G>A MT-ND5 
LS / MELAS / LHON-MELAS overlap 

syndrome 
- + 

m.13514A>G MT-ND5 LS / MELAS - + 

m.14459G>A MT-ND6 LS / LHON and dystonia + + 

m.14482C>A MT-ND6 LHON + + 

m.14482C>G MT-ND6 LHON + + 

m.14484T>C MT-ND6 LHON + + 

m.14487T>C MT-ND6 
Dystonia / LS / Ataxia / Ptosis / 

Epilepsy 
- + 

m.14495A>G MT-ND6 LHON - + 

m.14568C>T MT-ND6 LHON + - 

m.14674T>C MT-TE Reversible COX deficiency myopathy + - 

m.14709T>C MT-TE 

Mitochondrial myopathy, Diabetes 
Mellitus and deafness / 

encephalomyopathy /dementia, 
diabetes and ophthalmoplegia 

+ + 

m.14849T>C MT-CYB 
Exercise intolerance / Septo-optic 

dysplasia 
- + 

m.14864T>C MT-CYB MELAS - + 

m.15579A>G MT-CYB 
Multisystem disorder, exercise 

intolerance 
- + 

(+) Present; (-) Absent.  
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There are common mutations in tRNA or rRNA genes, such as the m.3243A>G in 

the MT-TL gene (mt-tRNALeu) and the m.8344A>G in MT-TK gene (mt-tRNALys), causing 

MELAS and MERRF, respectively194,195. Yet, several other mutations in these genes 

have been reported in non-related individuals or families. Mutations in any component 

of the translation apparatus, including tRNA and rRNA genes, cause proteins synthesis 

anomalies resulting in generalized OXPHOS deficiency. 

Other category of mtDNA mutations are rearrangements. The most frequent 

rearrangements causing disease are single, large-scale deletions. Although the position 

and size of the deletion may differ among patients, they usually eliminate several 

genes, encoding proteins and tRNAs. Large-scale deletions are usually heteroplasmic, 

and occur between directly repeated sequences3,196–198. Large-scale heteroplasmic 

mtDNA deletions are frequently detected in patients presenting KSS, PEO and Pearson 

syndrome3,197. The most common deletion (4,977bp) was the first mutation to be 

identified in mtDNA23, and it has been found in 30% of patients harbouring a unique 

deletion, flanked by 13-bp direct repeats. The “common deletion” has been described 

in both diseases, therefore, no correlation can be found between clinical presentation 

and the size or nature of the rearrangements3. 

Multiple mtDNA deletions and mtDNA depletion (deficiency in mtDNA content) 

are secondary anomalies in mtDNA due to mutations in nuclear genes responsible for 

the mtDNA replication and/or maintenance and transcription. Mitochondrial depletion 

syndrome is usually associated with early childhood onset and multi-system disease, 

while multiple deletions generally result in later onset and milder disease burden29. 

Mitochondrial depletion syndrome includes several diseases; it was initially 

described as congenital myopathy or hepatopathy199. Currently, many patients with 

mitochondrial depletion have demonstrated different clinical manifestations, caused 

by a drastic decrease in mtDNA copy number. 

 

  1.8.1.1.1 Pathogenicity criteria for mtDNA mutations 

 

Novel mutations are still being reported, especially in genes encoding proteins. 

However, as mtDNA is highly polymorphic, and interpretation of mtDNA variants is 
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complex and remains challenging, the pathogenic significance of a novel variant needs 

to be determined using a series of criteria before a diagnosis can be established with 

confidence200,201. After DiMauro and Schon (2001) have succinctly described the 

canonical pathogenic criteria for mtDNA point mutations, some adjustments were 

made because some well-established pathogenic mutations fail to meet these 

criteria202. In 2004, the first scoring criteria applied to mitochondrial-tRNA mutations 

was published203. A comparison between canonical criteria and weighted criteria204 

evaluates the scoring system as more precise by improving the accuracy of 

pathogenicity assignment. Currently, there are two scoring systems: the pathogenicity 

scoring system applied to mutations affecting mt-tRNA205 and a scoring criterion for 

pathogenicity of mutations in mitochondrial protein coding genes200. Recently, 

González-Vioque and co-workers206 proposed to include a negative scoring for 

mutations which fail to show any mitochondrial defect in functional studies, in addition 

to the scoring system proposed by Yarham and colleagues (2011). 

Succinctly, the criteria available in the literature are based on the genetic 

characterisation of mtDNA variants, namely the mode of inheritance and the presence 

of the variant in unrelated patients, on the histochemical and biochemical evidences of 

disease and on the functional studies. 

Histochemical and biochemical evidences have been important indicators of 

mitochondrial involvement in pathology186,207–211. 

For histochemical evaluation, several staining approaches have been applied on 

skeletal muscle212,213, revealing a mosaic pattern of normal and deficient muscle 

fibres186,207,210,214–216. Furthermore, TEM has demonstrated to be a useful tool to 

identify mitochondrial morphological alterations in muscle217. However, muscle 

unavailability is often a limitation. 

The analysis of MRC enzymatic activity using the spectrophotometry assay has 

been the gold standard for the evaluation of bioenergetics status of mitochondria from 

several tissues107. This approach is useful for verifying whether there are single or 

multiple respiratory complex enzyme deficiencies in order to get a correlation with the 

genetic mutations identified, i.e., a specific complex deficiency related to the presence 

of a mtDNA-encoded subunit mutation or multiple complexes affected in the presence 

of a tRNA mutation218. Furthermore, immunocytochemical staining for identification of 
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OXPHOS defects can be achieved in cultured skin fibroblasts, using specific antibodies 

against proteins for each complex219. 

Other parameters have been evaluated mainly on patients’ cells (e.g. skin 

fibroblasts), in order to confirm the mitochondrial dysfunction, namely mitochondrial 

membrane potential (∆Ψm), intracellular ATP levels, ROS production220,221 and oxygen 

consumption208. More recently, the Seahorse Bioscience® technology allowed to 

determine several bioenergetics parameters of intact cells, with real-time monitoring, 

using the oxygen consumption rate (OCR) – respiration – and the extracellular 

acidification rate (ECAR) – glycolysis222. 

In addition to the histochemical and biochemical data, functional evidences of 

pathogenicity for novel or rare mtDNA variants can be achieved applying additional 

methods. 

BN-PAGE has been used as an extra tool for evaluating the single or multiple 

deficiency of complexes’ assembly173,207,208,210,211. Native proteins and complexes can 

be identified, allowing the evaluation of mitochondrial complexes and supercomplexes 

assembly. The experimental procedure can be challenging since the use of several 

detergents and buffers is required and numerous steps need to be performed223. 

Moreover, this method is time-consuming. In accordance with the tissue available to 

perform BN-PAGE, some modifications to the protocols are needed. For example, blue 

bands are perceived after the BN-PAGE for muscle, but in the case of fibroblasts it is 

often necessary to complement with the immunoblot followed by specific antibodies 

incubation, in order to detect the MRC complexes224. 

In order to verify if a sequence variation affects the level of a specific 

mitochondrial protein or the steady-state level of a mt-tRNA, western-blot or 

northern-blot hybridization can be performed, respectively. Furthermore, single-fibre 

studies have been used to investigate the segregation of the mutation with the 

affected muscle fibres208,214–216. However, this method is only applicable to 

heteroplasmic variants. 

Mitochondrial cybrid system is useful to study the impact of a mtDNA mutation by 

eliminating the nuclear background of the patient, for excluding the influence of 

nuclear variants225. Despite being widely used for pathogenicity studies of mtDNA 

mutations, cybrids present numerous disadvantages. The ρ0 cells have an unstable 
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nuclear background since in most of studies they were created from tumour cell 

lines225,226. Moreover, these tumour cell lines are anaerobic at baseline which may 

influence the mtDNA genotype-phenotype correlation226. The cybridization procedure 

is time-consuming and requires multi-step control of efficiency, namely the control of 

the absence of mtDNA in ρ0 cells, control of the presence of mtDNA mutation in cybrid 

cells and the control of nuclear background. Furthermore, transcriptomic changes may 

be caused by the cybridization multi-stage procedure227. Therefore, caution must be 

taken to interpret the results obtained, which could be different according to the 

methodology and cell line used to perform the technique, leading to conflicting and 

irrelevant findings226. 

In addition to the criteria established in the literature, an extra tool for evaluating 

mtDNA variants significance is the haplogroup determination. This investigation allows 

to distinguish which variants are private or global mutations or haplogroup-specific 

polymorphisms, using the phylogenetic analysis228. Additionally, a variety of in silico 

tools are available in order to predict the functional impact of a novel sequence 

variant228. Each tool use different algorithms to determinate the effect of the 

alteration; therefore, the results obtained from the combination of several different 

tools may be used as supplementary evidence to interpret the pathogenicity. Taking 

into account these parameters, an integrated approach for classifying mitochondrial 

DNA variants has been suggested based on clinical diagnostic laboratory’s 

experience218. 

In accordance with the overall principals available in literature, the criteria for the 

classification of mitochondrial variants pathogenicity are represented in the Figure 1.4. 
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Figure 1.4 - Schematic diagram for the classification and prediction of the pathogenicity 
for mtDNA variants. 
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1.8.1.2 Nuclear DNA mutations 

 

The number of disease-causing mutations in nuclear genes is growing, and the vast 

majority of MRC deficiencies are caused by these mutations. The nDNA mutations can 

be divided into several groups, according to the pathways: those that are present in 

structural genes coding subunits for MRC complexes; in  genes involved in MRC 

complexes assembly; genes responsible for mtDNA transcription, translation, stability 

and maintenance; genes coding several enzymes involved in mtDNA metabolism3. 

Mutations in several nuclear genes encoding MRC subunits have been identified in 

patients with a range of clinical presentations. Most of mutations have been found in 

CI genes (Figure 1.5), leading to CI deficiency3. The predominant clinical presentation 

of patients harbouring these mutations has been LS or Leigh-like syndrome, although 

cardiomyopathy has also been reported3. The first mutation in a gene encoding a MRC 

subunit was identified in the SDHA gene, encoding for a CII subunit229. Mutations in 

this gene have been later reported in patients presenting LS230,231, although mutations 

in the other genes encoding for CII subunits have been associated with 

carcinogenesis232. Mutations in nuclear genes encoding CIII subunits (for example, 

UQCRB and UQCRQ), CIV subunits (e.g., COX4I2, COX6B1 and COX7B) and CV subunits 

(ATP5A1 and ATP5E) have been described in association with a wide range of different 

phenotypes175,233–238.  

In addition to mutations in nuclear genes coding for MRC subunits, disruption in 

any of the mechanisms allowing structural integrity of the MRC complexes may result 

in catalytic dysfunction or instability of the complex. Then, these mechanisms include 

the assembly of complexes’ subunits, incorporation of cofactors, translation of specific 

subunits and haem, iron or copper assembly3. 

Mutations in various genes responsible for CI assembly (e. g., NDUFAF1, NDUFAF2 

and NDUFAF6) have been related to various clinical phenotypes, namely LS and 

cardiomyopathy239–242. 

CII deficiency represents a rare cause of mitochondrial diseases, although 

mutations in two assembly factors (SDHAF1 and SDHAF2) have been identified in 

patients with infantile leukoencephalopathy243 and paragangliomas244. 
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Mutations in BCS1L gene responsible for CIII assembly caused a wide range of 

clinical presentations in non-related patients, including tubulopathy and hepatic 

failure245, GRACILE syndrome – Growth retardation, amino aciduria, cholestasis, iron 

overload, lactic acidosis, and early death246 and Björnstad syndrome – Pili torti and 

nerve deafness247. Mutations in another factor for CIII assembly (TTC19) were 

described as a cause for severe neurological abnormalities248. 

Several genes encoding assembly proteins of CIV have been described as disease-

causing. Mutations in SURF1 gene are the main cause of LS associated with COX 

deficiency249–251. Many other assembly factors of CIV, such as COX10, COX15 and 

TACO1, have been also reported with mutations causing disease. However, patients 

harbouring these mutations presented several different clinical manifestations, such as 

tubulopathy and leukodystrophy252,253, cardiomyopathy or LS254–256, and late onset 

LS257, respectively. In addition, other clinical manifestations have been identified in 

patients harbouring mutations in other genes responsible for CIV assembly. Thereby, 

no genotype-phenotype correlation has been assigned. 

The majority of the CV deficiency is caused by mtDNA mutations; only two 

mutations in nuclear genes encoding CV assembly factors have been reported. A 

mutation in the ATPAF2 gene resulted in dysmorphic features, neurological 

involvement and methylglutaconic aciduria in one patient258, while neonatal 

encephalocardiomyopathy and isolated CV were reported in a large kindred of gipsy 

origin harbouring a mutation in TMEM70 gene259. 

Whereas several MRC proteins have iron-sulphur clusters, deficiencies in its 

assembly have been reported, resulting in dysfunction of CI, CII and CIII. Friedreich’s 

ataxia is due to a mutation of FXN gene that codes a mitochondrial protein involved in 

iron-sulphur protein biogenesis260. Other mutations in genes coding for iron-sulphur 

cluster proteins, such as ISCU, NFU1, BOLA3, GLRX5 and LYRM4, have been identified 

in association with a wide variety of clinical presentations. For example, mutations in 

the ISCU gene lead to myopathy, with exercise intolerance and myoglobinuria261,262. 

Theoretically, defects in proteins involved in mtDNA replication can affect mtDNA 

content level, leading to deficiencies of multiple MRC complexes. Mutations in some 

particular genes can give rise to multiple mtDNA deletions or depletion, such as 

mutations in DGUOK263–265 and TYMP266. Mutations in POLG1, POLG2, TWNK and OPA1 
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genes cause multiple deletions in muscle of patients presenting autosomal-dominant 

external ophthalmoplegia267–270, between other clinical manifestations. 

Mutations in several nuclear genes involved in mitochondrial translation (Figure 

1.5), affecting ribosomal proteins271–275, aminoacyl-tRNA synthetases276–285, initiation, 

elongation and termination factors286–292, have been reported in patients presenting 

multiple MRC deficiency and various clinical manifestations. 

Interestingly, it is becoming more evident and clear that the heterogeneity and 

unpredictability associated to mtDNA mutations are also present in nuclear gene 

mutations coding mitochondrial proteins. Therefore, mutations in the same nuclear 

gene can be associated with different clinical manifestations, causing either 

quantitative or qualitative mtDNA abnormalities, and the inheritance pattern of the 

associated diseases can be either dominant or recessive3.  

Figure 1.5 - Nuclear genes defects in which mutations causing mitochondrial diseases have 
been identified.  
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1.8.1.2.1 Pathogenicity criteria for nDNA mutations 

  

Clinical molecular laboratories are increasingly detecting novel sequence variants 

in the course of testing patient samples, mostly due to the use of Next generation 

sequencing (NGS). In this context, the use of standards and guidelines for the 

interpretation of sequence variations using specific criteria are mandatory. Currently, 

sequence variations of nuclear genes are interpreted and reported according to the 

American College of Medical Genetics and Genomics (ACMG) recommendations293. 

First, search for variations in the literature and population databases is useful to 

verify the frequency in large populations. However, careful must be taken because 

population databases do not include only healthy individuals, they also contain 

pathogenic variants and, in some cases, variants that are incorrectly classified. Second, 

also in the case of nDNA variants, the in silico tools available are used to predict the 

pathogenicity of a variant, with some limitations related to the fact that it only allows 

the prediction of results. A detailed list of available databases and in silico tools are 

referred in Richards et al, 2015 and Wong, 2013293,294. 

In general, the evaluation of the segregation, the identification for de novo 

variations, the allelic data, and finally, the performance of functional studies are 

mandatory criteria, in addition to population data and computational and predictive 

analysis. 

Accordingly, two sets of criteria were proposed by Richard and co-workers (2015), 

in order to classify and distinguish variants as pathogenic or likely pathogenic and as 

benign or likely benign. Then, each pathogenic criteria is categorized as “very strong”, 

“strong”, “moderate” and “supporting”, and each benign criteria is classified as “stand-

alone”, “strong” and “supporting”. At that point, using the rules for combining criteria 

is possible to classify variants as “pathogenic”, “likely pathogenic”, “benign”, “likely 

benign” and “uncertain significance”293. Confirmation studies are recommended for all 

sequence variations that are classified as “pathogenic” or “likely pathogenic” for a 

Mendelian disorder. 
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1.9 Therapeutic strategies for mitochondrial diseases 

 

In addition to the diagnostic challenge, progress in treatments and therapies for 

OXPHOS diseases is slow due to the complexity of mitochondrial dysfunction. Thus, an 

effective disease-modifying therapy is lacking, since management of mitochondrial 

disease is extremely difficult28,29. However, a number of symptomatic measures can 

greatly improve the outcome of these patients, while the investigation of disease 

modifying treatments are increasing295. 

Currently, different strategies, including lifestyle, pharmacological interventions, 

and molecular-based (gene) therapy, have been proposed in order to relieve the 

mitochondrial dysfunction, by targeting oxidative stress or mitochondrial quality 

control system, by increasing the efficiency of OXPHOS, by manipulating the mtDNA 

heteroplasmy, among others28,295–297. However, the number of properly controlled 

clinical trials has been limited177,298, due to the reduced number of patients presenting 

the same clinical phenotype and genotype28. 

Although further advances will be required in all these areas, these strategies are 

the cornerstone for the development of novel therapies targeting mitochondrial 

diseases. The challenge that remains is the association of positive laboratory findings 

into safe and effective therapies for patients. Still, it is critical that our understanding 

of the pathogenic mechanisms involved in mitochondrial diseases became more clear, 

allowing the development of new potential therapeutic strategies. 



  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2 – Aims 
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The present study aimed to evaluate the impact of four unclassified mitochondrial 

DNA variants, detected in four unrelated patients suspected of OXPHOS disease, in 

order to establish a genetic diagnosis and clarify the underlying pathogenic 

mechanism. 

In this regard, we addressed the following specific objectives: 

1. Clarify the functional impact of a novel mtDNA mutation (m.8418T>C) in MT-

ATP8 gene and elucidate the association with bioenergetics dysfunction, in 

order to establish the role of a molecular genetic defect linked to mtDNA in a 

patient with severe optic neuropathy. 

2. Investigate the functional influence of the unclassified mitochondrial DNA 

sequence variation m.14771C>A, at the MT-CYB gene, in a patient presenting 

with severe intellectual disability, cerebellar atrophy, severe ataxia, course 

face, relative macrocephaly, congenital hypotonia, absent speech, and other 

features such as clinodactyly. 

3. Clarify the molecular genetic defect and elucidate the cellular mechanisms that 

are affected in a patient presenting chronic progressive external 

ophthalmoplegia and harbours a novel mt-tRNASer(UCN) variant (m.7486G>A) in 

addition to the mtDNA “common deletion”. 

4. Elucidate. the. functional .consequences .of .an .unclassified .mt- tRNA .variant 

(m.14706A>G, MT-TE), in order to clarify the cause of incomplete penetrance of 

the cardiomyopathy presented in a familial case of sudden death. 

  





 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3 – Case Reports 

 
  



  



 

3.1 CASE REPORT I 

__________________________________________ 

An unclassified mitochondrial ATP8 gene variant in 

a patient with severe bilateral optic neuropathy: a 

functional genomics’ approach 
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Abstract 

Optic neuropathy is a frequent cause of vision loss. Leber’s hereditary optic 

neuropathy (LHON) is a hereditary form of optic neuropathy, involving mitochondrial 

dysfunction, and one of the most frequent mitochondrial diseases. Most of clinically 

suspected LHON patients remain without a genetic diagnosis. In a previous study, 

screening of mtDNA revealed an unclassified probably pathogenic homoplasmic 

alteration in the MT-ATP8 gene (m.8418T>C, p.Leu18Pro) of complex V (CV) in DNA 

samples from patient’s lymphocytes and fibroblasts. The whole exome sequencing did 

not reveal other relevant variants. Accordingly, the present work aimed to investigate 

the biomolecular alterations related to the genetic variant, in a patient with severe 

optic neuropathy, and to clarify its association with the bioenergetics failure. 

Biochemical analysis demonstrated CV deficiency and hyperpolarization of 

mitochondrial membrane potential. There was impaired assembly of CV and reduced 

ATP synthase subunit 8 expression. Intracellular ATP levels were diminished, even with 

the increased glycolysis rate. Moreover, ultrastructural changes of endoplasmic 

reticulum were observed. Taken together, the results showed that m.8418T>C is linked 

to a pathogenic effect, presenting a range of functional consequences to the cells, 

suggesting that bioenergetics failure is the most probable cause of severe optic 

neuropathy in this patient. 

 

Keywords: LHON; MT-ATP8; mtDNA variant; Complex V; bioenergetics failure. 
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3.1.1 Introduction 

Optic neuropathy is mainly characterized by reduced visual acuity, 

dyschromatopsia, defect of visual field and abnormal pupillary response. There are 

several types of optic neuropathy, according to the aetiology. Therefore, the mode of 

onset is an essential clue in identifying the type of optic neuropathy299. 

Leber’s hereditary optic neuropathy (LHON) is one of the most common 

mitochondrial respiratory chain diseases, and presents with painless and acute or 

subacute onset loss of central vision in one eye, followed by similar involvement of the 

other eye, within days, months or years300. Mitochondrial dysfunction has been 

pointed as the cause for selective death of retinal ganglion cells occurring in this 

pathology. It is estimated that 90% of LHON cases with a genetic mutation identified 

are due to three pathogenic mutations in mtDNA, involving genes of CI (m.11778G>A, 

MT-ND4; m.3460G>A, MT-ND1; m.14484T>C, MT-ND6)300. Nevertheless, the majority 

of the clinically suspected LHON patients remain without genetic diagnosis. Moreover, 

several mtDNA sequence variations have been described in association with 

mitochondrial neuropathy301, namely in MT-ATP6/8 genes173,175. 

ATP synthase (also named F1F0-ATP synthase or complex V) is a crucial component 

for mitochondrial energy production in the mammalians, using the energy of an 

electrochemical gradient across the IMM to catalyse the ATP synthesis, in the final step 

of OXPHOS. This enzyme is a multisubunit complex containing two functional domains, 

a hydrophilic F1 and a hydrophobic F0 domain, connected by a central stalk and a 

peripheral stalk (stator). The soluble component F1 acts as the catalytic domain, in the 

mitochondrial matrix, where ADP is phosphorylated to ATP. The F0 domain is 

embedded in the IMM, being essential to transfer protons from the intermembrane 

space to the matrix83. CV is composed predominantly by subunits encoded by nuclear 

genes; only two F0 subunits, ATP synthase protein 6 (or a) and 8 (or A6L), are encoded 

by mtDNA genes, MT-ATP6 and MT-ATP8 respectively. These two subunits are among 

the last subunits to be assembled in CV81,82,302. 

Deficiency of ATP synthase could be associated with mutations in genes encoding 

either subunits or essential proteins for CV assembly303. To date, several mtDNA 

mutations associated to CV have been described related to mitochondrial defects, 
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mainly in MT-ATP6 gene, as reviewed from Kucharczyk and colleagues83. To our 

knowledge, only four pathogenic mutations have been published in MT-ATP8 gene 

associated with improper assembly and reduced activity of CV173–175,304. Given its 

function, it is not surprising that defects affecting CV may result in mitochondrial 

diseases. However, the underlying pathogenic mechanisms are not clearly understood, 

being more complex than a simple decrease in ATP supply83. Other processes in cells 

are likely to contribute for pathogenesis, such as ROS production, altered 

mitochondrial membrane potential, metabolic acidosis and possibly other 

unrecognized dysfunctions303. 

The present work aims to clarify the functional impact of an unclassified mtDNA 

variant (m.8418T>C, MT-ATP8, p.Leu18Pro, ATP synthase protein 8) and elucidate the 

association with bioenergetics dysfunction, in order to establish the role of a molecular 

genetic defect linked to mtDNA in a patient with severe optic neuropathy. 

 

3.1.2. Samples and methods 

 

3.1.2.1 Case report 

A 42-year-old previously healthy man (patient 1, P1) presented with painless 

subacute visual loss in the right eye (RE), started to be followed in the Neurology and 

Ophthalmology Departments of Coimbra University Hospitals (CHUC). On neuro-

ophthalmological examination, visual acuity was 20/30 in the RE and 20/20 in the left 

eye (LE). Colour vision was 1/17 (Ishihara plates) in the RE and 17/17 in the LE. There 

was a relative afferent pupillary defect and optic disc oedema in the RE on funduscopy. 

On standard automated perimetry there was an arcuate inferior scotoma in the RE. 

Neurologic exam was normal. Magnetic resonance imaging (MRI), that included fat-

suppressed thin sections of the orbits with contrast, was unremarkable. Serologic 

studies and lumbar puncture were normal. He underwent intravenous 

methylprednisolone (1g for 3 days) followed by oral prednisone (60mg for 11 days). 

Over the following months there was no significant visual acuity or visual field 

improvement. Nine months after the onset of symptoms in the RE there was painless 
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loss of vision in the LE. Visual acuity was 20/30 in the RE and 20/50 in the LE. Colour 

vision was 2/17 Ishihara plates in the RE and 3/17 in the LE. On funduscopy there was 

optic atrophy in the RE and optic disc oedema in the LE. Standard automated 

perimetry showed an inferior arcuate scotoma in the RE and a central scotoma in the 

LE. The MRI of the orbits and brain with contrast was normal. Intravenous 

methylprednisolone (1g for 5 days) was offered but there was no clinical improvement 

with treatment. Over the following years, the patient was visually stable and there 

were no new episodes of optic neuropathy or other neurological symptoms. There is 

no family history of the disease and unfortunately, no sample from maternal lineage 

was available. 

Skin biopsies of patient and controls were collected in the CHUC. Skin biopsies 

from three healthy Portuguese individuals without clinical evidence of a mitochondrial 

disorder, collected in the context of other medical interventions (surgery), were used 

as control samples in the experiments of functional analysis. 

The DNA samples of 200 healthy subjects of the same ethnic background were 

used as controls. 

Informed consent was obtained from the participants, as recommended by the 

local Ethics Committee (CE-032/2014), following the Tenets of the Helsinki Declaration. 

 

3.1.2.2 Skin derived cultured fibroblasts 

Fibroblasts were grown in complete medium – Ham’s F-10 (Gibco, Life 

Technologies) supplemented with 20% FBS (Gibco, Life Technologies), 4mM GlutaMAX 

(Gibco, Life Technologies), 2.5mM sodium pyruvate (Gibco, Life Technologies), 

65μg/ml uridine (Sigma-Aldrich, 250U/ml penicillin (Gibco, Life Technologies), 

250μg/ml streptomycin (Gibco, Life Technologies), 250μg/ml kanamycin (Sigma-

Aldrich), 2.5μg/ml amphotericin B (Gibco, Life Technologies), 2% Ultroser G (Gibco, Life 

Technologies) – and incubated at 37ºC and 5% CO2, with 95% humidity. All handling 

procedures were conducted in aseptic conditions in a laminar flow cabinet, using 

sterile instruments and reagents. 
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3.1.2.3 Molecular genetic screening 

Total DNA was extracted from fibroblasts and blood using the phenol-chloroform 

method according to standard protocols305,306. 

The entire mitochondrial genome was sequenced in patient through the NGS in 

the two available tissues (skin fibroblasts and blood), enriched by a single amplicon 

long-range PCR followed by massively parallel sequencing307, on HiSeq2000 equipment 

from Illumina technology, at the mitochondrial laboratory, department of molecular 

and human genetics at Baylor College of Medicine, Houston. The haplogroup of the 

patient was determined using the Haplogrep® tool308. The unclassified mtDNA variant 

detected has been submitted to ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/). 

In order to verify the involvement of possible alterations in nuclear genes, the NGS 

exome was performed by Nextera Exome Capture methodology Illumina Nextera Rapid 

Capture Exome v1.2 PE100, from Illumina, totalizing around 200 thousand exons, 

followed by sequencing accomplished using the Illumina HiSeq2500 equipment. Data 

analysis was performed using the software Ingenuity® Variant Analysis. 

 

3.1.2.4 Total RNA extraction and reverse transcriptase 

RNA from controls and patients’ fibroblasts was obtained with RNeasy Mini Kit 

(Qiagen) according to the manufacturer’s protocol. Briefly, pelleted fibroblasts (~3x106 

cells) were lysed by buffer RLT plus β-mercaptoethanol as indicated in the protocol and 

were mixed to homogenize. The RNA was precipitated with 70% ethanol. Sample was 

transferred to an RNeasy spin column placed in a 2ml collection tube, and centrifuged 

for 15 sec at ≥8,000 xg. In order to eliminate genomic DNA contamination, two 

different on-column DNase (RNase-Free DNase set, Qiagen) digestion steps were 

performed. After washing, RNase-free water was added directly to the spin column 

membrane, and the tube was centrifuged for 1 min at ≥8,000 xg to elute the RNA. 

Before performing the reverse transcriptase reaction, the concentration and 

quality of RNA were verified by digital electrophoresis using the Agilent 2100 

Bioanalyser to check the rRNA ratio and the presence of degradation products. In 

http://www.ncbi.nlm.nih.gov/clinvar/
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order to match the quality criteria, only the RNA samples presenting RNA integrity 

number (RIN) higher than 8 (range: 0-10) were used in the following steps. 

The transcription of RNA into cDNA was performed using a High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems), according to the manufacturer’s 

protocol. The reaction was conducted as follows: 10 min at 25ºC and 120 min at 37ºC, 

for primer annealing and cDNA synthesis, respectively, and 5 min at 85ºC, for 

denaturation of reverse transcriptase, and then the samples were cooled to 4ºC. In this 

step a duplicate without reverse transcriptase (RT-) for all samples and controls was 

included in order to check for DNA contamination during the Real-time PCR reaction. 

The cDNA was sequenced by automated Sanger sequencing, according to the 

manufacturer’s instructions (3130 ABI Prism sequencing system), using BigDye® 

Terminator Ready Reaction Mix v3.1 (Applied Biosystems), in order to verify the 

presence of the novel sequence variation previously found. 

 

3.1.2.5 Quantification of MT-ATP8 mRNA levels 

In order to use the most stable genes to normalization, a TaqMan Array Fast plate 

(Applied Biosystems, USA) was tested to the cDNA fibroblasts samples. The stability of 

the amplified products of ten different genes was verified using different tools 

(NormFinder: http://moma.dk/normfinder-software; Genorm: 

http://medgen.ugent.be/~jvdesomp/genorm/; and BestKeeper: http://genex.gene-

quantification.info/). Accordingly, the best housekeeping genes for our samples were 

TBP and HMBS. 

The cDNA of each patient’s sample and three controls was amplified in a 7500 Fast 

Real-Time PCR system (Applied Biosystems, USA), using the specific TaqMan gene 

expression assay (Applied Biosystems) and TaqMan Universal Master Mix II (Applied 

Biosystems) following the manufacturer’s protocol. The qPCR reactions were 

performed in triplicate and using three independent cDNAs from each sample. The 

thermal cycling conditions included 10 min at 95ºC, proceeding with 40 cycles of 95ºC 

for 15 sec and 60ºC for 1 min. Before the analysis, Ct values were corrected with the 

RT-values for each sample using the GenEx V.6 software (MultiD Analyses AB). 

http://medgen.ugent.be/~jvdesomp/genorm/
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Quantification of mt-ATP8 mRNA levels was obtained using the 2-∆∆Ct method, where ∆Ct 

= Ctmt-ATP8 – CtHMBS and TBP mean and ∆∆Ct = ∆Ctsample - ∆CtControl. 

 

3.1.2.6 Detection of ATP synthase protein 8 levels 

Human primary fibroblasts were grown to confluence. After being washed and 

scraped from the culture flasks, cells were homogenized at 4ºC using a glass/Teflon 

homogenizer in isolation buffer (20mM HEPES, 10mM KCl, 1.5mM MgCl2, 250mM 

sucrose, 1mM EDTA, 1mM EGTA, pH 7.4) containing protease inhibitors (1mM DTT, 

1μg/ml chymostatin, 1μg/ml leupeptin, 1μg/ml antipain, 1μg/ml pepstatin A and 

0.1mM PMSF). The lysate was centrifuged at 700 xg for 12 min at 4ºC in order to 

sediment mainly intact cells, cell debris and nuclei. The supernatant was then 

centrifuged at 12,000 xg for 20 min at 4ºC, for obtaining the crude mitochondrial 

pellet, which was solubilized in a solution containing 10mM Tris-acetate, pH 8.0, 5mM 

CaCl2, 0.5% Nonidet P40, 1mM DTT, 1μg/ml chymostatin, 1μg/ml leupeptin, 1μg/ml 

antipain, 1μg/ml pepstatin A and 0.1mM PMSF, prior to storage at -80ºC. 

Samples were analysed by SDS-PAGE according to a method previously 

described309. Total protein content of mitochondria-enriched fractions was quantified 

using the Bradford method. Volumes were adjusted according to the total protein 

concentration of each sample and 30μg of total protein were loaded per lane into a 

10% polyacrylamide gel. After electrophoresis, proteins were electrotransferred (Mini 

PROTEAN® tetra cell system, BioRad) to PVDF membranes (Hybond P 0.5μm, 

Amersham) for 2 h at 0.75A, at 4ºC. Afterwards, the membranes were blocked for 1 h 

in Tris-buffered saline solution (50mM Tris and 150mM NaCl) with 0.1% Tween-20 

(TBS-T) and 5% skimmed milk, followed by an incubation overnight, at 4ºC, with rabbit 

monoclonal anti-human citrate synthase (CS, ab129095, Abcam) at 1:5,000, or rabbit 

polyclonal anti-human ATP8 (sc-84231, Santa Cruz Biotechnology) at 1:200. After 

washing the membranes in TBS-T, they were incubated with the appropriate HRP-

conjugated secondary antibody solution (1:5,000, Bio-Rad) for 90 min at room 

temperature. 

Afterwards, membranes were incubated with chemiluminescence substrate 

(Clarity Western ECL Substrate, Bio-Rad) and detection was carried out using the 
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VersaDoc Imaging System 3000 (Bio-Rad). Protein band intensities were calculated by 

using Quantity One® 1-D software (Bio-Rad) from at least 3 independent experiments, 

with values expressed as mean±SEM. Relative quantification of A6L subunit (ATP 

synthase protein 8) was performed using the citrate synthase (CS) as a normalizing 

protein. 

 

3.1.2.7 Relative quantification of MRC complexes 

Samples were processed according to the protocol described224. Firstly, cells were 

sedimented by centrifugation at 800 xg for 10 min at 4ºC. After discarding the 

supernatant, samples were solubilized with digitonin (4 mg/mL in PBS) for 10 min at 

4ºC. Following centrifugation at 12,000 xg for 10 min at 4ºC, pellets were washed with 

cold PBS and centrifuged at 12,000 xg for 5 min at 4ºC. Crude mitochondrial pellets 

were suspended in ACBT buffer (1.5mM aminocaproic acid and 75mM Tris-glycine, pH 

7.0) and incubated with 10% n-Dodecyl-D-maltoside (DDM) on ice for 10 min. 

Suspensions were centrifuged at 12,000 xg at 4ºC, for 30 min, and the protein 

concentration in the supernatant was measured by the Bradford method. Samples 

were supplemented with BN-sample buffer (5% Coomassie Blue G-250, 750mM 6-

aminocaproic acid, 50mM Tris-glycine/HCl and 0.5mM EDTA). A molecular weight 

marker (NativeMARK Unstained Protein Standard, Life Technologies) and 30µg of each 

sample were loaded into polyacrylamide gels (4-15% Mini-PROTEAN TGX Precast gel, 

Bio-Rad) and run for 30 min at 30V, 4ºC. The run extended for 4 h at 80V, 4ºC. One 

anode buffer (50mM Tris-glycine, pH 7.0) and two cathode buffers were used; deep 

blue cathode buffer A (15mM Tris-glycine, 50mM tricine, 0.02% Coomassie Blue G-250, 

pH 7.0) was replaced by cathode buffer B (15mM Tris-glycine and 50mM tricine, pH 

7.0) when the running front reached 1/2 of the total running length. 

Polyacrylamide .gel with the .native marker was cut and stained. Firstly, gel was 

incubated in fixing solution (50% methanol, 10% acetic acid, 100nM ammonium 

acetate) for 15-30 min, stained (0.025% Coomassie Blue G, 10% acetic acid) for 30-60 

min and washed (10% acetic acid) twice for 15-60 min. The gel containing the proteins 

of interest was eletrotransferred (Mini PROTEAN® tetra cell system, BioRad) to a PVDF 

membrane (Hybond P 0.5μm, Amersham) for 2 h at 0.2A, at 4ºC. 
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Blocking was carried out using 5% skimmed milk in TBS-T for 1 h, at room 

temperature. Afterwards, membranes were incubated with monoclonal primary 

antibodies [anti-NDUFA9 (ab14713, Abcam) at 1:1,000 for CI; anti-SDHA (ab14715, 

Abcam) at 1:5,000 for CII; anti-UQCRC2 (ab14745, Abcam) at 1:1,000 for CIII; anti-COX 

IV (ab14744, Abcam) at 1:750 for CIV; and anti-ATP5A (ab14748, Abcam) at 1:1,000 for 

CV] overnight, at 4ºC. After washing the membranes in TBS-T, they were incubated 

with the anti-mouse HRP-conjugated secondary antibody solution (1:5,000, Bio-Rad), 

for 1 h at room temperature. Detection was carried out using a chemiluminescence 

substrate (Clarity Western ECL Substrate, Bio-Rad), through the ChemiDocTM XRS+ 

System (Bio-Rad). Protein band intensities were calculated by Quantity One® 1-D 

software (Bio-Rad) from at least 3 independent experiments, with values expressed as 

mean±SEM. Relative semi-quantification of each complex assembled was performed in 

comparison to CII levels. 

 

3.1.2.8 MRC enzymatic activity evaluation 

Primary fibroblasts obtained from the patient biopsy were pelleted from six T25 

culture flasks and washed with PBS prior to resuspension in the same buffer; samples 

were stored at -80ºC for 8 days. Ended this standardized period of time, samples were 

submitted to two freeze-thaw cycles. The spectrophotometric determination of the 

catalytic activity of the MRC complexes and segments was performed as previously 

described107 using a SLM AMINCO DW2000 UV-VIS spectrophotometer. The enzymatic 

activities of all respiratory complexes and segments were normalised for total protein 

mass, determined by the Bradford method, and CS activity to correct for variations in 

mitochondrial content. All measurements were performed at 37ºC using a 

temperature-controlled cuvette jacket. The MRC deficiency criterion was considered 

when enzymatic activity ≤40% of reference mean value corrected to CS107. The MRC 

screening of the controls’ fibroblasts was carried out by spectrophotometric 

bioanalytical evaluation to confirm the absence of mitochondrial energy dysfunction 

indicators. 
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3.1.2.9 ATP levels measurement 

Intracellular ATP levels were measured in patient’s and control’s fibroblasts by 

using the luciferin/luciferase assay with ATPlite kit (Perkin Elmer), according to the 

manufacturer’s instructions with minor modifications. In brief, a volume of 100µl 

suspension with cells was mixed with 50µl of mammalian cell lysis solution to release 

the intracellular ATP. One third of the cells’ lysates were used to protein quantification 

by PierceTM BCA protein assay kit (ThermoScientific), following the manufacturer’s 

indications. The remaining mixture was then transferred into a white walled solid 

bottom 96-well plate, 33.3µl of substrate solution were added and the luminescence 

intensity was measured by a Synergy™ HT-BioTek® Microplate Reader. Previously ATP 

standard solutions were prepared and treated in parallel with lysates, in order to 

calculate the ATP concentration in samples through the ATP standard curve. The ATP 

levels (nmol) were normalised to the protein content. 

 

3.1.2.10 Mitochondrial respiratory rate and glycolytic activity evaluation 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured in adherent fibroblasts with a XF24 Extracellular Flux Analyser (Seahorse 

Bioscience, Billerica, MA, USA). 

Each of the three controls’ and patient’s fibroblast cell lines were seeded in XF24 

cell culture microplates (Seahorse Bioscience) at a density of 2×104 cells/well in normal 

culture medium and incubated for 24 h at 37ºC in 5% CO2 atmosphere. The OCR assays 

were conducted after replacing the growth medium in each well of unbuffered DMEM 

with the same glucose, glutamine and pyruvate concentrations as normal culture 

medium, pre-warmed at 37ºC. The cells were pre-incubated for 1 h to allow 

temperature and pH equilibration in a CO2-free environment, before starting the assay 

procedure. Baseline measurements of OCR were followed by the sequential addition 

to each well of oligomycin, FCCP and rotenone plus antimycin A (final concentrations: 

1μM), with measurements between them. 

At the end of each experiment, total protein quantification of individual wells was 

measured by Bradford method. Results were expressed as pmol of O2 per minute per 

mg of protein. The bioenergetics parameters that were evaluated included: basal 
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respiration, maximum respiration, spare respiratory capacity, ATP production capacity 

and proton leak. 

By directly measuring the ECAR, the XF Glycolysis Stress Test allows to assess the 

key parameters of glycolytic flux: glycolysis, glycolytic capacity, glycolytic reserve, as 

well as non-glycolytic acidification. Similarly to OCR evaluations, ECAR assays were 

performed after cells incubation in unbuffered DMEM without glucose or pyruvate, 

pre-warmed at 37ºC for 1 h in a CO2-free incubator. After ECAR baseline 

measurements, referred to as non-glycolytic acidification, a saturating concentration 

of glucose caused a rapid increase in ECAR (glycolysis under basal conditions). The 

second injection was of oligomycin, with the subsequent increase in ECAR, revealing 

the cellular maximum glycolytic capacity. The final injection was of 2-deoxy-glucose (2-

DG), a glucose analogue, resulting in ECAR decrease. The difference between glycolytic 

capacity and glycolysis rate defines the glycolytic reserve. At the end of each assay, 

protein determination was performed using Bradford method. Data units are mpH 

(index of the acidification of the medium surrounding the cells as protons are 

produced and extruded) per minute per mg of protein. 

All determinations were performed in 9-12 replicates for each sample. 

 

3.1.2.11 Analysis of mitochondrial membrane potential 

Mitochondrial membrane potential was determined using the cationic fluorescent 

probe rhodamine 123 (Molecular probes, Invitrogen), which accumulates 

predominantly in polarized mitochondria. The variation of rhodamine 123 (positively 

charged) cellular retention was studied in order to estimate changes in ∆Ψm. Following 

a washing step with Krebs medium (132mM NaCl, 4mM KCl, 1mM CaCl2.2H2O, 1.2mM 

NaH2PO4, 1.4mM MgCl2, 6mM D-glucose, and 10mM HEPES) pH 7.4, dermal fibroblasts 

were incubated in the same medium containing 1.5µM rhodamine 123 for 1 h at 37ºC. 

Basal fluorescence (λ=540nm for excitation and λ=590nm for emission) was measured 

using a Microplate Spectrofluorometer Gemini EM (Molecular Devices, USA) for 5 min, 

followed by the addition of inhibitors of MRC (8µM rotenone – inhibitor of CI, 20µM 

antimycin A – inhibitor or CIII, or 2µg/ml oligomycin – inhibitor of CV) per well, and 

measured for 3 min at 37ºC. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP, 2µM), a mitochondrial uncoupler, was added to the cells and the fluorescence 
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values were collected for another 3 min. In order to correct the rhodamine 123 

fluorescence, values for variations in total intracellular protein content in each well 

were quantified by the Bradford method. Results were expressed as the difference 

between the basal fluorescence values and the increase of rhodamine 123 

fluorescence levels upon addition of OXPHOS inhibitors or FCCP. 

 

3.1.2.12 Measurement of mitochondrial superoxide anion (O2
•-) 

Mitochondrial O2
•- levels in fibroblasts from controls and patient were measured 

by using the fluorescent probe MitoSOX Red (Molecular Probes, Invitrogen). Briefly, 

dermal fibroblasts were washed in Krebs medium (132mM NaCl, 4mM KCl, 1mM 

CaCl2.2H2O, 1.2mM NaH2PO4, 1.4mM MgCl2, 6mM D-glucose, and 10mM HEPES) at pH 

7.4, and then incubated with 10µM MitoSOX Red in Krebs medium for 30 min, at 37°C. 

The basal fluorescence was taken for 20 min at 37ºC with λ=510nm for excitation and 

λ=560nm for emission, followed by the addition of 8µM rotenone or 20µM antimycin 

A and measured for 40 min at 37ºC, using a Microplate Spectrofluorometer Gemini EM 

(Molecular Devices, USA).In order to correct the MitoSOX Red fluorescence, values for 

variations in total intracellular protein content in each well were quantified by the 

Bradford method. The values were obtained as RFU (relative fluorescence units) per 

minute per milligram of protein, for each condition and then normalised to the basal 

(untreated) conditions. 

 

3.1.2.13 Transmission electron microscopy (TEM) 

Fibroblasts were collected and centrifuged at 775 xg for 5 min. The supernatant 

was discarded and pellet cells were fixed with 2.5% glutaraldehyde in 0.1M sodium 

cacodylate buffer (pH 7.2) supplemented with 1mM calcium chloride for 2 h. Following 

rinsing in the same buffer, post-fixation was performed using 1% osmium tetroxide for 

1 h. After rinsing in buffer, buffer and distilled water and a final rinsing step in distilled 

water, 1% aqueous uranyl acetate was added to the cells, for contrast enhancement 

during for 1 h in the dark. After rinsing in distilled water, samples were dehydrated in a 

graded acetone series (30–100%), impregnated and embedded in Epoxy resin (Fluka 
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Analytical). Ultrathin sections (70nm) were mounted on copper grids and stained with 

lead citrate 0.2%, for 7 min. Observations were carried out on a FEI-Tecnai G2 Spirit Bio 

Twin at 80kV and images were acquired using the software AnalySIS 3.2. 

 

3.1.2.14 Statistical analysis 

Results were analysed using GraphPad Prism version 5.0 software for Windows, 

San Diego, California, USA. Normality tests were applied in order to verify the Gaussian 

distribution of the results. Statistical significance of differences between patient and 

controls was assessed by Student’s t-test (or nonparametric Mann-Whitney test). 

Statistical significance is represented as * for p≤0.05, ** for p≤0.01 and *** for 

p≤0.001. 

 

3.1.3 Results 

3.1.3.1 Genetic screening confirmed the unclassified mtDNA variant 

The presence of the sequence variation in the MT-ATP8 gene (m.8418T>C 228, 

p.Leu18Pro, ClinVar accession number: SCV000484519), haplogroup markers and 

polymorphisms were confirmed by NGS through the sequencing of the whole-

mitochondrial genome (Table 3.1.1) and rearrangements were excluded. The patient 

belongs to the haplogroup T2b21. The unclassified alteration in MT-ATP8 gene was 

detected in the cDNA of patient’s fibroblasts (results not shown), but it was absent in 

the 200 controls screened (results not shown). 

The exome sequencing results showed polymorphisms, variants with uncertain 

significance and unknown variants. After the analysis, there was no evidence that the 

nuclear variants represented a potential cause of the presented clinical phenotype of 

the patient (Table 3.1.2). 
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Table 3.1.1 Mitochondrial variants detected in the patient with severe optic neuropathy 
through the whole mitochondrial genome sequencing by NGS. 

 

  

Nucleotide 
Change 

Amino acid 
change 

Locus 
Previously 
described 

m.73A>G - HV2 Yes 
m.152T>C - HV2 Yes 
m.263A>G - HV2 Yes 
m.709G>A - MT-RNR1 (12S) Yes 
m.750A>G - MT-RNR1 (12S) Yes 
m.930G>A - MT-RNR1 (12S) Yes 

m.1438A>G - MT-RNR1 (12S) Yes 
m.1888G>A - MT-RNR2 (16S) Yes 
m.2706A>G - MT-RNR2 (16S) Yes 

m.4216T>C Y304H MT-ND1 Yes 
m.4769A>G Syn (M100M) MT-ND2 Yes 
m.4917A>G N150D MT-ND2 Yes 
m.5147G>A Syn (T226T) MT-ND2 Yes 
m.7028C>T Syn (A375A) MT-COI Yes 
m.8418T>C L18P MT-ATP8 No 
m.8697G>A Syn (M57M) MT-ATP6 Yes 
m.8860A>G T112A MT-ATP6 Yes 
m.9278C>T Syn (A24A) MT-COIII Yes 

m.10057T>C - MT-TG Yes 

m.10463T>C - MT-TR Yes 

m.11251A>G Syn (L164L) MT-ND4 Yes 
m.11719G>A Syn (G320G) MT-ND4 Yes 
m.11812A>G Syn (L351L) MT-ND4 Yes 
m.13368G>A Syn (G344G) MT-ND5 Yes 
m.14233A>G Syn (D147D) MT-ND6 Yes 
m.14766C>T T7I MT-CYB Yes 
m.14836A>G Syn (W30W) MT-CYB Yes 
m.14905G>A Syn (M53M) MT-CYB Yes 
m.15326A>G T194A MT-CYB Yes 
m.15452C>A L236I MT-CYB Yes 

m.15607A>G Syn (K287K) MT-CYB Yes 

m.15928G>A - MT-TT Yes 

m.16126T>C - HV1, D-loop Yes 
m.16294C>T - HV1 Yes 
m.16304T>C - HV1 Yes 
m.16519T>C - D-loop Yes 
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Table 3.1.2 Variants selected after filtering the exome results for variant calling and low 
frequency (<1%). 

Gene 
Sequence 
variation 

Amino 
acid 

change 
dbSNP ID Zygosity 

Clinical 
Significance 

HSPG2 c.8685G>C p.A2869P 139838884 Heterozygous Unknown 

HSPG2 c.6624G>A p.A2182T 143109401 Heterozygous Unknown 

TCAF2 c.876C>T p.R265W 62486260 Homozygous Unknown 

MT-ATP8 m.8418T>C p.L18P - Homoplasmic Unknown 

 

3.1.3.2 Transcript and protein levels assessment point to a significant decrease in 

the ATP synthase protein 8 subunit of CV 

In order to verify whether the ATP synthase protein 8 is destabilized by the 

present variant, transcript and protein levels were determined. The transcript level 

was similar to controls (p=0.5495) (Figure 3.1.1A), but the protein levels were 

significantly decreased compared to controls (**p= 0.0015) (Figure 3.1.1B). 

 

 

 

 

 

 

 

 

Figure 3.1.1 - Mitochondrial ATP8 transcript and A6L protein level quantification in patient’s 
fibroblasts. (A) Transcript level was evaluated from three independent RNA extractions and 
cDNA synthesis, in triplicate for each sample, normalised to the mean of the housekeeping 
genes HMBS and TBP. Data is representative of the mean±SEM, analysed with unpaired 
Student’s t-test. (B) A6L protein levels were normalised to citrate synthase (CS). Results are 
representative of three independent determinations, run in duplicate, and presented as the 
mean±SEM. Statistical significance was determined by Mann-Whitney test, **p<0.01. 

 



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

70 
 

3.1.3.3 Complex I and V fully assembled are impaired  

Concerning the assembly of MRC complexes (Figure 3.1.2A), a statistical significant 

reduction was verified for the fully assembled CI and V (*p=0.0188 and **p=0.0010, 

respectively) in comparison to controls (Figure 3.1.2B and E, respectively). The CIII and 

CIV analysis did not present statistical significant alterations (Figures 3.1.2C and D, 

respectively). 

 

Figure 3.1.2 - Quantification of the fully assembled complexes of MRC in fibroblasts of 
controls and patient with m.8418T>C. Error bars are representative of the mean±SEM based 
on at least three independent experiments in duplicates. (A) Native electrophoresis followed 
by Western-blot analysis for complexes I to V in controls and patient, represented by P; (B) 
Relative level of fully assembled CI, Mann-Whitney test: *p=0.0188; (C) Relative level of fully 
assembled CIII; (D) Relative level of fully assembled CIV; (E) Relative level of fully assembled 
CV, unpaired Student’s t-test, **p=0.0010. 

 

3.1.3.4 OXPHOS activity is impaired and intracellular ATP levels are decreased 

Assessment of MRC enzymatic activities revealed that in patient’s fibroblasts, 

when compared to the controls, complexes I, II and IV activities were not affected 

(Figures 3.1.3B-C and E), in contrast to the CIII activity that was diminished (49.5% in 

relation to controls, *p=0.0234) (Figure 3.1.3D). Moreover, a significant decrease in CV 

activity (36% in comparison to control, **p=0.0078) was observed (Figure 3.1.3F). 
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Concerning the intracellular ATP levels, these were significantly decreased 

(*p=0.472) in patient’s fibroblasts, in comparison with the controls (Figure 3.1.3I). 

 

 

 

Figure 3.1.3 - Mitochondrial enzymatic activity and ATP levels in patient and controls of (A) 
citrate synthase, (B) CI; (C) CII; (D) CIII, Mann-Whitney test (*p=0.0234); (E) CIV; (F) CV, 
Unpaired t-test (**p=0.0010); (G) segment I+III, Mann-Whitney test (*p=0.0142); (H) segment 
II+III. Data are presented as the mean±SEM from at least three independent measurements; (I) 
Intracellular ATP levels determination in patient harbouring the m.8418T>C variation and 
controls (*p=0.0472). Results are derived of three independent measurements, run in 
triplicate. 
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3.1.3.5 OCR and ECAR evaluation indicated a decrease in ATP production and 

increase in glycolysis 

OCR and ECAR were evaluated in cells of the patient and controls using Seahorse 

Bioscience technologies, allowing the evaluation of important bioenergetics 

parameters (Figure 3.1.4). In accordance with the OCR evaluation, mitochondrial 

respiration of patient’s cells was deteriorated (Figure 3.1.4A), showing reduced ATP 

production (Figure 3.1.4G). 

In order to compensate the reduced mitochondrial ATP production, glycolysis and 

the glycolytic capacity were significantly increased (**p=0.0028 and *p=0.0424, 

respectively) (Figure 3.1.4H and I, respectively). The glycolytic reserve presented 

similar results of controls’ values (Figures 3.1.4J). 
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Figure 3.1.4 - Respiration rate and glycolytic function measured by Seahorse Bioscience® 
technology. Errors bars represent the standard error of mean based on three independent 
experiments in triplicates. (A) Mitochondrial respiration profile; (B) Acidification profile; (C) 
Basal respiration; (D) Maximal respiration; (E) Proton leak; (F) Spare respiratory capacity; (G) 
ATP production, Mann-Whitney test, *p=0.0151; (H) Glycolysis, Mann-Whitney test, 
**p=0.0028; (I) Glycolytic Capacity, Mann-Whitney test, *p=0.0424; (J) Glycolytic reserve. 
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3.1.3.6 Mitochondrial membrane potential evaluation showed hyperpolarization 

Accumulation of rhodamine 123 probe in polarized mitochondria allowed the 

detection of significant changes in ∆Ψm of patient’s cells, compared to control group. 

After the inhibition of complex I and III activities with rotenone and antimycin A, 

respectively, an increase of fluorescence was observed, which was further significantly 

increased after addition of FCCP (***p=0.0008 and **p=0.0019, respectively). The 

increase in fluorescence was more pronounced in patient’s cells than in control (Figure 

3.1.5A and B). Similar results were obtained after simulation of the maximal 

depolarization (oligomycin plus FCCP), where the difference between patient and 

controls was even more significant (***p=0.0002) (Figure 3.1.5C). A higher retention of 

rhodamine 123 in patient’s fibroblasts highly suggests mitochondrial membrane 

hyperpolarization. 
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Figure 3.1.5 - Mitochondrial membrane potential in fibroblasts of patient and controls. 
Membrane potential evaluation after (A) CI inhibition with rotenone followed by uncoupling 
with FCCP (left), represented by the difference between the basal and rotenone plus FCCP- 
induced levels of rhodamine123 (***p=0.0008) (right); (B) CIII inhibition with antimycin-A 
followed by uncoupling with FCCP (left), represented by the difference between the basal and 
antimycin A plus FCCP-induced levels of rhodamine123 (**p=0.0019) (right); (C) CV inhibition 
with oligomycin followed by uncoupling with FCCP (left), represented by the difference 
between the basal and oligomycin plus FCCP-induced levels of rhodamine123 (***p=0.0002) 
(right); Data are presented as the mean±SEM based on three independent measurements in 
triplicates. Statistical significance was evaluated by Unpaired Student’s t-test. 

 

3.1.3.7 Superoxide anion production increased upon inhibition of complex I 

Mitochondrial O2
•- basal levels were not changed in patients’ cells when compared 

to control values (Figure 3.1.6A). However, a significant increase in superoxide 

production was observed after the addition of rotenone (*p=0.0351) (Figure 3.1.6B). 

Otherwise, the complex III inhibition did not affect the O2
•- production (Figure 3.1.6C). 
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Figure 3.1.6 - Levels of superoxide anion production in fibroblasts of patient harbouring the 
m.8418T>C and controls. (A) Basal levels of superoxide anion; (B) Superoxide anion levels after 
inhibition of CI with rotenone (*p=0.0351); (C) Superoxide anion levels after inhibition of CIII 
with antimycin A. Results are from three independent measurements in triplicates. Errors bars 
represent the mean±SEM and the statistical significance was verified by unpaired Student’s t-
test, ***p<0.0001. 

 

3.1.3.8 Ultrastructural and morphological investigation 

In the images obtained by TEM (Figure 3.1.7), the comparison between controls’ 

(Figure 3.1.7A-C) and patient’s fibroblasts (Figure 3.1.7D) disclosed rough endoplasmic 

reticulum (RER) morphology alterations, namely a marked dilation was detected in the 

patient. Regarding the mitochondrial morphology, no visible changes were observed. 

Moreover, the presence of Golgi apparatus was rarely detected in patient’s cells. 
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Figure 3.1.7 - Study of primary fibroblasts by transmission electron microscopy. 
Ultrastructural aspects of (A) Control 1, (B) Control 2, (C) Control 3, (D) Patient. Dilation of RER 
in patient’s cells is assigned with arrows. G – Golgi, M – Mitochondrion, RER – Rough 

Endoplasmic Reticulum. Scale bar: 1 µm. 

 

3.1.4 Discussion 

Alterations in the content, structure and function of human ATP synthase have 

been associated with severe pathological conditions (hypertrophic cardiomyopathy, 

cerebellar ataxia, neuropathy, diabetes mellitus, sensorineural hearing impairment, 

and hypergonadotropic hypogonadism), resulting in mitochondrial disorders, as 

previously reported173–175,304. 

In this case report, the exome and whole mitochondrial genome analysis confirm 

the presence of a novel mtDNA alteration in the MT-ATP8 gene (m.8418T>C, 

p.Leu18Pro) in the patient’s DNA samples. The sequence variation was detected in 

homoplasmy in blood and dermal fibroblasts. Accordingly, and reinforcing our results, 

the sequence variation was not detected in the 5140 human mitochondrial genomes 

presented in the mtDNA-GeneSyn tool310. These data suggest that the novel variant 
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does not occur in the general population and provides further evidence for its possible 

pathogenicity. 

Besides, the sequence variation changes the aliphatic amino acid Leucine to 

Proline, a cyclic amino acid, in a transmembrane domain; this may cause abnormal ATP 

synthase protein 8 structure. Moreover, the majority of the mutations detected in the 

other mitochondrial gene of ATP synthase (MT-ATP6) alters Leucine to Proline on 

subunit 6, causing a range of mitochondrial diseases311–313. An attractive hypothesis is 

that mutations in these residues modify proton movement indirectly by changing the 

secondary structure314. Additionally, the sequence variation under study is present in a 

conserved position and it was predicted to be deleterious by five freely available 

bioinformaticss tools, as previously described by our group228. 

Since the transcript level of MT-ATP8 gene was not affected (Figure 3.1.1A), it is 

likely that post-translational mechanism, including increased proteolysis, lead to ATP 

synthase protein 8 reduction to less than 50% of controls levels (Figure 3.1.1B). A 

mechanism of quality control involved in the correction of translation defects in 

mitochondria has been described, which is composed by chaperones that interact with 

unfolded and misfolded proteins, and recruit these proteins to a mitochondrial 

protease complex for degradation57. Therefore, one hypothesis is that structural 

changes of ATP synthase protein 8 are causing protein degradation by the protein 

quality control machinery in mitochondria. 

In addition, the CV fully assembled is approximately 50% of control value (Figure 

3.1.2E), which is in accordance with the ATP synthase protein 8 quantification (Figure 

3.1.1B). It is not totally clear how ATP synthase is assembled in human mitochondria. 

However, recent studies have suggested that the pore-forming complex, composed by 

the c-ring and the subunit 6, is assembled in the last step, in order to avoid a proton 

efflux and simultaneously the dissipation of the mitochondrial membrane potential 

without ATP synthesis82,83,86,302. Moreover, the two mitochondrial encoded subunits of 

ATP synthase (6 and 8) are proposed to be assembled together in the membrane in 

this final step, when the subunit 6, in close arrangement with the c-ring, constitute an 

integral membrane proton channel, and the subunit 8 provide a physical link between 

the proton channel and the stator. Consequently, the 6 and 8 subunits have a very 

important role in the structural stabilization of the ATP synthase holocomplex82,83,86,302. 
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Furthermore, the association of the two subunits seems to be essential to stabilize the 

formation of dimers, through the link of accessory subunits (e and g)302. Accordingly, it 

seems reasonable to suggest that the reduction in the assembly of holocomplex V can 

be ascribed to a decrease in the 8 subunit. This consequence, and the fact that 

subunits 6 and 8 are assembled together, could cause changes in F0 function, leading 

to inhibition in the transport of protons from the intermembrane space to the matrix. 

In addition, blocking of proton transport creates a high protonic potential in the 

intermembrane space, causing mitochondrial membrane hyperpolarization (Figure 

3.1.5). Similar results were obtained for alterations in MT-ATP6 gene affecting subunit 

6220,303,315. 

The loss of F0 function restricts the F1 rotor movement and the activity of CV may 

be compromised. Accordingly, the biochemical evaluation of the MRC catalytic activity 

in patient’s fibroblasts demonstrated a deficit (37% of control values) in CV activity 

(Figure 3.1.3F). Currently, it is not clear how CV deficiency would affect the activity of 

other complexes, namely CIII, as presented in our study and reported by Ware and 

colleagues174. 

The final consequence of ATP synthase dysfunction in patient’s fibroblasts is a 

reduction in intracellular ATP levels (Figure 3.1.3I). In order to verify the general 

mitochondrial bioenergetics capacity, OXPHOS and glycolytic function were compared. 

As represented in Figure 3.1.4, the OXPHOS capacity to produce ATP (Figure 3.1.4G) is 

reduced as expected. Contrariwise, glycolysis and glycolytic capacity (Figure 3.1.4H and 

I) are significantly increased. These results suggest that the cells are trying to 

compensate the decrease in mitochondrial ATP production increasing glycolysis, even 

so this compensatory mechanism is not enough to reach the normal intracellular ATP 

levels. 

A predictable effect of impaired energy would be an increase in ROS production, 

since the electron transfer compounds in the respiratory chain become over-reduced. 

In this study, in the basal conditions, the MitoSox fluorescence was not altered in 

comparison to controls (Figure 3.1.6A). These results suggest unaltered levels of 

superoxide anion in skin fibroblasts of patient, similar to a recent study in a patient 

presenting mitochondrial syndrome with ataxia, peripheral neuropathy, diabetes 

mellitus, and hypergonadotropic hypogonadism, caused by a novel mutation in MT-
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ATP6/8 gene173. One cannot exclude that superoxide dismutase enzymes activity 

(Cu/Zn-SOD and Mn-SOD) might be up-regulated220, which may mask a possible slight 

increase in ROS production. However, the increase production of superoxide anion 

after the inhibition of complex I suggests an augmented susceptibility to generate 

excessive ROS in such conditions, what could be the case of retinal ganglion cells of 

patient. 

Since the formation and decay of supramolecular structures (oligomers) of ATP 

synthase are dynamic processes linked to formation and loss of cristae83,316, and 

because the subunit 8 seems to be essential to the stabilization of ATP synthase 

oligomerization82,302, the morphology of mitochondria was investigated by TEM. 

However, no dramatic changes were observed in mitochondrial ultrastructure, 

contrarily to RER cisternae (Figure 3.1.7D). Similarly, Signorini and colleagues described 

RER dilation in skin fibroblasts of patients presenting Rett Syndrome317. Recently, a 

network involving ER-mitochondria contact sites were reported to play a role in 

protein and lipid biogenesis, bioenergetics, membrane architecture and organellar 

dynamics318. According to other studies, decreased cellular ATP levels could lead to ER 

stress, defined as an accumulation of unfolded or misfolded proteins in ER lumen, that 

could cause ER dilation153,319. Therefore, mitochondrial dysfunction in patient’s 

fibroblasts may be an inducer of ER stress. It has been described that, under stress 

conditions, the contact sites between these two organelles amplify, triggering multiple 

and synergistic responses, namely autophagosome formation, apoptosis activation and 

a decrease in mitochondrial biogenesis153,154,320. Further investigation will be necessary 

in order to understand the impact of ER-mitochondria crosstalk in the pathophysiology 

of the disease. 

In conclusion, the present results are the first report to characterize the structural 

and functional role of p.Leu18Pro of the ATP synthase protein 8 of the human 

mitochondrial ATP synthase. In this study, we report a novel homoplasmic mutation 

m.8418T>C in the MT-ATP8 gene of a patient suspected of LHON. The mutation is 

possibly affecting the protein structure, causing protein degradation and impaired 

assembly of CV. Besides, hyperpolarization of mitochondrial membrane potential was 

demonstrated. The biochemical analysis showed decreased CV activity and ATP 

production, and increased glycolysis. Moreover, the reported ultrastructural changes 
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are to be considered as a new finding to be investigated in LHON disease. Additionally, 

the variant may be identified in other independent families with the same phenotype 

in order to reinforce the pathogenicity. 

Taken together, the results suggest that m.8418T>C is pathogenic, presenting a 

range of consequences to cells, affecting the bioenergetics and being the probable 

cause for disease pathogenesis in the P1. 

  





3.2 CASE REPORT II 

__________________________________________ 

Mitochondrial dysfunction in a lysosomal storage 

disorder: a spinocerebellar ataxia case report 
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Abstract 

Mutations in the SNX14 gene have been identified in association with 

spinocerebellar ataxia, autosomal recessive 20, a lysosomal storage disorder (LSD), 

affecting the lysosomal function, with impact on the recycling of cellular components. 

However, the mechanism leading to cell death remains unclear in this disorder. 

Recently, mitochondrial dysfunction has been implicated in LSDs. In the present study, 

a novel maternal inherited homoplasmic mtDNA variant (m.14771C>A) in MT-CYB was 

identified in a patient with spinocerebellar ataxia, autosomal recessive 20, in whom a 

homozygous mutation in the SNX14 gene was previously found. Other mutations 

causing mitochondrial diseases were excluded by NGS of the entire mtDNA and the 

nuclear panel Mitome500. The functional impact of the unclassified mtDNA variant 

was investigated in cultured fibroblasts of the patient, in order to clarify the 

mitochondrial involvement in this pathology. In silico analysis predicted that the 

sequence variation is likely pathogenic. The assessment of MTCYB protein level 

showed a significant decrease. There was an impairment in catalytic activity of 

mitochondrial respiratory chain complexes I, III and V. The evaluation of oxygen 

consumption revealed a respiration deficit, in agreement with the significant decrease 

of intracellular ATP levels detected. Concordantly, the mitochondrial membrane was 

depolarized. These results indicate mitochondrial dysfunction, strongly suggesting a 

possible deleterious role for the unclassified mtDNA variant identified. Multilamellar 

bodies had been previously identified in patient’s skin fibroblasts, corroborating the 

lysosomal dysfunction. The impact on the recycling of cellular components has been 

considered the main cause of the clinical phenotype. The clear evidence of 

bioenergetics dysfunction herein presented suggests an important contribution of 

mitochondrial impairment for the clinical manifestation, as recently described for 

other LSDs. 

 

Keywords: Spinocerebellar ataxia; mtDNA variant; bioenergetics dysfunction; 

lysosomal dysfunction. 
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3.2.1 Introduction 

OXPHOS diseases are a group of disorders with a heterogeneous clinical 

presentation, affecting several organs and tissues28,29,163. Therefore, the identification 

of a specific syndrome or phenotype is often difficult. In addition, lysosomal storage 

disorders (LSD) also present heterogeneous clinical manifestations, which can overlap 

with those observed in mitochondrial disorders321, as in the case of the patient in study 

(patient 2, P2). 

The patient’s phenotype included coarse face, relative macrocephaly, short 

stature, severe intellectual disability with absent speech, severe ataxia and cerebellar 

atrophy. Recently, the set of these clinical manifestations was designated as 

spinocerebellar ataxia, autosomal recessive 20 (OMIM: #616354)322, in association with 

SNX14 mutations323,324. The authors hypothesized that SNX14 gene product might be 

implicated in the recycling of cellular components in human cerebellar development 

and maintenance323, and that the SNX14 protein mediates the fusion of lysosomes 

with autophagosomes, consistent with a defect in autophagosome clearance324. 

Moreover, the activation of apoptosis in neural tissue was observed by the dramatic 

increase in caspase 3 signal, explaining the neuronal cell death occurring in the 

disease324. Accordingly, mutations in SNX14, being associated to a defect in the 

elimination of cellular components, would define these genetic abnormalities as the 

cause of this new LSD. However, the specific molecular mechanisms leading to 

neurodegeneration in LSDs are still not clear. 

Recently, the presence of mitochondrial dysfunction has been established in 

LSDs325, but the molecular mechanism underlying the association of lysosomal 

dysregulation and mitochondrial damage remains uncertain. On the other hand, there 

are evidences that mitochondrial damage may cause lysosomal dysfunction, suggesting 

a crosstalk between the two organelles326,327. 

Therefore, the present work aimed to investigate the functional impact of a novel 

mtDNA sequence variation (m.14771C>A) in the MT-CYB gene identified in a patient 

presenting spinocerebellar ataxia, autosomal recessive 20 (OMIM: #616354), 

harbouring a SNX14 mutation (c.2596C>T, p.Gln866*). 
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3.2.2 Samples and methods 

3.2.2.1 Case report 

The patient is a 16-year-old Portuguese female (P2) (Figure 3.2.1A, II6), followed at 

the Paediatric Hospital – Centro Hospitalar e Universitário de Coimbra (CHUC). Parents 

(Figure 3.2.1A, I1 and I2) are consanguineous (first cousins), healthy, with normal IQ. 

She and her healthy non-identical twin (Figure 3.2.1A, II7) are the youngest of seven 

siblings, two boys and five females. The older sister (Figure 3.2.1A, II3) presents a 

similar clinical phenotype. This family was analysed in detail322, allowing the definition 

of a novel spinocerebellar ataxia phenotype. According to the study, the mutation 

c.2596C>T in the SNX14 gene was identified in homozygosity only in the two affected 

sisters. Nevertheless, as the hypothesis of a mitochondrial disease was previously 

considered, the investigation has been carried out, allowing the identification of an 

unclassified mtDNA variant. 

Mitochondrial bioenergetics’ characterisation was further performed on skin 

fibroblasts from the patient and lymphocytes of the proband, the affected sister, and 

their parents. 

The DNA samples of 200 healthy subjects of the same ethnic background were 

used as controls. Skin biopsies from three Portuguese individuals without any clinical 

evidence of a mitochondrial disorder, collected in the context of other medical 

interventions, were used as control samples in the experiments of functional analysis. 

Informed consent was obtained from the participants, as recommended by the 

local Ethics Committee (CE-032/2014), following the Tenets of the Helsinki Declaration. 

 

3.2.2.2 Skin derived cultured fibroblasts 

Skin biopsy was collected in the hospital under local anaesthesia and the culture of 

fibroblasts was carried out as described in the case report I of this chapter (section 

3.1.2.2). 
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3.2.2.3 Molecular genetics screening 

The entire mitochondrial genome of patient’s DNA derived from fibroblasts and 

lymphocytes was sequenced using the NGS, as previously described307. Haplogroup of 

the patient was determined using the Haplogrep® tool308, based in mtDNA sequence 

variations detected. Automated Sanger sequencing analysis was performed according 

to the manufacturer’s instructions (3130 ABI Prism sequencing system), using BigDye® 

Terminator Ready Reaction Mix v3.1 (Applied Biosystems), for investigation of the 

mtDNA region (14420-14855) in DNA from patient’s fibroblasts and lymphocytes. The 

genetic screening of the 200 controls’ samples was carried out by the same method in 

order to verify the absence of the novel genetic variant. A screening for the 

m.14771C>A sequence variation using DNA from parents, the affected sister and the 

twin sister was also performed by Sanger sequencing. 

To analyse potential nuclear gene involvement, coding exons of 513 (Appendix) 

candidate genes related to mitochondrial structure and function (Mitome500) were 

hybridized with customized oligonucleotide probe library, captured and then massively 

sequenced using the HiSeq2000 platform (Illumina technology®). 

 

3.2.2.4 In silico Analysis 

The in silico analysis included the evolutionary conservation of the MT-CYB gene 

and MTCYB amino acid sequence from different species [human (Homo Sapiens, 

NC_012920), chimpanzee (Pan troglodytes, NC_001643), bonobo (Pan paniscus, 

NC_001644), orangutan (Pongo pygmaeus, NC_001646), gorilla (Gorilla gorilla, 

NC_001645), mouse (Mus musculus, NC_005089), rat (Rattus norvegicus, NC_001665), 

bovine (Bos taurus, NC_006853), chicken (Gallus gallus, NC_001323), frog (Xenopus 

laevis, NC_001573), urchin (Strongylocentrotus purpuratos, NC_001453) and fruit fly 

(Drosophila melanogaster, NC_001709)] using ClustalOmega|EBI®328. In addition, the 

impact of the amino acid substitution in protein function was predicted by five 

bioinformatics tools: PolyPhen® v2329, SIFT®330, Mutation Assessor®331, Provean®332 and 

PredictProtein®333. 
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3.2.2.5 Quantification of MT-CYB mRNA levels 

RNA from controls and patients’ fibroblasts was obtained with RNeasy Mini Kit 

(Qiagen) and the transcription of RNA into cDNA was performed using a High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems), according to the manufacturer’s 

protocol, as described in the section 3.1.2.4 of the case report I. Also, cDNA of patient 

was sequenced in order to verify the presence of the novel sequence variation 

previously found. 

The cDNA from patient’s sample and three controls was amplified in a 7500 Fast 

Real-Time PCR system (Applied Biosystems, USA), using the MT-CYB TaqMan gene 

expression assay (Applied Biosystems), the TBP and HMBS TaqMan gene expression 

assays (Applied Biosystems) as housekeeping genes, as previously determined in the 

section 3.1.2.5 of the chapter 3.1, and the TaqMan Universal Master Mix II (Applied 

Biosystems), following the manufacturer’s protocol. 

The qPCR reactions were performed in triplicate, using three independent cDNAs 

from each sample. Quantification of MT-CYB mRNA levels was obtained using the 2-∆∆Ct 

method, where ∆Ct = Ctmt-CYB – CtHMBS and TBP mean and ∆∆Ct = ∆Ctsample - ∆CtControl. 

 

3.2.2.6 Detection of MTCYB protein levels 

Human primary fibroblasts were grown to confluence, and scraped from the 

culture flasks for obtaining the mitochondrial-enriched fraction, after a series of 

centrifugations, as previously described in case report I of this chapter (section 

3.1.2.6). 

Samples were analysed by SDS-PAGE according to a method previously 

described309. Total protein content of mitochondria-enriched fractions was quantified 

using the Bradford method, and 30μg of total protein were loaded per lane into a 10% 

polyacrylamide gel. After electrophoresis, proteins were electrotransferred (Mini 

PROTEAN® tetra cell system, BioRad) to PVDF membranes (Hybond P 0.5μm, 

Amersham) for 2 h at 0.75A, at 4ºC. After the blocking step, membranes were 

incubated overnight, at 4ºC, with mouse monoclonal anti-human HSP60 (Millipore) at 

1:1,000, or rabbit polyclonal anti-human CYB (sc-84231, Santa Cruz Biotechnology) at 

1:200. Then, membranes were incubated with the appropriate HRP-conjugated 
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secondary antibody solution (1:5,000, Bio-Rad) for 90 min at room temperature. 

Membranes were incubated with chemiluminescence substrate (Clarity Western ECL 

Substrate, Bio-Rad) and detection was carried out using the VersaDoc Imaging System 

3000 (Bio-Rad). Protein band intensities were calculated by using Quantity One® 1-D 

software (Bio-Rad) from at least 3 independent experiments, with values expressed as 

mean±SEM. Relative quantification of MTCYB subunit was performed using HSP60 as 

the normalising protein. 

 

3.2.2.7 MRC enzymatic activity evaluation 

Catalytic activity of MRC complexes and segments was performed for patient’s 

fibroblasts, as previously described and the results were corrected to citrate synthase 

activity, used as a mitochondrial reference enzyme107. 

 

3.2.2.8 Mitochondrial respiratory rate and glycolytic activity evaluation 

OCR and ECAR were measured in fibroblasts of patient and three controls using a 

XF24 Extracellular Flux Analyser (Seahorse Bioscience, Billerica, MA, USA), as 

previously described in the section 3.1.2.10 of the case report I (chapter 3.1). 

 

3.2.2.9 ATP levels measurement 

Intracellular ATP levels were measured in patient’s and control’s fibroblasts by 

using the luciferin/luciferase assay with ATPlite kit (Perkin Elmer), according to the 

manufacturer’s instructions with minor modifications described previously in the 

section 3.1.2.9 of the case report I. ATP concentration, using an ATP standard curve, 

was normalised to the protein content. 

 

3.2.2.10 Analysis of mitochondrial membrane potential 

Mitochondrial membrane potential was determined using the cationic fluorescent 

probe Rhodamine 123 (Molecular probes, Invitrogen), which accumulates mostly in 

polarized mitochondria. The variation of rhodamine 123 retention was studied as in 
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the case report I (section 3.1.2.11), in order to estimate changes in ∆Ψm. Results were 

expressed as the difference between the basal fluorescence values and the increase of 

Rhodamine 123 fluorescence levels upon addition of mitochondrial complexes 

inhibitors or uncoupler FCCP, normalised to protein content. 

 

3.2.2.11 Measurement of mitochondrial superoxide anion 

The mitochondrial O2
•- basal levels and mitochondrial O2

•- production after CI or 

CIII inhibition were measured in fibroblasts from controls and patient using the 

fluorescent probe MitoSOX Red (Molecular Probes, Invitrogen), as described in the 

case report I (section 3.1.2.12). 

The values were obtained as RFU (relative fluorescence units) per min, per mg of 

protein, for each condition and then normalised to the basal (untreated) conditions. 

 

3.2.2.12 Transmission electron microscopy 

TEM procedure was performed as described in the case report I (section 3.1.2.13) 

of this chapter. 

 

3.2.2.13 Statistical analysis 

Results were analysed using GraphPad Prism® software version 5.0 for Windows, 

San Diego, California, USA. Normality tests were applied in order to verify the Gaussian 

distribution of the results. Statistical significance of differences between patient and 

controls was assessed by a Student’s t-test (or nonparametric Mann-Whitney test). 

Results of the statistical significance are represented as *p≤0.050, **p≤0.010 and 

***p≤0.001. 
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3.2.3 Results 

 

3.2.3.1 Genetic screening revealed an unclassified mtDNA variant 

The analysis of the entire mitochondrial genome by NGS revealed previously 

reported polymorphisms and a novel homoplasmic sequence variation in the MT-CYB 

(m.14771C>A, p.Pro9Thr; ClinVar accession number: SCV000492501) (Table 3.2.1) in 

patient’s fibroblasts and lymphocytes. A previous analysis allowed determining that 

the patient belongs to the haplogroup H3+152. 

 

Table 3.2.1 Mitochondrial variants detected in the patient through the NGS for whole 

mitochondrial genome 

Nucleotide Change 
Amino acid 

change 
Locus 

Previously 
described 

m.152T>C - HV2, OH Yes 
m.263A>G - HV2 Yes 
m.750A>G - MT-RNR1 (12S) Yes 

m.1438A>G - MT-RNR1 (12S) Yes 
m.4769A>G Syn (M100M) MT-ND2 Yes 
m.6776T>C Syn (H291H) MT-COI Yes 

m.7391T>C Syn (Y496Y) MT-COI Yes 

m.8860A>G T112A MT-ATP6 Yes 
m.13635T>C Syn (G433G) MT-ND5 Yes 
m.14771C>A P9T MT-CYB No 
m.15326A>G T194A MT-CYB Yes 
m.15608C>T Syn (L288L) MT-CYB No 
m.16519T>C - D-Loop Yes 

 

 

Sanger sequencing of the mtDNA region of interest (14420-14855) confirmed the 

presence of the variant (m.14771C>A) in DNA from lymphocytes (Figure 3.2.1B, II6 .a) 

and skin fibroblasts (Figure 3.2.1B, II6 .b), as well as in cDNA from fibroblasts of patient 

(Figure 3.2.1B, II6 .c). The same alteration was detected in homoplasmy in DNA from 

lymphocytes of parents (Figures 3.2.1B I1 and I2), and the two sisters, affected (Figure 

3.2.1B, II3) and unaffected twin (Figure 3.2.1B, II7). However, the sequence variation 

was absent in the 200 controls screened (data not shown). 
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The Mitome500 panel allowed the identification of novel nuclear variants in 

heterozygosity without relevance (Table 3.2.2). 

The evaluation of evolutionary conservation shows that the nucleotide and the 

amino acid are 100% conserved in the different species (Figure 3.2.1C-D, respectively). 

PolyPhen®, SIFT®, MutationAssessor® and Provean® predict that the variant, 

p.Pro9Thr, is likely deleterious. PredictProtein® foresees that the variation is located in 

a helix α conformation, being an exposed residue. 

 

Table 3.2.2 List of the sequence variations detected in nuclear genes in patient’s samples, 
after filtering for variant calling and excluding known polymorphisms. 

      
Gene 

Sequence 
variation 

Amino acid 
change 

NCBI 
ClinVar 

% allele 
mutant 

Clinical 
Significance 

COX5A c.115C>G p.R39G rs200811470 47.01 Unknown 
GBE1 c.839G>A p.G280D rs28763902 46.81 Likely benign 

MARS2 c.369G>T p.Q123H - 47.96 Unknown 
PGM1 c.794A>G p.N265S - 51.77 Unknown 

SLC37A4 c.594A>T p.N198I rs34203644 42.60 Likely benign 
SUCLG2 c.832G>A p.D278N rs200619917 44.28 Unknown 
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Figure 3.2.1 - Detection of m.14771C>A, MT-CYB. (A) Pedigree of the family in study showing 
the percentage of the novel sequence variation in tested individuals. The arrow indicates the 
proband (patient 2); (B) Electropherograms showing the m.14771C>A variant in DNA from 
patient’s (II6 .a) lymphocytes, (II6 .b) skin fibroblasts, (I1) father’s lymphocytes, (I2) mother’s 
lymphocytes, (II3) affected sister’s lymphocytes, (II7) unaffected twin-sister’s lymphocytes, and 
(II6 .c) cDNA from patient’s fibroblasts; (C) Evolutionary conservation of the nucleotide 
position m.14771 in MT-CYB gene; (D) Evolutionary conservation of the amino acid position 9 
in MTCYB protein. 
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3.2.3.2 Decreased protein levels of MTCYB subunit of CIII 

The levels of MT-CYB transcript and protein were analysed in order to verify the 

impact of the novel variant detected in MT-CYB gene. The transcript levels were similar 

to those obtained for controls (Figure 3.2.2A), but the protein levels were significantly 

decreased (**p=0.004) (Figure 3.2.2B). 

 

 

 

 

 

 

 

 

 

Figure 3.2.2 - Mitochondrial cytochrome b transcript and protein levels quantification in 
patient’s fibroblasts. (A) Transcript level was evaluated from three independent RNA 
extractions and cDNA synthesis, in triplicate for each sample, normalised to the mean of the 
housekeeping genes HMBS and TBP. Data is representative of the mean±SEM, analysed with 
unpaired Student’s t-test. (B) MTCYB protein level normalised to HSP60. Results are 
representative of three independent procedures in duplicate, presented as the mean±SEM. 
Statistical significance was determined by Mann-Whitney test, **p=0.004. 

 

3.2.3.3 Reduced OXPHOS activity and decreased ATP levels  

Assessment of mitochondrial respiratory chain enzymatic activities in patient’s 

fibroblasts revealed a significant reduction of CI (**p=0.0016) and CV (*p=0.018) 

activities (Figure 3.2.3B and F). Also, CIII activity was significantly decreased (49% in 

comparison to controls) (Figure 3.2.3D), in contrast to complexes II, IV and segments 

I+III and II+III activities that were normal, when compared to the controls 

(Figure3.2.3C, E and G-H). 
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Figure 3.2.3 - Mitochondrial enzymatic activity in fibroblasts of patient and controls of (A) 

Citrate Synthase, (B) Complex I (**p=0.0016); (C) Complex II; (D) Complex III (*p=0.0314); (E) 

Complex IV; (F) Complex V (*p=0.018); (G) Segment I+III; (H) Segment II+III. Data are presented 

as the mean±SEM from at least three independent measurements. Statistical significance was 

determined by Mann-Whitney test. 

 

 

In accordance with the OCR evaluation (Figure 3.2.4A), the basal mitochondrial 

respiration of patient’s cells presents a significant decrease (***p=0.0006) (Figure 

3.2.4C), showing that the ATP produced using the oxygen consumption is statistically 

reduced (***p<0.0001) (Figure 3.2.4G). Also, the stimulation of maximal respiration 

reveals a reduced capacity in patient’s cells (***p=0.0009) (Figure 3.2.4D). 

Glycolytic function was evaluated through the extracellular acidification (Figure 

3.2.4B), showing that glycolysis, glycolytic reserve and capacity are significantly 

increased (**p=0.0019, **p=0.0930, and *p=0.0213, respectively) (Figure 3.2.4H-J), in 

order to compensate the reduced mitochondrial respiration. 

Intracellular ATP levels measurement revealed a significant decrease 

(***p<0.0001) in patient’s fibroblasts (Figure 3.2.4K). 

 

  



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

98 
 

Figure 3.2.4 - Bioenergetics parameters. Error bars represent the standard error of mean 
based on three independent experiments in triplicates. (A) Mitochondrial respiration profile; 
(B) Acidification profile; (C) Basal respiration (Unpaired Student’s t-test, ***p=0.0006); (D) 
Maximal respiration (Mann-Whitney test, ***p=0.0009); (E) Spare respiratory Capacity; (F) 
Proton leak; (G) ATP production (Unpaired Student’s t-test, ***p<0.0001); (H) Glycolysis 
(Mann-Whitney test, **p=0.0019); (I) Glycolytic capacity (Mann-Whitney test, *p=0.0213); (J) 
Glycolytic reserve (Mann-Whitney test, **p=0.0093); (K) Intracellular ATP level (Mann-Whitney 
test, ***p<0.0001). 
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3.2.3.4 Decreased mitochondrial membrane potential  

Accumulation of rhodamine 123 probe in polarized mitochondria allowed the 

detection of significant changes in ∆Ψm of patient’s cells, compared to control group. 

After inhibition of complexes I and III with rotenone and antimycin A, respectively, an 

increase in fluorescence was observed, more significant after the addition of FCCP 

(Figure 3.2.5A-B). The increase in fluorescence was more pronounced in control’s cells 

than in patient’s cells, especially after the inhibition of CI plus FCCP (*p=0.0318) (Figure 

3.2.5A). Similar results were obtained after simulation of the maximal depolarization 

(with oligomycin plus FCCP), where the difference between patient and controls was 

also significant (*p=0.0478) (Figure 3.2.5C). 

These results indicate mitochondrial membrane depolarization in patient’s 

fibroblasts. 
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Figure 3.2.5 - Mitochondrial membrane potential measurements in fibroblasts of patient and 
controls. (A) Uncoupling with FCCP after complex I inhibition with rotenone (left), graphical 
representation of the difference between the basal and rotenone plus FCCP-induced levels of 
rhodamine123 (*p=0.0318) (right), (B) Complex III inhibition followed by uncoupling with FCCP 
(left), graphical representation of the difference between the basal and antimycin A plus FCCP-
induced levels of rhodamine123 (right) (C) Complex V inhibition followed by uncoupling with 
FCCP (left), graphical representation of the difference between the basal and oligomycin plus 
FCCP-induced levels of rhodamine123 (*p=0.0478) (right). Data are presented as the 
mean±SEM based on three independent measurements in triplicates. Statistical significance 
was evaluated by unpaired Student’s t-test. 
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3.2.3.5 Increased production of mitochondrial superoxide anion 

Mitochondrial O2
•- basal levels were decreased in patients’ cells when compared 

to control values (***p<0.0001) (Figure 3.2.6A). However, a significant increase in 

mitochondrial superoxide anion levels was observed, after addition of rotenone to 

inhibit CI activity (*p=0.0367) or antimycin A to inhibit CIII (***p<0.0001) (Figure 

3.2.6B-C), suggesting that further decrease in these complexes activities is able to 

exacerbate the production of mitochondrial reactive oxygen species. 

Figure 3.2.6 - Superoxide anion levels in fibroblasts of patient with m.14771C>A variant and 
in controls. (A) Basal levels (***p<0.0001) or following (B) complex I inhibition with rotenone 
(*p=0.0367) or (C) complex III inhibition with antimycin A (***p<0.0001). Results derive from 
three independent measurements in triplicates. Errors bars represent the mean±SEM and the 
statistical significance was verified by unpaired Student’s t-test. 

 

3.2.3.6 Ultrastructural investigation showed abnormal cellular structures 

In the images obtained by TEM (Figure 3.2.7), the comparison between controls’ 

(Figure 3.2.7A) and patient’s (Figure 3.2.7B) fibroblasts disclosed the presence of 

several multilamellar bodies (MLB) in patient’s cells, but no visible changes were 

observed regarding mitochondrial morphology. 
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Figure 3.2.7 - Morphological study of primary fibroblasts by transmission electron 
microscopy. Ultrastructural aspects of (A) control and (B) patient. G – Golgi, M – 
Mitochondrion, RER – Rough Endoplasmic Reticulum, MLB – Multilamellar Bodies. Scale bar: 1 
µm. 

 

3.2.4 Discussion 

Mitochondrial cytochrome b is a highly conserved protein and the only one 

encoded by mtDNA in complex III. The conservation of the protein reflects its 

importance in mitochondrial energy production. Additionally, MTCYB is involved in the 

first step of CIII assembly79, and it is part of the catalytic redox core of this complex69. 

Therefore, mutations in this protein may affect the complex assembly or stability, or 

instead, inhibit the catalytic activity without impairing its assembly334. Indeed, several 

sequence variations are reported in MT-CYB gene related to diverse mitochondrial 

diseases, being exercise intolerance, mitochondrial myopathy, encephalomyopathy, 

optic neuropathy and hypertrophic cardiomyopathy the most frequent clinical 

manifestations (MITOMAP: A Human Mitochondrial Genome Database. 

http://www.mitomap.org, 2017). 

In the present work, an unclassified maternal inherited variant (m.14771C>A) in 

MT-CYB is reported in a patient with spinocerebellar ataxia (P2), autosomal recessive 

20 (OMIM: #616354). PredictProtein shows that p.Pro9Thr (MTCYB) variation is 

located in a helix α conformation and it is an exposed residue. However, proline is 

totally conserved in this position for the species analysed and, as proline is a cyclic and 

non-polar amino acid, the substitution for threonine, which is polar, could lead to 
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structural	
  consequences	
  in	
  the	
  protein,	
  since	
  the	
  hydroxyl	
  group	
  of	
  threonine	
  is	
  fairly	
  

reactive,	
   being	
   able	
   to	
   form	
   hydrogen	
   bonds	
   with	
   a	
   variety	
   of	
   polar	
   substrates.	
   In	
  

addition	
   to	
   structural	
   consequences,	
   others	
   in	
   silico	
   tools	
   used	
   to	
   predict	
   the	
  

pathogenicity	
  are	
  in	
  agreement,	
  revealing	
  scores	
  indicative	
  of	
  pathogenicity.	
  

The	
   determination	
   of	
   haplogroup	
   allows	
   to	
   verify	
   that	
   the	
   variant	
   is	
   not	
   a	
  

haplogroup	
   marker,	
   since	
   it	
   is	
   reported	
   in	
   GenBank	
   only	
   in	
   one	
   individual	
  

(KM101785.1)	
   that	
  belongs	
   to	
  a	
  different	
  haplogroup	
   (H5a)	
  of	
   the	
  patient	
  presented	
  

herein.	
  

In	
  order	
  to	
  verify	
  the	
  functional	
  impact	
  of	
  the	
  novel	
  variant,	
  transcript	
  and	
  protein	
  

levels	
  were	
  measured,	
   as	
  well	
   as	
   bioenergetics	
   parameters	
   evaluated.	
   As	
   predicted,	
  

the	
  variant	
  is	
  causing	
  a	
  significant	
  decrease	
  in	
  protein	
  levels,	
  and	
  the	
  catalytic	
  activity	
  

of	
   complex	
   III	
   is	
   significantly	
   reduced	
   (36%	
   of	
   control).	
   In	
   addition,	
   activities	
   of	
  

complexes	
   I	
   and	
   V	
   are	
   significantly	
   decreased,	
   showing	
   generalized	
   changes	
   in	
  

OXPHOS.	
   This	
   hypothesis	
   is	
   supported	
  by	
   the	
  decrease	
   in	
   basal	
   respiration,	
  maximal	
  

respiration	
  and	
  ATP	
  production	
  measured	
  through	
  oxygen	
  consumption	
  in	
  intact	
  cells.	
  

Moreover,	
   the	
   intracellular	
   ATP	
   content	
   is	
   significantly	
   decreased,	
   despite	
   the	
  

increased	
   glycolytic	
   flux,	
   which	
   may	
   try	
   to	
   compensate	
   the	
   energy	
   demand.	
  

Furthermore,	
   the	
   mitochondrial	
   membrane	
   is	
   depolarized	
   and	
   the	
   production	
   of	
  

superoxide	
  anion	
  is	
  significantly	
  increased	
  after	
  inhibition	
  of	
  complexes	
  I	
  and	
  III,	
  which	
  

are	
  deficient,	
   suggesting	
   that	
  a	
  more	
  pronounced	
  decline	
  of	
  activities	
  can	
   lead	
   to	
  an	
  

excessive	
   production	
   of	
   superoxide	
   anion,	
   and	
   consequently,	
   a	
   potential	
   increase	
   of	
  

damaged	
  proteins	
  and	
  nucleic	
  acids.	
  

Overall,	
   the	
   results	
   are	
   indicative	
  of	
  mitochondrial	
   dysfunction	
   in	
   patient’s	
   cells.	
  

Thus,	
  the	
  novel	
  mtDNA	
  variant	
  presented	
  in	
  this	
  study	
  seems	
  to	
  be	
  a	
  good	
  candidate	
  

for	
  mitochondrial	
  dysfunction	
  occurring	
  in	
  this	
  patient.	
  

Meanwhile,	
  the	
  recently	
  described	
  phenotype323	
  occurring	
  in	
  this	
  family	
  was	
  later	
  

identified	
   in	
   other	
   two	
   unrelated	
   consanguineous	
   families	
   with	
   similar	
   clinical	
  

phenotypes	
   and	
   different	
   mutations	
   in	
   the	
   SNX14	
   gene323.	
   Only	
   the	
   affected	
  

individuals	
  presented	
  the	
  mutations	
  in	
  homozygosity.	
  The	
  authors	
  have	
  identified	
  MLB	
  

in	
  all	
  patients	
  of	
  different	
  families,	
  similar	
  to	
  the	
  MLB	
  identified	
  in	
  the	
  present	
  study,	
  

and	
   a	
   granular	
   pattern	
   for	
   immunostaining	
   of	
   p62	
   in	
   skin	
   fibroblasts	
   of	
   patients,	
  

suggesting	
  a	
  defect	
  in	
  the	
  autophagy	
  pathway323.	
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Mutations in SNX14 have been associated to a defect in the elimination of cellular 

components324 causing this LSD; however, the specific molecular mechanisms leading 

to neurodegeneration in LSDs are still not clear. 

In the present study, we have demonstrated a mitochondrial dysfunction in skin 

fibroblasts of this patient harbouring a SNX14 pathogenic mutation causing 

spinocerebellar ataxia. This evidences corroborate the previously mentioned studies 

suggesting a crosstalk between mitochondria and lysosome325–327. We can argue that 

the mitochondrial dysfunction contributes for the patient’s phenotype, since energy 

production by OXPHOS is essential in all human tissues, especially during brain 

development and maintenance. 

The accumulation of p62 in patient’s cells323 corroborates the hypothesis that 

mitochondria are probably among the cellular components that are not being 

efficiently removed. In fact, p62 has been involved in selective degradation of 

depolarized mitochondria (mitophagy)336. As a consequence, defective mitochondria 

would accumulate within cells with lower capacity to produce ATP. The consequent 

excessive generation of ROS and calcium imbalance could cause the activation of 

apoptosis, and cell death. 

In summary, a defect in the elimination of damaged cellular components seems to 

be an important pathogenic mechanism in spinocerebellar ataxia, autosomal recessive 

20. The novel mitochondrial variant (m.14771C>A) found in patient 2 can be the trigger 

for mitochondrial dysfunction. Additionally, dysfunctional mitochondria, as other 

cellular components, cannot be correctly eliminated due to lysosomal dysfunction323. 

Our results proved a mitochondrial dysfunction occurring in spinocerebellar ataxia, 

autosomal recessive 20, as recently described in other LSDs, suggestive of a metabolic 

disease with bigenomic origin. This opens a new perspective on the molecular 

mechanisms underlying the LSDs. 

 

  



 

3.3. CASE REPORT III 

__________________________________________ 

Disclosing the functional changes of two genetic 

alterations in a patient with chronic progressive 

external ophthalmoplegia: report of the novel 

mtDNA m.7486G>A variant 
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Abstract 

Chronic progressive external ophthalmoplegia (CPEO) is characterized by ptosis 

and ophthalmoplegia and is usually caused by mtDNA deletions or mt-tRNA mutations. 

The aim of the present work was to clarify the genetic defect in a CPEO patient (P3) 

and elucidate the pathogenic mechanism. The patient presented ragged-red fibres, a 

mosaic pattern of COX-deficient fibres in muscle and combined deficiency of 

respiratory chain complexes I and IV. Genetic investigation revealed the "common 

deletion" in patient's muscle and fibroblasts. Moreover, a novel heteroplasmic mt-

tRNASer(UCN) variant (m.7486G>A) in the anticodon loop was detected in muscle 

homogenate ( 5̴0%), fibroblasts ( ̴11%) and blood ( 4̴%). Single-fibre analysis showed 

segregation with COX-deficient fibres for both genetic alterations. Assembly defects of 

mtDNA-encoded complexes were demonstrated in fibroblasts. Functional analyses 

showed significant bioenergetics dysfunction, reduction in respiration rate and ATP 

production, up-regulation of glycolysis and mitochondrial depolarization. Multilamellar 

bodies were detected by electron microscopy, suggesting disturbance in autophagy. In 

conclusion, we report a CPEO patient with two possible genetic origins, both 

segregating with biochemical and histochemical defect. The "common mtDNA 

deletion" is the most likely cause, yet the potential pathogenic effect of a novel mt-

tRNASer(UCN) variant cannot be fully excluded. 

 

Keywords: CPEO; mtDNA common deletion; mt-tRNA variant (m.7486G>A); 

bioenergetics dysfunction; translation defect. 
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3.3.1 Introduction 

Mitochondrial diseases are among the most heterogeneous disorders known to 

date, with respect to the mode of inheritance, clinical presentations, age of onset, and 

biochemical and genetic defects. One of the most common presentations of mtDNA-

associated disease in adulthood is chronic progressive external ophthalmoplegia 

(CPEO), which is characterized by progressive paralysis of the extraocular muscles 

(EOMs) leading to ptosis and impaired eye movement (ophthalmoplegia)337. 

CPEO is commonly caused by either primary mitochondrial genetic defects such as 

single, large-scale mtDNA deletions196,337–341 and mt-tRNA point mutations214,342–353, or 

multiple mtDNA deletions, which are secondary abnormalities due to primary 

mutations in nuclear genes responsible for the maintenance of mitochondrial genome 

integrity354,355. The single 4,977bp deletion, known as the “common deletion”, is 

present in one-third of the patients with Kearns-Sayre Syndrome (KSS)/CPEO and 

Pearson syndrome, and is the most frequent genetic defect found in patients with 

CPEO23,356. 

Muscle biopsies of CPEO patients typically comprise subsarcolemmal accumulation 

of abnormal mitochondria known as ragged-red fibres (RRF) and a mosaic pattern of 

COX-deficient fibres showing abnormal COX activity. The amount and tissue 

distribution of mutated mtDNA molecules are the most important factors in 

determining the clinical symptoms. Indeed, mitochondrial dysfunction occurs in a 

tissue when a critical number of mutated mtDNA accumulates and exceeds a 

biochemical threshold (threshold effect), which has been shown to vary for different 

types of mutation, namely 50-80% for single, large-scale mtDNA deletions and 70-95% 

for tRNA point mutations215,357. Currently, more than half of disease-related mtDNA 

point mutations have been reported within mt-tRNA genes that cause defective 

translation and, consequently, combined respiratory chain deficiency. While the size 

and exact breakpoints of mtDNA deletions are highly variable, any deletion that 

eliminates a mt-tRNA gene causes the same impairment of overall mitochondrial-

encoded proteins. 

Studies reporting single, large-scale mtDNA deletions have rarely provided 

functional evidences of the genetic defect317,339,341,358–362; therefore, deeper 

investigation regarding the affected cellular mechanisms is still needed. 
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The aim of the present work was to: (i) clarify the molecular genetic defect and (ii) 

elucidate which cellular mechanisms are affected in a CPEO patient (P3) that harbours 

a novel mt-tRNASer(UCN) variant (m.7486G>A, ClinVar accession number: SCV000492500) 

in addition to the “common deletion”. 

 

3.3.2 Samples and Methods 

 

3.3.2.1 Case report 

The patient 3 is a 62-year-old . Portuguese Caucasian female followed . at the 

Neurology Department of the Coimbra Hospital University Centre. The first clinical 

signs started at the age of 12 years old with slowly progressive ptosis of the right eyelid 

and later involvement of the other eyelid at the age of 45 years old. At this point, she 

was observed in the context of a corneal ulcer and complaints that she had “difficulties 

to maintain the eyes open”. The disease maintained a slow progression and she was 

diagnosed with CPEO at the age of 55 years old, with the neurological examination 

revealing severe bilateral eyelid ptosis, ophthalmoplegia and dysphonia. There was no 

reported family history of CPEO or any other mitochondrial disorder. 

Biological samples (peripheral blood, skin and muscle biopsies) were collected 

from the patient investigated in the present study during diagnostic laboratory 

investigation conducted at the Laboratory of Biochemical Genetics (LBG). 

The DNA samples of 200 adult healthy subjects of the same ethnic background 

were used as controls. 

Informed consent was obtained from the participants, as recommended by the 

local Ethics Committee (CE-032/2014), following the Tenets of the Helsinki Declaration. 

 

3.3.2.2 Histology, histochemistry and quadruple immunofluorescence in muscle 

Routine histological (Haematoxylin & Eosin – H&E, modified Gomori trichrome 

staining) and histochemical (cytochrome c oxidase [COX], succinate dehydrogenase 

[SDH], and sequential COX/SDH) analysis of the patient’s skeletal muscle was 

performed, by following standard methods213. 
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Quadruple immunofluorescence was performed on cryosectioned patient skeletal 

muscle (n=1,022) using antibodies detecting subunits of OXPHOS complexes: anti-

NDUFB8 for CI and anti-COXI for CIV, as described212. Mitochondrial mass was 

quantified using an antibody to Porin and the myofibre boundaries were labelled with 

the antibody to Laminin. 

Brightfield and fluorescent images were acquired using a Zeiss Axio Imager M1 

and Zen 2011 (blue edition) software, with a monochrome Digital Camera (AxioCam 

MRm) and filter cubes for Alexa Fluor dyes at 405nm (laminin), 488nm (COX-I), 546nm 

(porin) and 647nm (NDUFB8) wavelengths. Image analysis was performed using 

IMARIS software, allowing measurement of optical densities of different channels in 

single muscle fibres. Statistical analysis was performed as previously described 

whereby the Z_scores for COX-I, NDUFB8 and porin were derived using the standard 

values recorded in normal controls. 

 

3.3.2.3 Skin derived cultured fibroblasts 

Fibroblasts from skin biopsies of the patient and three healthy Portuguese 

individuals (control group), without clinical evidence of mitochondrial disease, were 

grown in complete medium supplemented with 20% FBS (Gibco, Life Technologies) and 

antibiotics, as in case report I (section 3.1.2.2). 

 

3.3.2.4 Genetic investigation in different tissues 

Total DNA was extracted from several tissues including blood, dermal fibroblasts 

and muscle homogenate according to standard protocols305,363. 

Individual COX-positive and COX-deficient muscle fibres were isolated by laser 

microcapture, using a PALM Laser Capture Microdissection system, and lysed to obtain 

total cellular DNA, as previously described364. The stained sections were then used for 

single-cell molecular analyses. 
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3.3.2.4.1 Whole mitochondrial genome sequencing 

The presence of sequence variants and rearrangements were detected by 

subjecting the patient’s mitochondrial genome to NGS in all available tissues, enriched 

by a single amplicon long-range PCR followed by massively parallel sequencing307, 

using the HiSeq2000 platform (Illumina technology). 

Haplogroup of patient was determined using the Haplogrep® tool308. 

 

3.3.2.4.2 Confirmation of the mt-tRNA novel sequence variation  

Automated Sanger sequencing analysis was performed, according to the 

manufacturer's instructions (3130 ABI Prism sequencing system), using BigDye® 

Terminator Ready Reaction Mix v3.1 (Applied Biosystems), for investigating the region 

7241-7644, in the available tissues of the patient. The genetic screening of the 200 

controls’ samples was carried out by the same method to check for the presence of the 

novel mtDNA sequence variation (m.7486G>A) detected in the patient. 

 

3.3.2.4.3 In silico analysis 

The in silico analysis included the evolutionary conservation of the MT-TS1 gene 

(mt-tRNASer(UCN)) from mtDNA of different species, according to the proposed 

consensus panel365 using ClustalOmega|EBI®328. The location of the m.7486G>A 

sequence variation in the cloverleaf structure of mt-tRNASer(UCN) was verified from 

Mamit-tRNA® database366. 

 

3.3.2.4.4 Screening for mtDNA rearrangements 

The presence of rearrangements in mtDNA was confirmed in DNA derived from 

muscle homogenate, using an established triplicate long PCR approach for multiple 

deletions and single deletion, amplifying approximately 10, 13 and 16 kb of the mtDNA 

in three separate reactions. For ~10kb amplification PCR forward-F (m.6122-6139) and 

reverse-R (m.16133-16153) primers were used. For ~13kb amplification PCR F 

(m.13965-13984) and R (m.129-110) primers were used and for ~16kb amplification 
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PCR F (m.1157-1167) and R (m.19-1) were employed. Cycling conditions were: 94ºC, 2 

min.; 35 cycles of 94ºC, 30 sec and 65ºC, 16 min; 72ºC,16 min. Amplifying PCR products 

were separated in 0.7% agarose gels. 

 

3.3.2.4.5 Single fibre studies 

The m.7486G>A mt-tRNA mutation load was assessed by pyrosequencing 

technology, in all available tissues and in individual COX-positive and COX-deficient 

muscle fibres. The PyroMark Assay Design Software v.2.0. (Qiagen) was used to design 

locus-specific PCR and sequencing primers for the m.7486G>A variant (biotinylated 

forward primer: m.7466-7485; reverse primer: m.7583-7600; sequence primer: 

m.7488-7502) and pyrosequencing was performed on the Pyromark Q24 platform, 

according to the manufacturer’s protocol. Pyromark Q24 software was used to 

quantify the m.7486G>A heteroplasmy levels by directly comparing the peak heights of 

both wild-type and mutant nucleotides at this position367. 

The multiplex MTND1/MTND4 real-time PCR assay was performed using DNA from 

individual COX-deficient and COX-positive isolated muscle fibres and muscle 

homogenate and the mtDNA deletion level was calculated from the proportion of wild-

type (MTND4) to total (MTND1) copy number by the established ∆∆Ct method368. PCR 

amplification was completed in a 25µl reaction in triplicate for each sample, with each 

plate containing a serial dilution of p7D1 plasmid for standard curve generation, as 

reported previously369. 

 

3.3.2.4.6 Nuclear panel investigation 

Mitome500 panel was performed by NGS, as described in the case report II 

(section 3.2.2.3), in order to identify possible alterations in nuclear genes encoding 

mitochondrial proteins. 

 

 



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

114 
 

3.3.2.5 Quantification of mt-tRNASer(UCN) steady-state level by high-resolution 

Northern blot 

The steady-state levels of mt-tRNASer(UCN) were determined using the RNA 

extracted from muscle specimens of the patient and unaffected controls by high-

resolution Northern Blot analysis, as described208, using probes for mt-tRNASer(UCN) and 

mt-tRNALeu(UUR). Following PhosphorImager analysis, the radioactive signal for the mt-

tRNASer(UCN) probe was normalised to the mt-tRNALeu(UUR) probe. 

 

3.3.2.6 MRC enzymatic activity evaluation 

Spectrophotometric determination of the catalytic activity of the MRC complexes 

and segments was performed as previously described107. 

 

3.3.2.7 Mitochondrial respiratory rate, glycolytic activity and intracellular ATP 

levels evaluation 

OCR and ECAR were measured in adherent fibroblasts with a XF24 Extracellular 

Flux Analyser (Seahorse Bioscience, Billerica, MA, USA) as described in the case report I 

(3.1.2.10) of this chapter. 

Intracellular ATP levels were measured in fibroblasts of patient and controls using 

the luciferin/luciferase assay with ATPlite kit (Perkin Elmer), according to the 

manufacturer’s instructions with minor modifications described in the section 3.1.2.9 

of the case report I. Determined ATP concentration, using an ATP standard curve, was 

normalised to the protein content. 

 

3.3.2.8 Analysis of mitochondrial membrane potential 

Mitochondrial membrane potential was determined as described in the section 

3.1.2.11 of the case report I in the chapter 3.1. 
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3.3.2.9 Determination of superoxide anion levels 

The measurement of superoxide anion levels was performed as described in the 

case report I (section 3.1.2.12). 

 

3.3.2.10 Relative quantification of MCR complexes 

Samples were processed according to the protocol described elsewhere224 with 

minor alterations described in the case report I, section 3.1.2.7. 

 

3.3.2.11 Transmission electron microscopy 

Muscle fibres from a fresh biopsy were fixed with 4% glutaraldehyde in 0.2M 

sodium cacodylate buffer (pH 7.2) for 4 h. After rinsing twice in the same buffer, fibres 

were post-fixed in 1% osmium tetroxide for 2 h. Following rinsing in buffer, samples 

were then dehydrated in a grade ethanol series (75-100%) before being embedded in 

Epoxy resin (Fluka Analytical). Semi-thin sections (2µm) were obtained and stained 

with toluidine blue for light microscopy in order to identify the area of interest. 

Fibroblasts were collected and centrifuged at 775 xg for 5 min. The supernatant 

was discarded and pellet cells were fixed with 2.5% glutaraldehyde in 0.1M sodium 

cacodylate buffer (pH 7.2) supplemented with 1mM calcium chloride for 2 h. Following 

rinsing in the same buffer, post-fixation was performed using 1% osmium tetroxide for 

1 h. After rinsing twice in buffer, and distilled water and, 1% aqueous uranyl acetate 

was added to the cells, for contrast enhancement during 1 h in the dark. After rinsing 

in distilled water, samples were dehydrated in a graded acetone series (30–100%), 

impregnated and embedded in Epoxy resin (Fluka Analytical). 

Finally, for both preparations, ultrathin sections (70nm) were mounted on copper 

grids (300 mesh) and stained with lead citrate 0.2%, for 7 min. Observations were 

carried out on a FEI-Tecnai G2 Spirit Bio Twin at 100kV and images were acquired using 

the software AnalySIS 3.2. 
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3.3.2.12 Statistical analysis 

Data were analysed using GraphPad Prism version software 5.00 for Windows, San 

Diego, California, USA. Normality tests were applied in order to assure the Gaussian 

distribution of the results. .Statistical analysis of the patient’s vs. controls’ results was 

assessed by a Student’s t-test (or nonparametric Mann-Whitney test). 

Statistical significance is represented as * for 0.050 ≥ p > 0.010, ** for 0.010 ≥ p > 

0.001 and *** for p ≤ 0.001. 

 

3.3.3 Results 

3.3.3.1 Histochemistry and quadruple immunofluorescence in muscle 

Histological and histochemical examination of cryosectioned patient skeletal 

muscle revealed the presence of approximately 10% RRF as a result of mitochondria 

subsarcolemmal accumulation (Figure 3.3.1A,B) and a significant proportion (40%-50%) 

of COX-deficient fibres (Figure 3.3.1C-E), being both usually used as biomarkers of 

mitochondrial dysfunction. Assessment by quadruple immunofluorescence (Figure 

3.3.2A) showed an equal down regulation (43%) of both CI and CIV levels in individual 

fibres (Figure 3.3.2B); the mitochondrial respiratory chain profile (Figure 3.3.2B) was 

similar to the profiles previously reported for single, large-scale deletion212. 
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Figure 3.3.1 - Histopathological features associated with mtDNA disease in patient’s skeletal 
muscle. (A) H&E staining showing general muscle morphology; (B) modified Gomori trichrome 
staining highlighting muscle RRF; (C) SDH staining, which reveals subsarcolemmal accumulation 
of mitochondrial activity; (D) COX-deficient fibres and COX-positive fibres; (E) sequential 
COX/SDH histochemistry emphasizing individual COX-deficient fibres which retain SDH activity. 
Scale bar: 100µm. 

 

 

Figure 3.3.2 - Mitochondrial respiratory chain profile in patient’s muscle biopsy. (A) 
Representative image of quadruple immunofluorescence (laminin – white (405nm), NDUFB8 – 
purple (647 nm), COX-I – green (488 nm) and porin – red (546 nm)) performed in patient’s 
muscle section. (B) Mitochondrial respiratory chain profile showing CI, CIV and porin levels in 
patient (n=1022 fibres). Each dot represents an individual muscle fibre color coded according 
to its mitochondrial mass (very low: blue, low: light blue, normal: light orange, high: orange 
and very high: red). Thin black dashed lines indicate the SD limits for the classification of fibres, 
lines next to x and y axis indicate the levels of NDUFB8 and COX-I respectively (beige: normal, 
light beige: intermediate(+), light blue: intermediate(-) and blue: negative), bold dashed lines 
indicate the mean expression level of normal fibres.  



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

118 
 

3.3.3.2 Genetic investigations in different tissues 

The entire mitochondrial genome analysis by NGS revealed previously reported 

polymorphisms and a novel heteroplasmic variant in the MT-TS1 gene (m. 7486G>A, 

mt-tRNASer(UCN), ClinVar accession number: SCV000492500) (Table 3.3.1) in the 

patient’s muscle homogenate (~90%), fibroblasts (~11%) and lymphocytes (~4%). 

Besides, a heteroplasmic single, large-scale deletion was detected in muscle 

homogenate and fibroblasts of patient, but not in blood, with the sequence 

breakpoints determined as 8482-13447, corresponding to the “common deletion”. 

 

Table 3.3.1 Mitochondrial sequence variations detected by whole mitochondrial genome 
sequencing in the patient presenting CPEO. 

 

 

The previous analysis allowed determining that the patient belongs to the 

haplogroup H+16311. 

The evolutionary conservation showed that cytosine is conserved throughout 

evolution (Figure 3.3.3A). The sequence variation was present at residue 32 in the 

anticodon loop of mt-tRNASer(UCN) affecting a 3-methylcytidine post-transcriptional 

position (Figure 3.3.3B). Moreover, the same alteration was not detected in the 200 

controls screened by Sanger sequencing (data not shown). 

Heteroplasmy quantification of the mt-tRNASer(UCN) variant (m.7486G>A) was 

obtained by pyrosequencing in fibroblasts (~10%) and about 50% in muscle 

homogenate was recorded. 

 

Nucleotide Change 
Amino acid 

change 
Locus 

Previously 
described 

m.263A>G - HV2 Yes 

m.1438A>G - MT-RNR1 (12S) Yes 

m.2706A>G - MT-RNR2 (16S) Yes 

m.7028C>T Syn (A375A) MT-COI Yes 

m.7486G>A - MT-TS1 No 

m.8860A>G T112A MT-ATP6 Yes 

m.15326A>G T194A MT-CYB Yes 

m.16311T>C - HV1 Yes 
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Long-Range PCR for ~10kb amplification presented a product size band with ~10kb 

(wild type) and also ~5kb, confirming the presence of the single, large-scale deletion 

(Figure 3.3.4A), which is in agreement with the deletion size detected by NGS. 

The Mitome500 panel revealed some polymorphisms and unknown variants in 

heterozygosity (Table 3.3.2). A number of candidate genes involved in mtDNA 

replication and maintenance, including POLG, TWNK (formerly PEO1), MPV17, TK2, 

SLC25A4 (ANT1), OPA1, TYMP, DGUOK, SURF1 and RRM2B, were investigated, but the 

variants found could not explain the mtDNA rearrangement. 

 

Table 3.3.2 List of the sequence variations detected in nuclear genes in patient’s samples, 
after filtering for variant calling and excluding known polymorphisms. 

Gene 
Sequence 
variation 

Amino acid 
change 

NCBI ClinVar 
% allele 
mutant 

Clinical 
Significance 

COX18 c.10C>T p.R4W rs187930178 49.86 Unknown 
MRLP39 c.925C>T p.H309Y rs138089183 45.52 Unknown 
MTFMT c.172T>A p.F58I rs188718836 51.35 Unknown 
NARS2 c.688G>C p.G230R rs190014304 52.35 Unknown 

 

3.3.3.3 mt-tRNASer(UCN) steady-state level presented normal values 

Concerning the investigation of the processing of mt-tRNASer(UCN), the steady-state 

level of this tRNA was determined in the patient’s muscle by Northern blot 

hybridization. Levels of the mature mt-tRNASer(UCN) transcript were almost unchanged 

when compared to controls (Figure 3.3.3C). 

 

3.3.3.4 Single fibre studies revealed the segregation of the m.7486G>A variant 

and the “common deletion” with the biochemical defect 

Single muscle fibre analysis was performed to determine whether heteroplasmy 

levels of the m.7486G>A variant segregated with the observed biochemical defect in 

this tissue. The results revealed significantly higher levels (***p<0.0001, Mann-

Whitney test) of heteroplasmy in COX-deficient fibres (92.24±0.58%, n=29), compared 

to COX-positive fibres (14.96±2.98%, n=26) (Figure 3.3.3D). 

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=1&from=45797846&to=45797846&gts=rs138089183&mk=45797846:45797846|rs138089183
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The same approach was completed to analyse the common deletion load showing 

significantly higher levels (***p<0.0001, Mann-Whitney test) in COX- deficient fibres 

(89.58±2, n=27) and the absence of deletion in most of COX-positive muscle fibres (-

2±3.3, n=17), (Figure 3.3.4B). Accordingly, muscle homogenate presents 57% to 61% of 

deletion in the three independent experiments performed. 

 

 

Figure 3.3.3 - Investigation of the m.7486G>A sequence variation. (A) Evolutionary 
conservation of m.7486G>A change in mt-tRNASer(UCN) in different species. (B) Proposed 
secondary structure of mt-tRNASer(UCN). The gene is encoded in the light strand and thus the 
base change at position 7486 is shown as C to T. (C) Representation of mt-tRNASer(UCN) steady-
state levels by high-resolution northern blot in skeletal muscle, without significant differences 
between patient and controls. (D) Single-fibre analysis by pyrosequencing of the m.7486G>A 
mutation in individual COX-deficient and COX-positive muscle fibres, showing a clear 
segregation of high mutation load with the biochemical defect. Mann-Whitney test, 
***p<0.0001. 
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Figure 3.3.4 - Study of the “common deletion”. (A) Long-range PCR for detection of the 
“common deletion”, amplifying approximately 10kb of the mtDNA, producing a product size of 
approximately 5kb. (B) Single fibre study for the presence of the “common deletion” in 
individual COX-deficient and COX-positive muscle fibres after Real-time PCR analysis, showing 
a clear segregation of high mutant load with the biochemical defect. Mann-Whitney test, 
***p<0.0001. 

 

3.3.3.5 Assembly of MRC complexes was impaired 

Concerning the assembly of the MRC complexes, a statistical significant reduction 

was found in all fully assembled complexes, in comparison to controls (Figure 3.3.5A). 

The results are similar for the four complexes with mitochondrial subunits: CI (Figure 

3.3.5B, *p=0.0162, Mann-Whitney test); CIII (Figure 3.3.5C, *p=0.0127), CIV (Figure 

3.3.5D, *p=0.0357) and CV (Figure 3.3.5E, *p=0.0216). 
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Figure 3.3.5 - Quantification of the fully assembled complexes of MRC in fibroblasts of 
controls and patient 3. (A) Blue-native PAGE followed by immunoblot with antibodies directed 
against specific individual subunits, in order to quantify the fully assembled OXPHOS 
complexes. Complex II was used as loading control. (B) Relative fully assembled complex I 
level, *p=0.0162; (C) Relative fully assembled complex III level, *p=0.0127; (D) Relative fully 
assembled complex IV level, *p=0.0357; (E) Relative fully assembled complex V level, 
*p=0.0226. The analysis was performed using Mann-Whitney test. Results are representative 
of the mean±SEM based on at least three independent experiments in duplicate. C – Complex. 

 

3.3.3.6 Biochemical analysis showed decreased MRC enzymatic activity 

Assessment of respiratory enzymatic activity in muscle homogenate and skin 

fibroblasts of patient revealed a reduction in CIV activity (44.8% and 88.9% of controls, 

respectively), being more pronounced in the muscle. The activity of the other 

complexes was not totally concordant between the different tissues (Table 3.3.3). 

However, CV activity was diminished in muscle (69.0% of the controls’ mean) and in 

skin fibroblasts (66.3%). CI activity is slightly reduced only in muscle (Table 3.3.3). 
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Table 3.3.3 Assessment of enzymatic activity of the mitochondrial respiratory chain 
complexes. Results are expressed as nmol of substrate per min per mg of protein normalised 
to Citrate Synthase. Patient values are presented as the mean of replicates. Control values are 
shown as mean±SD. 

     

 
Patient's muscle 

Reference values 
(n=32) 

Patient's 
fibroblasts 

Reference values 
(n=3) 

 
Mean  

(% of controls) 
Mean ± SD 
(min – max) 

Mean  
(% of controls) 

Mean ± SD  
(min – max) 

Citrate Synthase 
(CS) (nmol/min/mg) 

156.18 (137%) 
113.6 ± 27.6  
(70.0 - 165.1) 

107.19 (102%) 
105.40 ± 13.34 
(92.70 - 119.45) 

Complex I/CS 0.14 (88%) 
0.16 ± 0.09  
(0.02 - 0.39) 

0.85 (116%) 
0.73 ± 0.14  
(0.64 - 0.89) 

Complex II/CS 0.21 (66%) 
0.32 ± 0.21 
(0.07 - 1.13) 

0.13 (68%) 
0.19 ± 0.02  
(0.17 - 0.20) 

Complex III/CS 1.85 (153%) 
1.21 ± 0.68  
(0.30 - 2.94) 

1.60 (78%) 
2.06 ± 0.92 
(1.03 - 2.77) 

Complex IV/CS 0.77 (44%) 
1.72 ± 1.35  
(0.40 - 7.54) 

0.40 (89%) 
0.45 ± 0.02  
(0.43 - 0.48) 

Complex V/CS 0.58 (69%) 
0.84 ± 0.55  
(0.18 - 2.90) 

0.55 (66%) 
0.83 ± 0.15  
(0.71 - 1.00) 

Complexes II+III/CS 0.10 (36%) 
0.28 ± 0.19  
(0.10 - 0.74) 

0.11 (65%) 
0.17 ± 0.06  
(0.12 - 0.23) 

Complexes I+III/CS 0.34 (109%) 
0.31* ± 0.21  
(0.05 - 0.85) 

0.43 (49%) 
0.88 ± 0.24   
(0.67 - 1.14) 

*n=22 
    

 

3.3.3.7 Mitochondrial respiration was significantly reduced 

The OCR results revealed a significant reduction in mitochondrial respiration of 

patient’s cells compared to controls (Figure 3.3.6A); there were evident differences in 

basal respiration (Figure 3.3.6C, ***p=0.0008), maximal respiration (Figure 3.3.6D, 

***p=0.0008) and ATP production (Figure 3.3.6E, ***p<0.0001). In order to 

compensate the reduced mitochondrial respiration rate, glycolysis and glycolytic 

capacity are enhanced, although not significantly (Figure 3.3.6H, I). Also, intracellular 

ATP levels were not significantly changed (Figure 3.3.6K). 
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Figure 3.3.6 - Bioenergetics parameters. (A) Mitochondrial Respiration Profile; (B) 
Acidification profile; (C) Basal respiration, Unpaired t-test, ***p=0.0008; (D) Maximal 
respiration, Mann Whitney test, ***p=0.0008; (E) ATP production, Unpaired t-test, 
***p<0.0001; (F) Proton leak; (G) Spare respiratory Capacity; (H) Glycolysis; (I) Glycolytic 
Capacity; (J) Glycolytic Reserve. (K) Intracellular ATP levels. Data are representative of the 
mean±SEM. 
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3.3.3.8 Mitochondrial membrane potential evaluation disclosed depolarization 

Differential accumulation of rhodamine 123 probe in mitochondria allowed the 

detection of significant changes in the ∆Ψm of patient’s dermal fibroblasts compared to 

the control group (Figure 3.3.7). Indeed, addition of the uncoupler FCCP in cells pre-

exposed to rotenone (Figure 3.3.7A), antimycin A (Figure 3.3.7B) or oligomycin (Figure 

3.3.7C) caused a rise in rhodamine 123 fluorescence that was significantly lower in 

patient’s cells than in controls. The results suggest mitochondrial membrane 

depolarization in patient’s fibroblasts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.7 - Mitochondrial membrane potential measurement in patient’s skin fibroblasts 
and control group. (A) Complex I inhibition followed by uncoupling with FCCP (left), graphical 
representation of the difference between the basal and rotenone plus FCCP-induced levels of 
rhodamine123 (**p=0.0068) (right); (B) Complex III inhibition followed by uncoupling with 
FCCP (left), graphical representation of the difference between the basal and antimycin A plus-
FCCP induced levels of rhodamine123 (*p=0.0369) (right), (C) Complex V inhibition followed by 
uncoupling with FCCP to induce the maximal depolarization (left), graphical representation of 
the difference between the basal and oligomycin plus FCCP-induced levels of rhodamine123 
(**p=0.0084) (right) .Results are the mean±SEM of three independent measurements run in 
triplicates. Statistical analysis was performed using the Unpaired Student’s t-test.  
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3.3.3.9 Superoxide anion presented normal levels in skin fibroblasts of the 

patient 

Regarding the superoxide anion production, the results showed normal basal 

levels compared to controls (Figure 3.3.8A). However, mitochondrial superoxide 

production increased significantly (p<0.0001) after the inhibition of CI (Figure 3.3.8B). 

The same result was not observed after the inhibition of CIII (Figure 3.3.8C). 

 

Figure 3.3.8 - Levels of superoxide anion production in fibroblasts of patient and controls. (A) 
basal levels; (B) after complex I inhibition with rotenone; (C) after complex III inhibition with 
antimicyn A. Results are from three independent measurements in triplicates. Errors bars 
represent the mean±SEM and the statistical significance was verified by Unpaired Student’s t-
test, ***p<0.0001. 

 

3.3.3.10 Mitochondrial morphology in fibroblasts and muscle 

Regarding TEM analysis remarkable morphological and ultrastructural differences 

were observed between control’s (Figure 3.3.9A) and patient’s (Figure 3.3.9B) skin 

fibroblasts. Indeed, skin fibroblasts derived from the patient showed the presence of 

large multilamellar bodies (MLB) (Figure 3.3.9B), suggesting impaired autophagy. 

Mitochondrial hyperproliferation, enlarged mitochondria and mitochondria presenting 

structural alterations of cristae such as paracrystalline inclusions and concentric 

“onion-shaped” cristae, were observed in patient’s muscle (Figure 3.3.9C-E). 
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Figure 3.3.9 – Ultrastructural study of primary fibroblasts and skeletal muscle by 
transmission electron microscopy. (A) Control’s fibroblasts, (B) Patient’s fibroblasts showing 
multilamellar bodies (MLB), (C-E) Myofibres of patient’s skeletal muscle in the transverse 
plane, presenting abnormal mitochondria with paracrystalline inclusions (arrowhead) and 
concentric cristae (arrows). G – Golgi, M – Mitochondrion, RER – Rough Endoplasmic 
Reticulum, MF – myofibrils, SS – Subsarcolemmal space. 

 

3.3.4 Discussion 

In the present report, the P3 showed histological and histochemical changes in 

muscle that were indicative of OXPHOS dysfunction and mitochondrial-related disease. 

Both immunofluorescence and MRC evaluation revealed decreased levels and activity 

of multiple complexes in muscle sections and homogenate, respectively, likely due to 

the defective translation. 

Deep genetic investigation allowed identification of the “common deletion” in 

muscle (60% of heteroplasmy and segregation with COX-deficient fibres) and 

fibroblasts, and a novel mt-tRNASer(UCN) variation (m.7486G>A) in muscle, fibroblasts 

and blood. The percentage of deleted molecules is probably enough to cause a clinical 
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phenotype, while the presence of a novel heteroplasmic (50% in muscle homogenate) 

variant in the anticodon loop of the mt-tRNASer(UCN) was also relevant. 

There are numerous examples of disease-causing mutations in mt-tRNA genes and 

more than 20 variants, in 13 different mt-tRNA genes, were reported in association 

with CPEO and/or myopathy301. Three of them have been reported in MT-TS1 gene: 

m.7506G>A370, m.7451A>T216 and m.7458G>A209. Nevertheless, the interpretation of 

pathogenicity for mtDNA variants is complex and challenging. The pathogenic variants 

in mt-tRNA genes may impair transcription termination and tRNA maturation, reduce 

the aminoacylation, abolish post-transcriptional modification of tRNA, decrease the 

binding to translation factors or the mitoribosome, alter the structure, perturb the 

stability, and disturb codon reading, ultimately leading to loss of function30,57. The 

novel variation m.7486G>A (MT-TS1) affects a highly conserved nucleotide and alters 

the first base of the anticodon loop adjacent to the anticodon stem (position 32 of mt-

tRNASer(UCN)), disturbing a 3-methylcytidine (m3C) post-transcriptional modification 

position30,371–374. Little is known about the function of this type of modification, 

although a role in accurate codon recognition and translation efficiency has been 

suggested375,376.Thus, the m.7486G>A variation could affect the conformation of the 

anticodon loop by creating a U32 pair with A38, that may disturb the interaction with 

mitoribosome, thus reducing the contact time for codon recognition. Similar defects in 

the conformation of the anticodon loop were suggested for the m.7480T>C variation, 

reported as pathogenic and causing mitochondrial myopathy, located in the anticodon 

loop of mt-tRNASer(UCN) at position 38 (opposite to 32)377. The novel variation herein 

reported was identified (about 90%) in COX-deficient fibres of the affected tissue 

(muscle) by single fibre studies, segregating with the biochemical phenotype (Figure 

3.3.3D) but maintaining the mt-tRNASer(UCN) steady-state levels. 

According to the scoring criteria205 for characterisation of the pathogenicity for the 

novel m.7486G>A variant, the score totals 11 points, out of 20, as follows: (1) the 

variant was heteroplasmic in different tissues (2 points); (2) the base is conserved 

throughout evolution (2 points); (3) there was a strong histochemical evidence of 

mitochondrial disease (2 points); (4) biochemical defects were detected in complexes I, 

III or IV (2 points); and (5) the variant segregated with the biochemical phenotype (3 

points). Some of these criteria were certainly influenced by the presence of the 
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“common deletion”. However, the specific criterion for the segregation with the 

biochemical defect suggested that the sequence variation is “probably pathogenic”. 

The defective mitochondrial translation is predicted to be the primary 

consequence of mutations affecting mt-tRNA genes, leading to OXPHOS deficiency. 

The “common deletion” would be expected to have a similar detrimental effect on 

translation of all subunits encoded by mitochondrial genome. Therefore, the most 

likely genetic cause of CPEO in this patient is the “common deletion”, even though the 

m.7486G>A sequence variation holds a huge pathogenic potential associated to the 

disease. 

Since the first report23, the consequences of the “common deletion” have been 

characterised339,341,358–362, namely the decrease in MRC activity339,341,359,361, 

mitochondrial protein synthesis360, mitochondrial membrane potential and ATP 

synthesis362. 

In order to corroborate the functional cellular consequences of the “common 

deletion” and explore other mechanisms, a functional analysis was conducted in skin 

fibroblasts of the patient. A significant decrease in all fully-assembled complexes with 

mtDNA-encoded subunits was found, highlighting the effect in mitochondrial 

translation. The oxygen consumption in patient’s cells was significantly compromised, 

compared to controls, impairing the cellular response to further energetic demands. A 

decrease in ∆Ψm was also observed, confirming previous results362. Regarding the 

increased superoxide anion production noticed upon CI activity inhibition, it seems 

reasonable to assume that the mitochondrial O2
•- production may reach higher levels 

in the affected tissue (muscle), since CI presented a normal activity in fibroblasts but a 

reduction in the enzymatic activity in muscle of the patient. 

Concerning ultrastructural alterations, the most relevant finding in fibroblasts was 

the presence of large MLB, which could be interpreted as an expression of cellular 

damage, suggesting alterations of autophagy, similarly to the hypothesis proposed by 

Signorini and colleagues in skin fibroblasts of patients affected with Rett syndrome317 

and Thomas and co-workers in fibroblasts of patients presenting Spinocerebellar 

ataxia, autosomal recessive 20323. The accumulation of abnormal mitochondria in 

patient’s skeletal muscle, presenting paracrystalline inclusions and concentric cristae, 

reinforces the mitochondrial dysfunction observed in this tissue, as previously 
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described for myopathy caused by large-scale single mtDNA deletion or mt-tRNA 

mutations217. These results strongly suggest that defects in the proteolytic systems, 

namely mitophagy, responsible for the elimination of damaged or dysfunctional 

mitochondria, can be implicated in the disease. 

In conclusion, we describe the first report of a patient with CPEO presenting two 

genetic alterations, probably leading to the phenotype: a single, large-scale mtDNA 

deletion and one mt-tRNA sequence variation. Since both alterations show high levels 

in muscle, segregate with the biochemical defect and they may promote inefficient 

mitochondrial translation, it is difficult to assign the isolated impact of the novel mt-

tRNA sequence variation. The “common deletion” is the most likely genetic cause. 

However, the potential pathogenic effect of the novel mt-tRNASer(UCN) sequence 

variation cannot be ignored, and it may be valuable in evaluating further cases. 

Concerning the cellular consequences, functional evidences were gathered, 

demonstrating the inability to produce mtDNA-encoded proteins, leading to 

incomplete fully assembled OXPHOS complexes and resulting in electron transport 

deficiency, inefficient respiration and depolarization of mitochondrial membrane. 

Nonetheless, more investigation will be required to fully understand the molecular 

pathways that contribute to CPEO expression. 

  



3.4 CASE REPORT IV 

__________________________________________ 

An unclassified mtDNA variant in a familial case of 

sudden death associated to a MYBPC3 mutation 
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Abstract 

Cardiomyopathies are a frequent cause of sudden death. Familial 

cardiomyopathies are often autosomal dominant diseases with incomplete 

penetrance, presenting heterogeneity in genetic causes. These range from mutations 

in genes encoding sarcomere proteins to mitochondrial DNA mutations. Herein, a 

familial case of sudden cardiac death harbouring a heterozygous sarcomere mutation 

in MYBPC3 gene and a homoplasmic mitochondrial sequence variation (m.14706A>G) 

is reported (patient 4, P4). The present work aimed to elucidate the functional impact 

of the unclassified mtDNA variant (m.14706A>G) detected in homoplasmy in muscle, 

liver and fibroblasts of the proband. In spite of the m.14706A>G alteration do not 

segregate with the disease, this maternal inherited sequence variation changes a 

conserved wobble base pair at the penultimate base pair before the anticodon loop of 

the mt-tRNAGlu, possibly resulting in a functional and/or structural perturbation of the 

mt-tRNA, usually involving defects in the translation of oxidative phosphorylation 

subunits. Indeed, a drastic decrease of complexes fully assembled was observed in 

patient’s fibroblasts. A severe multiple mitochondrial respiratory chain complexes’ 

deficiency was observed in liver and muscle. In accordance with the tissue specificity, 

we suggest that mitochondrial dysfunction is probably caused by the unclassified 

mtDNA variant m.14706A>G, acting synergistically with the MYBPC3 gene mutation, 

leading to severe defects in the contractile function of sarcomere, and, consequently, 

to heart failure. Nevertheless, the hypothesis that another nuclear variant could be 

modulating the severity of phenotype, explaining the incomplete penetrance 

associated to cardiomyopathy verified for the two sequence variations detected, 

cannot be excluded. 

Keywords: Cardiomyopathy; sudden death; mtDNA variant; MYBPC3. 
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3.4.1 Introduction 

Sudden unexplained death is generally caused by hereditary conditions, mostly 

cardiovascular diseases378,379. Cardiomyopathies, such as hypertrophic cardiomyopathy 

(HCM), dilated cardiomyopathy (DCM) and left ventricular noncompaction (LVNC) are a 

frequent cause of sudden cardiac death (SCD)378,379. 

Familial cardiomyopathies are often autosomal dominant diseases with 

incomplete penetrance380,381. The clinical manifestations are highly heterogeneous, 

varying from asymptomatic cases to sudden death. Mutations in genes encoding 

proteins of the sarcomere are the most common genetic cause of 

cardiomyopathies382–384. In addition, in the last years, some reports of compound or 

double mutations in sarcomere genes have been described in more severe cases385–390. 

Other genetic causes of SCD are lysosomal storage diseases and mitochondrial 

disorders382. 

The mtDNA mutations causing cardiomyopathies were associated to clinical 

heterogeneity in the severity and age of presentation391,392. 

This work aimed to elucidate the functional impact of an unclassified mtDNA 

variant (m.14706A>G) detected in the patient 4 (P4), in order to clarify the incomplete 

penetrance of cardiomyopathy in this family. 

 

3.4.2 Patient and methods 

 

3.4.2.1 Case report 

The P4 is the third son of healthy non-consanguineous parents (Figure 3.4.1A, II-3). 

He died suddenly, at the age of 21 months old. Cardiac alterations were not detected 

in the autopsy, as mild congestion of the liver was the only finding detected. 

Family history investigation (Figure 3.4.1A) revealed that the eldest brother (II-1) 

had died unexpectedly, at the age of 6 months. The study of the maternal lineage 

revealed deafness in the grandmother and her two sisters. Father’s family presented 

diabetes type II in six individuals (the grandmother and her three sisters and two 
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brothers). The lack of more evidences crucial to obtain clues related to the genetic 

cause of sudden death led to mtDNA investigation. 

Meanwhile, the youngest brother (II-4) presented transitory septal hypertrophy, at 

birth. However, so far he does not present cardiac abnormalities. Furthermore, in the 

other older brother (II-2), LVNC was diagnosed at the age of 12 years old and a 

cardioverter-defibrillator was implanted, after a syncope episode. 

Accordingly, a genetic evaluation for a panel of genes involved in cardiomyopathy 

(including MYH7, MYBCP3, TNNT2, TNNT3 and MYL2) was performed, using DNA 

samples from the parents (I-1,2), the patient (II-3) and his two brothers (II-2 and II-4), 

at the Medical Genetics Department of Paediatric Hospital of Coimbra – CHUC. A 

mutation in exon 6 of MYBCP3 gene (c.772G>A, p.Glu258Lys) was identified in 

heterozygosity in all samples,.except.for.II-4. 

Biological samples (skin, muscle and liver biopsies) were collected from the patient 

in the first hours after post-mortem and blood from parents and the two brothers 

were collected for genetic investigation. 

The DNA samples of 200 healthy subjects of the same ethnic background were 

used as controls for screening the mtDNA sequence variation. Skin biopsies from three 

healthy Portuguese individuals without clinical evidence of mitochondrial disorder, 

collected in the context of other medical interventions (e.g. surgery), were used as 

control samples in the experiments of functional analysis. 

Informed consent was obtained from the participants, as recommended and 

approved by the local Ethics Committee (CE-032/2014), following the Tenets of the 

Helsinki Declaration. 

 

3.4.2.2 Skin derived cultured fibroblasts 

Skin biopsy was collected post-mortem and immediately placed in sterile 

Mg2+/Ca2+-free HBSS. Fibroblasts were grown in complete medium as described in case 

report I (section 3.1.2.2). 
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3.4.2.3 Molecular genetic screening 

The entire mitochondrial genome of patient´s fibroblasts and liver was sequenced 

through the NGS, as previously described307. Haplogroup of the patient was 

determined using the Haplogrep® tool308, based on the mtDNA sequence variations 

detected. Automated Sanger sequencing analysis was performed, according to the 

manufacturer’s instructions (3130 ABI Prism sequencing system), using BigDye® 

Terminator Ready Reaction Mix v3.1 (Applied Biosystems), for investigation of the 

mtDNA region (14420-14855) in DNA from patient’s fibroblasts, muscle and 

lymphocytes. The genetic screening of the 200 controls’ samples was carried out by 

the same method in order to verify the absence of the novel genetic variant. A DNA 

screening for investigating the presence of the m.14706A>G sequence variation in 

lymphocytes from other relatives (parents, affected brother and healthy brother) was 

also performed by Sanger sequencing. 

Coding exons of 513 candidate nuclear genes related to mitochondrial structure 

and function (Mitome500 panel) were hybridized with customized oligonucleotide 

probe library, captured and then massively sequenced using the HiSeq2000 platform 

(Illumina technology®), in order to verify the involvement of possible alterations in 

nuclear genes encoding mitochondrial proteins  

 

3.4.2.4 In silico analysis 

The in silico analysis included the evolutionary conservation of the MT-TE gene 

from mtDNA of different species, according to the proposed consensus panel365 using 

ClustalOmega|EBI®328. The location of the m.14706A>G sequence variation in the 

cloverleaf structure of mt-tRNAGlu was verified from Mamit-tRNA® database366. 
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3.4.2.5 MRC enzymatic activity evaluation 

Catalytic activity of MRC complexes and segments was performed in patient’s 

fibroblasts, muscle and liver as previously described107. The results were corrected to 

CS, used as a mitochondrial reference enzyme107. 

 

3.4.2.6 Mitochondrial respiratory rate, glycolytic activity and intracellular ATP 

levels measurement 

OCR and ECAR were measured in patient’s fibroblasts and three controls using a 

XF24 Extracellular Flux Analyser (Seahorse Bioscience, Billerica, MA, USA), as described 

in detail in the case report I (section 3.1.2.10). 

Intracellular ATP levels were measured in patient’s and control’s fibroblasts by 

using the luciferin/luciferase assay with ATPlite kit (Perkin Elmer), according to the 

manufacturer’s instructions with minor modifications described in the section 3.1.2.9 

of the case report I. Determined ATP concentration, using an ATP standard curve, was 

normalised to the protein content. 

 

3.4.2.7 Analysis of mitochondrial membrane potential 

Mitochondrial membrane potential was determined using the cationic fluorescent 

probe rhodamine 123 (Molecular probes, Invitrogen) and the variation of rhodamine 

123 retention was studied as in the section 3.1.2.11 of the case report I, in order to 

estimate changes in mitochondrial membrane potential (∆Ψm). Results were expressed 

as the difference between the basal fluorescence values and the increase of 

rhodamine 123 fluorescence levels upon addition of inhibitors or uncoupler FCCP, 

normalised to protein content. 

 

3.4.2.8 Measurement of mitochondrial superoxide anion 

Determination of mitochondrial O2
•- basal levels and mitochondrial O2

•- 

production after CI or CIII inhibition were measured in fibroblasts from controls and 
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patient using the fluorescent probe MitoSox Red (Molecular Probes, Invitrogen), as 

described in the case report I (section 3.1.2.12). 

The values were obtained as RFU (relative fluorescence units) per minute per 

milligram of protein, for each condition and then normalised to the basal (untreated) 

conditions. 

 

3.4.2.9 Transmission electron microscopy 

Fibroblasts were collected and the procedure for TEM was performed as described 

in detail in the section 3.1.2.13 of the case report I. 

 

3.4.2.10 Statistical analysis 

Results were analysed using GraphPad Prism version 5.0 software for Windows, 

San Diego, California, USA. Normality tests were applied in order to verify the Gaussian 

distribution of the results. Statistical significance of differences between patient and 

controls was assessed by a Student’s t-test (or nonparametric Mann-Whitney test). 

Results of the statistical significance are represented as * for p≤0.050, ** for 

p≤0.010 and *** for p≤0.001. 

 

3.4.3 Results 

 

3.4.3.1 Genetic screening confirmed an unclassified mtDNA variant 

The presence of the homoplasmic sequence variation in the MT-TE gene 

(m.14706A>G 228, mt-tRNAGlu, .ClinVar accession number: SCV000484537), .previously 

detected by Sanger sequencing in muscle (Figure 3.4.1B – II3.a), liver (Figure 3.4.1B – 

II3.b) and skin fibroblasts (Figure 3.4.1B – II3.c), as well as the haplogroup markers and 

polymorphisms were confirmed by NGS through the sequencing of the whole-

mitochondrial genome (Table 3.4.1), and rearrangements were excluded. The patient 

belongs to the haplogroup T1a1. 
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The in silico analysis previously performed393, classified the variant as possibly 

pathogenic. The affected position is highly conserved in evolution (Figure 3.4.1C), and 

the nucleotide alteration disrupts a Wobble base pair in the anti-codon stem of mt-

tRNAGlu (Figure 3.4.1D). 

Moreover, the unclassified sequence variation was not detected in the 200 

controls screened (data not shown). 

The MITOME500 panel revealed some polymorphisms, variants with uncertain 

significance and unknown variants (Table 3.4.2). 
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Figure 3.4.1 - Identification and analysis of m.14706A>G, MT-TE. (A) Pedigree of the 
presented family. Generations are indicated on the left in Roman numerals and the numbers 
under the individuals represent identification for each generation. The arrow indicates the P4 
of the present study (proband). (B) Electropherograms showing the m.14706A>G variant in 
DNA from patient’s muscle (II3.a), liver (II3.b) and fibroblasts (II3.c), and in DNA from 
lymphocytes of father (I1), mother (I2), the affected brother (II2) and the youngest brother 
(II4). (C) Evolutionary conservation of the nucleotide position m.14706 in MT-TE gene. (D) 
Proposed secondary structure of mt-tRNAGlu. The gene is encoded in the light strand of mtDNA 
and thus the base change at position 14706 is shown as T to C. 

 

 

  



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

142 
 

Table 3.4.1 Mitochondrial variants detected in P4 samples through the whole mitochondrial 
genome sequencing by NGS. 

Nucleotide Change Amino acid change Locus 
Previously 
described 

m.73A>G - HV2 Yes 

m.152T>C - HV2, OH Yes 

m.195T>C - HV2, OH Yes 

m.263A>G - HV2 Yes 

m.709G>A - MT-RNR1 (12S) Yes 

m.750A>G - MT-RNR1 (12S) Yes 

m.1438A>G - MT-RNR1 (12S) Yes 

m.1888G>A - MT-RNR2 (16S) Yes 

m.2706A>G - MT-RNR2 (16S) Yes 

m.3213A>G - MT-RNR2 (16S) No 

m.4216T>C Y304H MT-ND1 Yes 

m.4769A>G Syn (M100M) MT-ND2 Yes 

m.4917A>G N150D MT-ND2 Yes 

m.7028C>T Syn (A375A) MT-CO1 Yes 

m.8697G>A Syn (M57M) MT-ATP6 Yes 

m.8860A>G T112A MT-ATP6 Yes 

m.9899T>C Syn (H231H) MT-CO3 Yes 

m.10463T>C - MT-TR Yes 

m.11251A>G Syn (L164L) MT-ND4 Yes 

m.11719G>A Syn (G320G) MT-ND4 Yes 

m.12633C>A Syn (S99S) MT-ND5 Yes 

m.13368G>A Syn (G344G) MT-ND5 Yes 

m.14706A>G - MT-TE No 

m.14766C>T T7I MT-CYB Yes 

m.14905G>A Syn (M53M) MT-CYB Yes 

m.15326A>G T194A MT-CYB Yes 

m.15452C>A L236I MT-CYB Yes 

m.15607A>G Syn (K287K) MT-CYB Yes 

m.15928G>A - MT-TT Yes 

m.16126T>C - HV1, D-loop Yes 

m.16163A>G - HV1, D-loop Yes 

m.16172T>C - HV1, D-loop Yes 

m.16186C>T - HV1, D-loop Yes 
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m.16189T>C - HV1, D-loop Yes 

m.16294C>T - HV1 Yes 

m.16519T>C - D-loop Yes 

 

 

Table 3.4.2 List of the sequence variations detected in nuclear genes in patient’s samples, 
after filtering for variant calling and excluding known polymorphisms. 

Gene 
Sequence 
variation 

Amino acid 
change 

NCBI ClinVar 
% allele 
mutant 

Clinical Significance 

AMPD1 c.1029G>T p.R23C rs61752478 53.41 

Adenosine 
monophosphate 

deaminase deficiency 
(autosomal recessive) 

MTRF1L c.191T>C p.L64S - 25.17 Unknown 
TOP1MT c.479A>T p.K160M - 46.66 Unknown 
MRPL11 c.424C>T p.R14C rs145756140 55.99 Unknown 

TSFM c.269G>A G90D rs371076990 50.42 Unknown 

 

 

3.4.3.2 Bioenergetics evaluation showed tissue-specific alterations 

The enzymatic activity of each complex was measured in the available tissues, 

showing differences between the three tissues of patient (Table 3.4.3). The liver and 

muscle presented a decrease in the activity of several complexes, more pronounced in 

liver in which the reduction was above 50% of reference values in the five complexes 

(CI: 20.6%; CII: 39.9%; CIII: 48.3%; CIV: 31.9% and CV: 34.4) (Table 3.4.3). The activity of 

CI and CIV was the most affected in muscle (31% and 47.1%, respectively). In patient’s 

fibroblasts, only the CIII activity was decreased (59% of controls mean). 

Oxygen consumption rate (Figure 3.4.2A) in patient’s fibroblasts was similar to 

controls, in all conditions tested (Figure 3.4.2C-G), as well as the intracellular ATP levels 

(Figure 3.4.2K). 

The ECAR is increased in patient 4 (Figure 3.4.2B, H-J), particularly after the 

addition of oligomycin, representing a significantly increased glycolytic reserve in the 

patient compared to controls (***p=0.0004) (Figure 3.4.2J). 
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Table 3.4.3 Assessment of enzymatic activity of the MRC complexes. Results are expressed as 
nmol of substrate per min per mg of protein normalised to citrate synthase (CS). Patient values 
are presented as the mean of replicates. Control values are shown as mean±SD. 

       

 
Patient's 
muscle 

Reference 
values 
(n=32) 

Patient's 
fibroblasts 

Reference 
values 
(n=3) 

Patient's 
liver 

Reference 
values 
(n=18) 

 

Mean 
(% of 

controls) 

Mean ± SD  
(min – max) 

Mean 
(% of 

controls) 

Mean ± SD  
(min – max) 

Mean 
(% of 

controls) 

Mean ± SD  
(min – max) 

CS 
(nmol/min/mg) 

111.40  
(98%) 

113.6 ± 27.6  
(70.0 - 165.1) 

81.96  
(77%) 

105.4 ± 13.3  
(92.7 - 119.5) 

106.76  
(107%) 

99.5 ± 33.5  
(49.0 - 156.0) 

Complex I/CS 
0.05  

(31%) 
0.16 ± 0.09  
(0.02 - 0.39) 

0.80  
(109%) 

0.73 ± 0.14  
(0.64 - 0.89) 

0.07 
(21%) 

0.34 ± 0.15  
(0.19 - 0.65) 

Complex II/CS 
0.18  

(56%) 
0.32 ± 0.21  
(0.07 - 1.13) 

0.19  
(100%) 

0.19 ± 0.02  
(0.17 - 0.20) 

0.75 
(40%) 

1.88 ± 0.97  
(0.79 - 4.20) 

Complex III/CS 
0.88  

(73%) 
1.21 ± 0.68  
(0.30 - 2.94) 

1.22  
(59%) 

2.06 ± 0.92  
(1.03 - 2.77) 

1.14 
(48%) 

2.36 ± 1.02  
(1.37 - 4.25) 

Complex IV/CS 
0.81  

(47%) 
1.72 ± 1.35  
(0.40 - 7.54) 

0.50  
(111%) 

0.45 ± 0.02  
(0.43 - 0.48) 

0.86 
(32%) 

2.70 ± 1.16  
(1.57 - 5.11) 

Complex V/CS 
1.61  

(192%) 
0.84 ± 0.55  
(0.18 - 2.90) 

0.79  
(95%) 

0.83 ± 0.15  
(0.71 - 1.00) 

0.42 
(34%) 

1.22 ± 0.44  
(0.67 - 2.02) 

Complexes 
II+III/CS 

0.18  
(64%) 

0.28 ± 0.19  
(0.10 - 0.74) 

0.20  
(118%) 

0.17 ± 0.06  
(0.12 - 0.23) 

0.66 
(70%) 

0.94 ± 0.42  
(0.31 - 1.62) 

Complexes 
I+III/CS 

0.42  
(135%) 

0.31 ± 0.21  
(0.05 - 0.85)* 

0.50  
(57%) 

0.88 ± 0.24   
(0.67 - 1.14) 

1.12 
(138%) 

0.81 ± 0.38  
(0.07 - 1.43) 

*n=22 
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Figure 3.4.2 - Bioenergetics parameters analysis in the patient harbouring the m.14706A>G 
variant and controls. Error bars represent the standard error of mean based on three 
independent experiments in triplicates. (A) Mitochondrial respiration profile; (B) Acidification 
profile; (C) Basal respiration; (D); Maximal respiration (E) Proton leak; (F) ATP production; (G) 
Spare respiratory capacity; (H) Glycolysis; (I) Glycolytic Capacity; (J) Glycolytic reserve, Mann-
Whitney test, ***p=0.0004; (K) Intracellular ATP levels. 
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3.4.3.3 Mitochondrial membrane potential and superoxide anion presented 

normal levels in patient´s fibroblasts  

Rhodamine 123 release was similar in patient and controls’ fibroblasts, in all 

conditions (Figure 3.4.3), showing that the mitochondrial membrane potential is 

maintained in patient’s cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.3 - Mitochondrial membrane potential measurements in fibroblasts of patient 4 
and controls. (A) Complex I inhibition followed by uncoupling with FCCP (left), graphical 
representation of the difference between the basal and rotenone plus FCCP-induced levels of 
rhodamine123 (right); (B) Complex III inhibition followed by uncoupling with FCCP (left), 
graphical representation of the difference between the basal and antimycin A plus FCCP-
induced levels of rhodamine123 (right); (C) Complex V inhibition followed by uncoupling with 
FCCP (left), graphical representation of the difference between the basal and oligomycin plus 
FCCP-induced levels of rhodamine123 (right). Data are presented as the mean±SEM based on 
three independent measurements in triplicates. 
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The superoxide anion levels in basal condition (Figure 3.4.4A), as well as after the 

inhibition of CI (Figure 3.4.4B) were normal. After the inhibition of CIII with antimycin 

A, a significant increase in the production of superoxide anion was observed in 

patient’s cells compared to controls (Figure 3.4.4C; **p=0.0035). 

Figure 3.4.4 - Levels of superoxide anion production in fibroblasts of patient 4 with the 
m.14706A>G variant and in controls (A) at basal levels; (B) after complex I inhibition with 
rotenone; (C) after complex III inhibition with antimycin A. Results are from three independent 
measurements in triplicates. Errors bars represent the mean±SEM and the statistical 
significance was verified by Unpaired t-test, **p<0.035. 

 

3.4.3.4 The assembly of OXPHOS complexes presented significant alterations 

The assembly of OXPHOS complexes was verified by native electrophoresis 

followed by Western-blotting. The four complexes harbouring mtDNA encoded 

subunits presented a significant decrease in patient’s fibroblasts in comparison to 

controls (Figure 3.4.5; *p=0.0485 – CI; **p=0.0047 – CIII; ***p<0.0001 – CIV; 

*p=0.0138 – CV). 
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Figure 3.4.5 - Quantification of the fully assembled complexes of MRC in fibroblasts of 
patient with m.14706A>G variant and controls. Error bars are representative of the 
mean±SEM based on at least three independent experiments in duplicates. (A) Native 
electrophoresis followed by Western-blot analysis for Complexes I to V in controls and patient, 
represented by P; Relative level of fully assembled; (B) CI (Mann-Whitney test: *p=0.0485); (C) 
CIII (Mann-Whitney test: **p=0.0047); (D) CIV (Student’s t-test: ***p<0.0001); (E) CV (Mann-
Whitney test: *p=0.0138). 

 

3.4.3.5 TEM investigation revealed mitochondrial morphological changes 

Analysis of fibroblasts from controls (Figure 3.4.6A) and patient 4 (Figure 3.4.6B) 

by TEM showed that mitochondria of patient’s fibroblasts are larger compared to 

controls. 
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Figure	
   3.4.6	
   -­‐	
   Morphological	
   study	
   of	
   primary	
   fibroblasts	
   by	
   transmission	
   electron	
  
microscopy.	
   Ultrastructural	
   aspects	
   of	
   (A)	
   Control	
   and	
   (B)	
   Patient.	
   G	
   –	
   Golgi,	
   M	
   –	
  
Mitochondrion,	
  RER	
  –	
  Rough	
  Endoplasmic	
  Reticulum.	
  Scale	
  bar:	
  1	
  µm.	
  

	
  

3.4.4	
  Discussion	
  

Left	
   ventricular	
   noncompaction	
   is	
   a	
   rare	
   and	
   potentially	
   progressive	
  

cardiomyopathy,	
  whose	
  aetiology	
  is	
  not	
  fully	
  understood.	
  The	
  clinical	
  spectrum	
  ranges	
  

from	
   no	
   symptoms	
   to	
   heart	
   failure,	
   in	
   both	
   children	
   and	
   adults394.	
   Genetic	
  

heterogeneity	
  is	
  observed,	
  and	
  the	
  identification	
  of	
  few	
  genes	
  with	
  known	
  mutations	
  

in	
  comparison	
  with	
  the	
  higher	
  proportion	
  of	
  familial	
  cases	
  suggests	
  that	
  other	
  genetic	
  

factors	
  remain	
  to	
  be	
  identified395.	
  

In	
   the	
   present	
   familial	
   case,	
   a	
   mutation	
   in	
   exon	
   6	
   of	
  MYBPC3	
   gene	
   (c.772G>A,	
  

p.Glu258Lys)	
   was	
   identified	
   in	
   heterozygosity	
   in	
   all	
   individuals	
   (both	
   parents	
   and	
  

offspring,	
   except	
   II-­‐4).	
   Mutations	
   in	
   this	
   gene,	
   which	
   encodes	
   the	
   cardiac	
   myosin	
  

binding	
   protein	
   C	
   (cMyBP-­‐C)	
   that	
   regulates	
   the	
   contractility	
   and	
   alters	
   sarcomere	
  

energetics,	
   are	
   among	
   the	
   most	
   frequent	
   causes	
   of	
   HCM,	
   usually	
   leading	
   to	
   milder	
  

phenotypes	
  and	
  presenting	
  with	
  later	
  onset	
  of	
  HCM383,388.	
  This	
  pathogenic	
  mutation	
  is	
  

the	
   most	
   studied	
   and	
   prevalent	
  MYBPC3	
   mutation386,	
   being	
   associated	
   to	
   a	
   severe	
  

phenotype,	
  a	
  poor	
  prognosis	
  and	
  high	
  penetrance396.	
  In	
  addition	
  to	
  HCM,	
  mutations	
  in	
  

the	
  MYBPC3	
  gene	
  have	
  been	
  associated	
  with	
  other	
  cardiomyopathies,	
  namely	
  LVNC390.	
  

However,	
   to	
   our	
   knowledge,	
   this	
   is	
   the	
   first	
   report	
   to	
   describe	
   this	
   mutation	
   in	
   a	
  

familial	
  case	
  of	
  LVNC.	
  Additionally,	
  the	
  incomplete	
  penetrance	
  observed	
  in	
  this	
  family	
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do	
  not	
  correspond	
  to	
  the	
  high	
  penetrance	
  described	
   in	
  HCM.	
  Moreover,	
   intrafamilial	
  

differences,	
  or	
  a	
  more	
  severe	
  or	
  early	
  phenotype	
  have	
  been	
  explained	
  by	
  the	
  presence	
  

of	
  a	
  second	
  causal	
  mutation	
  in	
  the	
  families381,	
  namely	
  in	
  a	
  LVNC	
  case390.	
  However,	
  the	
  

presence	
  of	
  compound	
  or	
  double	
  heterozygosity,	
  or	
  homozygosity,	
  in	
  sarcomere	
  genes	
  

was	
  not	
  observed	
  in	
  the	
  family	
  under	
  study.	
  

The	
  incomplete	
  penetrance	
  associated	
  to	
  cardiomyopathy	
  has	
  also	
  been	
  reported	
  

for	
  maternal	
  inherited	
  homoplasmic	
  pathogenic	
  mtDNA	
  mutations186,397,398,	
  in	
  addition	
  

to	
  the	
  same	
  effect	
  related	
  to	
  the	
  MYBPC3	
  mutation.	
  

Since	
  the	
  mechanical	
  demands	
  never	
  cease	
  and	
  the	
  provision	
  of	
  energy	
  must	
  be	
  

continuous,	
  OXPHOS	
  is	
  a	
  critical	
  process	
  for	
  producing	
  sufficient	
  levels	
  of	
  ATP	
  in	
  order	
  

to	
  safeguard	
  the	
  cardiac	
  function399.	
  For	
  this	
  reason,	
  mitochondrial	
  dysfunction	
  caused	
  

by	
  mtDNA	
   or	
   nuclear	
   DNA	
  mutations	
  may	
   result	
   in	
  mitochondrial	
   cardiomyopathies	
  

and	
   heart	
   failure392,	
   occurring	
   in	
   approximately	
   one-­‐third	
   of	
   children	
   with	
  

mitochondrial	
   diseases,	
   leading	
   to	
   an	
   increase	
   of	
   mortality	
   in	
   these	
   children399.	
  

Approximately	
   twenty	
  variants	
   in	
  mt-­‐tRNA	
  and	
  mt-­‐rRNA	
  genes	
  have	
  been	
  associated	
  

to	
  cardiomyopathy,	
  according	
  to	
  Mitomap335.	
  

The	
   homoplasmic	
   maternally	
   inherited	
   mitochondrial	
   variant	
   detected	
   in	
   the	
  

present	
   study,	
  m.14706A>G	
   (MT-­‐TE),	
   changes	
   a	
   conserved	
  U-­‐G	
  Wobble	
   base	
   pair	
   at	
  

the	
  penultimate	
  base	
  pair	
  before	
  the	
  anticodon	
  loop	
  of	
  the	
  mt-­‐tRNAGlu.	
  These	
  Wobble	
  

base	
   pair	
   has	
   unique	
   chemical,	
   structural,	
   dynamic	
   and	
   ligand-­‐binding	
   properties,	
  

which	
  can	
  only	
  be	
  partially	
  mimicked	
  by	
  Watson-­‐Crick	
  base	
  pairs,	
  and	
  it	
  is	
  an	
  essential	
  

unit	
  of	
  RNA	
  secondary	
  structure400.	
  For	
  this	
  reason,	
  the	
  substitution	
  of	
  a	
  G-­‐U	
  Wobble	
  

base	
  pair	
  can	
  result	
  in	
  a	
  functional	
  and/or	
  structural	
  perturbation	
  of	
  the	
  mt-­‐tRNAGlu.	
  

According	
   to	
   Mitomap	
   and	
   Mamit-­‐tRNA	
   databases,	
   there	
   are	
   approximately	
  

fifteen	
  sequence	
  variations	
  in	
  MT-­‐TE	
  gene	
  associated	
  to	
  disease,	
  mainly	
  myopathy	
  and	
  

encephalomyopathy.	
  One	
  of	
   them,	
  m.14674T>C,	
  detected	
   in	
  patients	
  with	
  myopathy	
  
401	
   and	
   infantile	
   reversible	
   respiratory	
   chain	
   deficiency210,	
   was	
   confirmed	
   in	
  

homoplasmy,	
  similarly	
  to	
  the	
  variant	
  described	
  in	
  the	
  present	
  study.	
  Furthermore,	
  one	
  

of	
   the	
   reported	
   variants	
   (m.14696A>G),	
   causing	
   progressive	
   encephalopathy,	
   is	
   also	
  

located	
  in	
  a	
  Wobble	
  base	
  pair402.	
  

Taking	
  into	
  account	
  the	
  important	
  function	
  of	
  mt-­‐tRNAs	
  in	
  translation	
  of	
  OXPHOS	
  

subunits,	
  and	
  the	
  fact	
  that	
  a	
  mutated	
  mt-­‐tRNA	
  is	
  unlikely	
  to	
  be	
  compensated	
  by	
  other	
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tRNAs, since each mitochondrial genome bears a single copy of only 22 mt-tRNAs374, it 

seems reasonable to suggest that the variant m.14706A>G may have consequences in 

the efficient translation of the mitochondrial proteins. Indeed, a drastic decrease of 

complexes I, III, IV and V fully assembled was observed in the patient’s fibroblasts. 

The defect in the assembly of OXPHOS complexes may also lead to a decrease in 

the .activity .of complexes. In fact, the activity of complexes. is reduced in liver and 

muscle of patient, but the reduction in fibroblasts was only observed in CIII. However, 

the percentage of cases with an OXPHOS deficiency detected is lower in fibroblasts, 

compared to muscle, despite functional studies are more easily performed in 

fibroblasts403. Intracellular ATP levels, oxygen consumption, mitochondrial membrane 

potential and basal levels of superoxide production did not present significant 

alterations in patient’s fibroblasts. However, the superoxide production showed a 

significant increase after the inhibition of the CIII activity, suggesting that oxidative 

stress can increase in case of a more severe reduction of CIII activity, as in the case of 

the liver and muscle of patient, which has been demonstrated to contribute for the 

development of cardiomyopathy404. Besides the translational defect and the increase 

in ROS production, the observation of the increased size of mitochondria in patient’s 

fibroblasts was also indicative of mitochondrial involvement in the pathogenesis of 

cardiomyopathy, as verified in a case of HCM caused by a mtDNA mutation in the 16S 

rRNA397. 

The ECAR analysis showed an increased capacity for the response to the energy 

demand by revealing an improved glycolytic reserve in patient’s fibroblasts. Therefore, 

it is possible that this compensatory mechanism is sufficient to maintain the energy 

requirements in skin fibroblasts of the patient, which might be more difficult in tissues 

with higher energy needs, as the skeletal muscle, liver and heart, as previously 

described399. Moreover, homoplasmic pathogenic mtDNA mutations have been 

reported in association with a differential phenotypic expression183,186, which could be 

related to tissue-specific nuclear modifier genes186,403,405. 

Thus, taking into account the pathogenic role that the mt-tRNA variant may have 

in cardiac cells, we propose that this sequence variation is causing mitochondrial 

dysfunction that may contribute to or potentiate the severity of the phenotype. 

Indeed, Sacoto et al. (2015)406 had also reported the synergistic effect of a MYBPC3 
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mutation plus a mitochondrial tRNA mutation in a familial case of dilated 

cardiomyopathy, long QT syndrome and hearing loss, and ultimately sudden death406. 

Then, abnormalities in cMyBP-C causing alterations in the contractile function of 

cardiomyocytes may act synergistically with mitochondrial variants causing energy 

deficits and increased ROS production, leading to a more severe heart failure and 

sudden cardiac death. Nevertheless, one cannot exclude the hypothesis that another 

nuclear variant could be modulating the severity of phenotype, explaining the 

incomplete penetrance associated to cardiomyopathy verified for the two sequence 

variations detected. 

Together, these reports demonstrate the importance of taking into account the 

clinical manifestations in order to unveil the genetic mechanisms involved in 

heterogeneous and complex diseases, such as cardiomyopathies. 

  



 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 – Conclusions 
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Despite remarkable progress in defining the genetic basis of the mitochondrial 

diseases, the molecular diagnosis remains difficult due to the complexity, 

heterogeneity and the multisystem involvement presented in these group of disorders. 

The identification of the disease-causing genes is of extreme importance for 

diagnosis, genetic counselling, prenatal diagnosis and for better understanding the 

pathophysiology of these diseases in order to develop new and effective treatments 

for patients. 

In the last few years, the NGS technology became an indispensable tool for the 

genetic investigation of mitochondrial diseases, allowing the sequencing of the whole 

mitochondrial DNA, some panels of multiple nuclear genes, and whole exome/genome 

sequencing (WES/WGS) in a time- and cost-effective manner compared to the 

standard methods407. These approaches provide valuable information on the genes 

implicated in these diseases, allowing the identification of novel sequence variations 

that can clarify the involvement of mitochondrial dysfunction in the pathogenesis and, 

therefore, bringing the possibility to obtain a molecular diagnosis for several 

unresolved cases. In spite of the fact that NGS offers a robust platform for 

comprehensive analysis of mtDNA, the interpretation of rare or novel mitochondrial 

variants is complex and remains challenging218,293. 

In accordance with the current systems described in the literature, the overall 

criteria for classifying the pathogenicity of novel mitochondrial variants are 

represented in the Figure 1.4. Some criterion may be difficult to accomplish, leading to 

an inappropriate classification of novel variants that would not reach the status of 

definite diagnosis (in terms of pathogenicity), which is what happens when the 

functional analysis is not available, since these systems assign a major importance for 

functional studies. Also, it is widely accepted that heteroplasmy is one marker of 

pathogenicity of a mtDNA sequence variation, in opposition to the variants detected in 

homoplasmy, considered as polymorphisms. However, the rule is broken in the 

m.11778G>A mutation leading to LHON183 as well as for many other clinical 

presentations, demonstrating that homoplasmic variants can also be a cause of 

disease. 

In addition, other factors are crucial to achieve a fast and correct genetic 

diagnosis, such as the tissue selected for functional studies and the molecular genetic 
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investigation of the family. Muscle is often the favourite tissue for screening the 

mtDNA because in some cases (e.g. pure myopathy) the molecular defect is not 

present in other tissues. Despite this, a muscle biopsy is invasive and it is often not 

available. As an alternative, less invasive tissues could also be used for experimental 

studies, such as skin fibroblasts. Fibroblasts cell culture is widely used in functional 

analysis, since it allows to observe cellular events with the presence of a mtDNA 

mutation and the nuclear background of the patient. Moreover, as primary cells, they 

do not require transformation, representing more realistically what is occurring in 

vivo227. 

Concerning the segregation of the variant within the family members, it is not 

possible to get samples from relatives for all cases, increasing the difficulty in assigning 

the pathogenicity for a novel mtDNA variant. 

At last, the existence of more than one independent report with the same variant, 

in order to perform a correlation between the genotype and phenotype, is one of the 

most difficult parameters to assign the pathogenicity of rare and novel variants, even 

with the considerable advances obtained with the NGS. Notwithstanding, it is 

important to report the novel mtDNA sequence variations, predicted as probably 

pathogenic, in order to expand the knowledge, enabling independent groups, to report 

the same mtDNA variant detected, to confirm the pathogenicity. 

Thus, it is of extreme importance to check all available parameters and use the 

new technologies in order to get the more precise classification for mtDNA 

pathogenicity and improve the efficiency of the genetic diagnosis. Additionally, the 

role of clinician is essential, since clinical manifestations and family history remain 

crucial clues to make an earlier diagnosis, and to decrease the large number of 

unsolved sporadic cases of mitochondrial diseases. 

Accordingly, in the present work it was not possible to achieve some of the criteria 

established due to limitations concerning each case. 

The major issue in the attempt to prove the pathogenicity of the mtDNA variants 

studied was its presence in only one individual/family. Also, when the published 

criteria are applied to determinate the pathogenicity in the case of patients 1, 2 and 4, 

the presence of the sequence variation in homoplasmy decreases the significance for 

disease causality. 



Establishing the pathogenicity of novel mitochondrial DNA sequence variations:  
a cell and molecular biology approach 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 157  
 

The molecular genetic investigation of the family is important to check the 

segregation of the variant but it also allows to understand the inheritance pattern. 

However, the availability of samples from maternal relatives may not exist in the cases 

of adult patients, which was the case of patients 1 and 3. 

Other frequent difficulty is the heterogeneity of clinical manifestations that 

complicates the disease identification, such as in the case of patient 2, in which a new 

syndrome was identified during this study. Also, the peculiar family history is often a 

challenge, and at the same time, it is an example of the extraordinary complexity 

found in the genetic investigation. Indeed, in the case report II of the chapter 3.2, it is 

presented a case of two girls, non-identical twins, one affected and the other healthy; 

and also in the case report IV, the transitory symptom of cardiomyopathy in the only 

one healthy brother, so far, was the clue to achieve the diagnosis in the brothers. 

Regarding the functional analysis, several studies were performed with different 

approaches in accordance with the type of sequence variation, particularly in protein-

encoding or tRNA genes. Each case revealed different challenges in the analysis and 

correlation of the overall results. In a general view, the approaches evaluated the 

mitochondrial function, namely the energetic state of cells, and some parameters 

related to the cellular consequences of the variants, in an attempt to circumvent the 

limitations in manipulating mtDNA. The evidences observed in each case suggested 

that the mtDNA variants are possibly involved in the mitochondrial dysfunction 

observed in all cases. However, the patient 4 seems to be the most affected by the 

limitation of tissue specificity for functional analysis, in which the fibroblasts did not 

demonstrate significant functional changes, in most of the assays. 

In addition to the bioenergetics dysfunction, several cellular mechanisms seem to 

be altered in patients’ cells, opening new insights for the investigation of mitochondrial 

diseases. For instance, ER stress may be a possible explanation for the enlargement of 

ER lumen observed in patient 1 and macroautophagy alterations caused by loss of 

lysosomal function is the most probable cause for the new syndrome described for 

patient 2. 

Furthermore, OXPHOS diseases may be caused by a double genetic origin, besides 

the known depletion or deletion-associated syndromes. A good example of this 

interaction is the case of patient 2. Also, other diseases, namely cardiomyopathies, 
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could	
   be	
   related	
   to	
   different	
   inheritance	
  mode,	
   and	
   sometimes,	
   the	
   combination	
   of	
  

several	
   variants	
   (nuclear	
   and	
  mitochondrial)	
   is	
   the	
   explanation	
   for	
   the	
  more	
   severe	
  

phenotype	
  and	
   incomplete	
  penetrance	
  of	
  the	
  disease	
  between	
   individuals	
  within	
  the	
  

same	
  family,	
  as	
  in	
  the	
  case	
  report	
  IV.	
  

Moreover,	
  the	
  presence	
  of	
  two	
  alterations	
  in	
  mtDNA	
  (the	
  “common”	
  deletion	
  and	
  

a	
   novel	
   heteroplasmic	
   mt-­‐tRNA	
   sequence	
   variation,	
   m.7486G>A)	
   that	
   segregate	
  

together	
  within	
  the	
  affected	
  tissue	
  in	
  patient	
  3,	
  gives	
  the	
  idea	
  that	
  other	
  similar	
  cases	
  

must	
   exist,	
   most	
   probably	
   in	
   whom	
   the	
   evaluation	
   of	
   point	
   mutations	
   was	
   not	
  

performed	
  after	
  the	
  discovery	
  of	
  the	
  “common”	
  deletion.	
  It	
   is	
  expected	
  that	
  the	
  NGS	
  

for	
   sequencing	
   the	
   whole	
   mtDNA	
   will	
   help	
   to	
   identify	
   other	
   cases,	
   and	
   clarify	
   the	
  

significance	
  of	
  this	
  finding.	
  

Despite	
   the	
   advances	
   in	
   the	
   genetic	
   diagnosis,	
   these	
   disorders	
   are	
   amazingly	
  

complex	
  and	
  the	
  identification	
  of	
  a	
  link	
  between	
  genotype	
  and	
  phenotype	
  is	
  frequently	
  

a	
  challenge.	
  The	
  increasing	
  number	
  of	
  genes	
   leading	
  to	
  MRC	
  deficiency	
  suggests	
  that	
  

mitochondria	
   are	
   involved	
   in	
   a	
   wide	
   range	
   of	
   processes	
   associated	
   with	
   disease,	
  

namely	
   other	
   types	
   of	
   disorders	
   in	
   which	
   the	
  MRC	
   deficiency	
  may	
   be	
   secondary	
   to	
  

various	
  cellular	
  processes408,409.	
  

Although	
  considerable	
  progress	
  in	
  understanding	
  mitochondrial	
  function	
  has	
  been	
  

made	
   during	
   the	
   last	
   years,	
   much	
   remains	
   to	
   be	
   understood	
   and	
   many	
   questions	
  

remain	
  unanswered.	
  

The	
   list	
   of	
   mtDNA	
   variants	
   will	
   expand	
   continuously,	
   but	
   factors	
   such	
   like	
  

heteroplasmy,	
   complex	
   inheritance,	
   variable	
   “penetrance”	
   and	
   interactions	
   with	
  

modifier	
  genes	
  make	
  difficult	
   to	
  verify	
   its	
  pathogenicity	
  and	
  to	
  understand	
  how	
  they	
  

lead	
   to	
   disease.	
   Also,	
   the	
   genetic	
   counselling	
   is	
   a	
   challenging	
   area	
   for	
   woman	
   with	
  

mtDNA	
  mutations	
  due	
  to	
  the	
  bottleneck	
  effect	
  and	
  tissue	
  segregation,	
  as	
  well	
  as	
  the	
  

understanding	
  of	
  the	
  mechanism	
  involved	
   in	
  tissue	
  specificity,	
  and	
  predicting	
  disease	
  

progression.	
  

Expanding	
  our	
  knowledge	
  about	
  mitochondrial	
  biology,	
  namely	
  the	
  processes	
  such	
  

as	
   mtDNA	
   replication,	
   transcription,	
   translation,	
   repair,	
   degradation,	
   mtRNA	
  

metabolism,	
   assembly	
   of	
   complexes,	
   mitochondrial	
   quality	
   control,	
   mito-­‐nuclear	
  

signalling,	
   its	
  regulation	
  and	
   its	
   interplay	
  with	
  the	
  rest	
  of	
  the	
  cell,	
  will	
  provide	
  crucial	
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clues to define human diseases caused by mitochondrial dysfunction and develop 

effective therapeutic strategies. 

Further research is urgent to disclose the answers to these questions. 

In conclusion, the classification of the pathogenicity for mtDNA variants is not 

“black or white”, instead they present several “scales of grey”. 

If applying the scoring criteria for determining the pathogenicity of the mtDNA 

variants under study, several limitations difficult the assignment of a result, and 

important aspects are missing. For instance, in the case of patient 1 was not possible 

to measure the biochemical activity of MRC in the affected tissue (retinal ganglion cells 

in eyes), being not possible to ascribe 8 points; for patients 1 and 3, samples from 

maternal relatives were not available to check the segregation; 5 points (patients 1 and 

2) and 2 points (patient 4) were not referred because of the fact that the variants have 

been detected in homoplasmy; and in all independent reports, 5 or 2 points (tRNA 

variant or protein-encoding gene, respectively) will not be included until someone 

reports another unrelated case. Then, the score obtained for each sequence variation 

under study (Table 4.1 – see score) is not enough to reach the definitive status of 

“pathogenic” due to the limitations described above. 

However, if one checks the overall of important criteria without assigning a score, 

it is evident that most of the criteria were fulfilled (Table 4.1). Furthermore, in the case 

of the m.14706A>G, the scoring classification pointed the sequence variation as a 

“polymorphism”, even when the variant accomplishes several other criteria that are 

not usually scored. Thus, the pathogenicity of novel or rare mtDNA variants should be 

determined carefully, evaluating all available aspects in order to do a fair classification, 

not excluding variants with milder effect that may be reported later by other individual 

groups. 

Overall, the present work allowed to: 

(i) confirm the high pathogenic potential of the four unclassified mtDNA 

variants; 

(ii) report the variants showing functional evidences for its pathogenicity; 

(iii) include these sequence variations in the genetic investigation of other 

patients presenting similar phenotypes; 
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(iv) contribute for significant developments in the field of mitochondrial 

diseases pathogenicity, namely the idea that the interorganellar crosstalk is 

an essential process for cell homeostasis; 

(v) clarify the molecular genetic diagnosis of the patients under study. 

 

Table 4.1. Summary of the pathogenicity evaluation of the four unclassified mtDNA variants 
studied. 

 m.8418T>C m.14771C>A m.7486G>A m.14706A>G 

Evolutionary 
conservation 

+ + + + 

Pathogenicity prediction 
(probably deleterious) 

+ + + + 

Absence from a control 
population 

+ + + + 

Heteroplasmy - - + - 

Multiple reports - - - - 

Segregation with disease Not tested - Not tested - 

Histochemical evidence Not tested Not tested + Not tested 

Biochemical defect + + + + 

Positive functional 

study* 
+ + + + 

Score of pathogenicity  

24 out of 40 

“probably 

pathogenic” 

24 out of 40 

“probably 

pathogenic” 

11 out of 20 

“probably 

pathogenic” 

3 out of 20 

“polymorphism” 

*At least one of the functional assays showing significant alterations, suggesting a pathogenic role for 

the mtDNA variant; (+) the criterion was fulfilled; (-) the criterion was not fulfilled. 
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Further investigation will be necessary to understand some unclear aspects and to 

answer the still open questions, such as: 

 It will be crucial to evaluate the crosstalk between mitochondria-ER and 

mitochondria-lysosome, in cells from the patients mentioned in case reports I 

and II, respectively, in order to understand in which way the inter-organelle 

crosstalk is involved in the pathophysiology of these complexes diseases. 

 The development of new technology in order to manipulate mitochondria will 

be essential to test the pathogenicity of the sequence variation detected in P3. 

 Performing the WEG for samples of P4 and his family will certainly help to 

clarify the genetic diagnosis and the incomplete penetrance associated to 

cardiomyopathy and to the nuclear mutation identified. 

 The report of these sequence variations by independent laboratories will be 

decisive for corroborating its pathogenicity. 
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Appendix – List of the 513 nuclear genes related to mitochondrial function and structure 
sequenced by next generation sequencing (Mitome500 panel, Unpublished, Lee-Jun C. Wong). 

 

AARS2 COX7B MOCS1 NDUFA4 SDHAF2 

ABAT COX7B2 MOCS2 NDUFA4L2 SDHB 

ABCB11 COX7C MOGS NDUFA5 SDHC 

ABCB4 COX8A MPDU1 NDUFA6 SEPT9 

ABCB7 COX8C MPI NDUFA7 SHMT2 

ABHD5 CPS1 MPV17 NDUFA8 SIRT1 

ACACA CPT1A MRP63 NDUFA9 SIRT3 

ACACB CPT1B MRPL1 NDUFAF1 SIRT4 

ACAD9 CPT2 MRPL10 NDUFAF2 SIRT5 

ACADL (LCAD) CYC1 MRPL11 
NDUFAF4 
(C6ORF66 ) 

SLC22A5/OCTN2 

ACADM (MCAD) CYCS MRPL12 NDUFB1 SLC25A13 

ACADS (SCAD) DAP3 MRPL13 NDUFB10 SLC25A15 (ORNT1) 

ACADSB DARS2 MRPL14 NDUFB11 SLC25A19 

ACADVL (VLCAD) DBT MRPL15 NDUFB2 SLC25A20/CACT 

ACAT1 DGK intron 3 MRPL16 NDUFB4 SLC25A28 

ADCK3 DGUOK MRPL17 NDUFB5 SLC25A3 

ADCK3 
(COQ8/CABC1) 

DLAT MRPL18 NDUFB6 SLC25A4 

ADSL DLD MRPL19 NDUFB7 SLC25A5 

AGL DNA2 MRPL2 NDUFB8 SLC26A4 

AIFM1 DNAJC19 MRPL20 NDUFB9 SLC35A1 

AK2 DNC MRPL21 NDUFC1 SLC35C1 

ALDH9A1 DNLZ MRPL22 NDUFC2 SLC37A4 

ALDOA DOLK MRPL23 NDUFS1 SLC37A4/G6PT1 

ALDOB DPAGT1 MRPL24 NDUFS2 SLC6A8 

ALDOB Intron 1 DPM1 MRPL27 NDUFS3 SLIRP 

ALDOB_Promoter DPM3 MRPL28 NDUFS4 SMCP 

ALG12 EARS2 MRPL3 NDUFS5 SOD2 

ALG2 ELOVL4 MRPL30 NDUFS6 SPATA7 

ALG3 ENO3 MRPL32 NDUFS7 SPG7 

ALG6 ETFA MRPL33 NDUFS8 SQSTM1 

ALG8 ETFB MRPL34 NDUFV1 SRD5A3 

ALG9 ETFDH MRPL36 NDUFV2 SSBP1 

AMPD1 ETHE1 MRPL38 NDUFV3 STAT1 

AMT EYA4 MRPL39 NEUROD1 STAT3 

APEX2 FAH MRPL4 NFE2L2 STAT3   

APP FARS2 MRPL40 NFU1 SUCLA2 
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APTX FASTKD2 MRPL41 NME7 SUCLG1 

ARG1 FBP1 MRPL43 NOTCH2 SUCLG2 

ASL FH MRPL44 NRF1 
Sulfite oxidase 
(SUOX) 

ASS1 FOXRED1 MRPL45 NT5C SURF1 

ATP12A FXC1 MRPL46 NT5M TACO1 

ATP5A1 G6PC MRPL47 NUBPL TARS2 

ATP5B GAA MRPL49 OAT TAZ 

ATP5C1 GABPA MRPL50 OGDH TCN2 

ATP5D GABPB1 MRPL51 OPA1 TFAM 

ATP5E GALE MRPL52 OPA3 TFB1M 

ATP5F1 GALK1  MRPL53 OTC TFB2M 

ATP5G1 GALT MRPL54 OXA1L TFCP2L1 

ATP5G2 GAMT MRPL55 PAH TIMM10 

ATP5G3 GARS MRPL9 PAM16 TIMM13 

ATP5H GATM MRPS10 PARK2   TIMM17A 

ATP5I GBE1 MRPS12 PARS2 TIMM17B 

ATP5J GCDH MRPS14 PC TIMM22 

ATP5J2 GCK MRPS15 PCCA TIMM23 

ATP5L GCKR MRPS16 PCCB TIMM44 

ATP5L2 GCSH MRPS16 PDHA1 TIMM50 

ATP5O GFM1 MRPS17 PDHB TIMM8A 

ATP6V0A2 GFM2 MRPS18A PDHX TIMMDC1 

ATP8B1 GK MRPS18B PDK1 TK2 

ATPAF1 (ATP11) GLDC MRPS18C PDK2 TMEM127 

ATPAF2 (ATP12) GNE MRPS2 PDK3 TMEM70 

ATPIF1 GPD1 MRPS21 PDK4 TMLHE 

AUH GPD2 MRPS22 PDP1 TNFRSF11A 

B4GALT1 GTPBP3 MRPS23 PDSS1 TNFRSF11B 

BAX GYS1 MRPS24 PDSS2 TOMM20 

BBOX1 GYS2 MRPS25 PET112L TOMM22 

BCKDHA HADHA (LCHAD) MRPS26 PFKM TOMM34 

BCS1L HADHB (TFP) MRPS27 PGAM2 TOMM40 

BOLA3 HARS2 MRPS28 PGC TOMM40L 

BTD HLCS MRPS30 PGM1 TOMM5 

C10ORF2 HMGCS1 MRPS31 PHKA1 TOMM6 

C12ORF65 HMGCS2 MRPS33 PHKA2 TOMM7 

C20ORF7 HNF1A MRPS34 PHKB TOMM70A 

C2orf64 HNF1B MRPS35 PHKG2 TOP1MT 

CARS2 IARS2 MRPS36 PINK1    TRIT1 

CBS IDH3G   MRPS5 PKM2 TRMU 
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CHCHD4 IMP3 MRPS6 PMM2 TRNT1 

CKMT2 ISCU MRPS7 PMPCB TSFM 

CMYA5 IVD MRPS9 PNPLA2 TUFM 

COG1 JAG1 MRRF POLG TUSC3 

COG7 KARS MTERF POLG2 TYMP 

COG8 LACTB MTERFD3 POLRMT TYR 

COQ2 LARS2 MTFMT PPARG UBE3A 

COQ9 LDHA MTHFD1L PPARGC1A UNG 

COQ9    LIG3 MTIF2 PPARGC1B UQCR10 

COX10 LMBRD1 MTIF3 PPID UQCR11 

COX11 LONP1 MTO1 PTRH2 UQCRB 

COX15 LPIN1 (PAP) MTR PTRH2   UQCRC1 

COX17 LRPPRC MTRF1 PUS1 UQCRC2 

COX18 MARS2 MTRF1L PYGL UQCRFS1 

COX19 MCCC1 MTRR PYGM UQCRH 

COX4I1 MCCC2 MTX1 PYGM Intron 5 UQCRQ 

COX4I2 MCEE MUT QARS VARS2 

COX5A MECP2 MUTYH RARS2 VCP 

COX5B MEF2A NAGS RBFA VDAC1 

COX6A1 MEN1 NARS2 RET VDAC2 

COX6A2 MFN1 NDUFA1 RFT1 VDAC3 

COX6B1 MFN2 NDUFA10 RRM2B VHL 

COX6B2 MGAT2 NDUFA11 SARS2 WARS2 

COX6C MMAA NDUFA12 SCO1 XDH 

COX7A1 MMAB NDUFA13 SCO2 YARS2 

COX7A2 MMACHC NDUFA2 SDHA 

 COX7A2L MMADHC NDUFA3 SDHAF1 
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