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Highlights:

o Mitochondria participate to variegated cellular functions o Primary or secondary mitochondrial defects trigger rare diseases o Environmental factors can induce mitochondrial dysfunction o Mitotoxicity screening of medicinal drugs has reduced the occurrence of iatrogenic diseases o The molecular pathophysiology of mitochobndrial diseases is very complex o A too limited number of drugs is available to modulate mitochondrial function in human therapy.

I. Mitochondrial structure and function

I.1) Mitochondrial structure

Mitochondria are best known for their canonical role in the generation (transduction) of energy in the form of adenosine triphosphate (ATP) by aerobic respiration, using the potential free energy of various metabolic fuels as carbohydrates, amino-acids or fatty acids. However, cell biology research has shown that mitochondria perform a much larger suite of functions which can be very different depending on the eukaryotic lineage. Despite this striking tissuespecific diversity of mitochondrial function, it is proposed that all mitochondria derive from a common ancestral organelle that originated from the integration of an endosymbiotic alphaproteobacterium into a host cell related to Asgard Archaea [START_REF] Roger | The Origin and Diversification of Mitochondria[END_REF]. The mitochondriome designate the cellular compartment regrouping a large number of particles ( mitochondria) that can fuse and assemble into thousands of mitochondrial tubules, thus forming a large mitochondrial network surrounding the cell nucleus and extending toward the plasma membrane boundary. Different names can be used to refer to mitochondria depending on its organization status. The single mitochondrial particles are referred to as 'mitochondria'.

Upon fusion, these particles can organize as a dynamic network referred to as the 'mitochondrial network'. Subparts of this network are referred to as 'mitochondrial tubules'.

The notion of mitochondrial dynamics is detailed below in section I. 3.6. The size of individual mitochondrial particles (mitochondria) varies considerably during the cell cycle, but it is commonly between 0.75 and 3 μm² area [START_REF] Wiemerslage | Quantification of mitochondrial morphology in neurites of dopaminergic neurons using multiple parameters[END_REF]. Internal structure of the mitochondrion was revealed by electron microscopy. In contrast, the threedimensional (3D) structure of mitochondria was investigated in the 1990s by electron tomography of thin plastic sections [START_REF] Perkins | Recent structural insight into mitochondria gained by microscopy[END_REF]. However, chemical fixation, dehydration and heavy-metals based staining of internal membrane can result in the loss of molecular details. Nowadays, to explore in situ the macromolecular components of intact isolated mitochondria or mitochondrial membranes, researchers use electron cryo-tomography (cryo-ET) [START_REF] Davies | Macromolecular organization of ATP synthase and complex I in whole mitochondria[END_REF] at sub-nanometer resolution [START_REF] Bharat | Structure of the immature retroviral capsid at 8 Å resolution by cryoelectron microscopy[END_REF]Mannella, 2006a). Mitochondria are double-membrane organelles composed of five distinct compartments, namely: the outer mitochondrial membrane (OMM), the inner mitochondrial membrane (IMM), the intermembrane space between OMM and IMM, the cristae space formed by infoldings of the IMM, and the matrix [START_REF] Devin | Mitochondria: Ultrastructure, Dynamics, Biogenesis and Main Functions[END_REF].

The outer mitochondrial membrane (OMM) is 6 to 7.5 nanometers thick. The OMM, which has a protein-to-phospholipid ratio similar to that of the cell membrane, is porous and freely traversed by ions, metabolites, nucleotide and others uncharged molecules through pore-forming membrane proteins (porins), such as the voltage-dependent anion channel (VDAC) [START_REF] Bayrhuber | Structure of the human voltage-dependent anion channel[END_REF][START_REF] Hoogenboom | The Supramolecular Assemblies of Voltage-dependent Anion Channels in the Native Membrane[END_REF]. Any larger molecules, such as proteins, can enter the mitochondrion if a signaling sequence at their N-terminal binds to translocase, which then moves them across the OMM [START_REF] Herrmann | Protein transport into mitochondria[END_REF].

Because of its porosity, there is no membrane potential across the OMM. The OMM can form structure called MAM (mitochondria-associated ER-membrane) by its association with the endoplasmic reticulum (ER) membrane. MAM are important in the ER-mitochondria calcium signaling and are involved in the transfer of lipids between the ER and mitochondria [START_REF] Hayashi | MAM: more than just a housekeeper[END_REF]. By contrast, the inner mitochondrial membrane (IMM), which separates mitochondrial matrix from the intermembrane space, is a tight diffusion barrier to all ions and molecules, giving it an electrochemical membrane potential of about -180 mV. Because the IMM does not contains porins, almost all ions, molecules and protein require specific membrane transport proteins to enter or exit the matrix, as performed by the translocase of the inner membrane (TIM) complex [START_REF] Herrmann | Protein transport into mitochondria[END_REF][START_REF] Kühlbrandt | Structure and function of mitochondrial membrane protein complexes[END_REF]. IMM is mainly composed of proteins (protein-to-phospholipid ratio is more than 3:1), which have different functions.

(1) The IMM is the seat of oxidative phosphorylation (OXPHOS) which involves a series of membrane protein complexes that create the electrochemical gradient of protons across the inner membrane used by (2) F1FO-ATP synthase to generate ATP in the matrix (3. The metabolite and proteins transport into and out of the mitochondrial matrix as regulated by specific transport proteins [START_REF] Picard | The rise of mitochondria in medicine[END_REF] and by the protein import machinery. Moreover,

(5) IMM is composed of mitochondrial fusion and fission proteins that participate to the regulation of mitochondrial functions (see below). In addition, IMM is rich in cardiolipin, a phospholipid composed of four fatty acids, which have an important role in mitochondrial bioenergetic processes, mitochondrial apoptosis, and mitochondrial membrane stability and dynamics [START_REF] Paradies | Functional role of cardiolipin in mitochondrial bioenergetics[END_REF]. The mitochondrial matrix, the innermost compartment, surrounded by the IMM, has a high protein density of up to 500mg/ml [START_REF] Kühlbrandt | Structure and function of mitochondrial membrane protein complexes[END_REF]. In addition, the high pH of the mitochondrial matrix (7.9 -8) participates to the trans-membrane electrochemical gradient of protons that drives ATP synthesis and mitochondrial transports [START_REF] Llopis | Measurement of cytosolic, mitochondrial, and Golgi pH in single living cells with green fluorescent proteins[END_REF]. The mitochondrial matrix is also the site of mitochondrial DNA (mtDNA) replication, transcription, protein biosynthesis and numerous enzymatic reactions (fatty acid oxidation, citric acid cycle). In the matrix, mtDNA is compacted by the mitochondrial transcription factor (TFAM) into supramolecular assemblies called nucleoids (~100 nm of diameter and containing one copy of mtDNA) [START_REF] Kukat | Superresolution microscopy reveals that mammalian mitochondrial nucleoids have a uniform size and frequently contain a single copy of mtDNA[END_REF][START_REF] Kukat | Cross-strand binding of TFAM to a single mtDNA molecule forms the mitochondrial nucleoid[END_REF].

The mitochondrial intermembrane space is the ~20 nm gap between the OMM and the IMM. One major bioenergetic protein that is localized to the intermembrane space is cytochrome c. The IMM forms invaginations called cristae, that extend deeply into the matrix, expanding the surface area of the IMM, and enhancing its ability to produce ATP (Mannella, 2006b). So, in tissues with a high-energy demand (skeletal or heart muscle), the cristae are closely stacked disk-like lamellae that take up most of the mitochondrial volume.

Conversely, in tissues with lower energy demand (liver or kidney), the cristae are less closely stacked, leaving more room for the matrix with its biosynthetic enzymes. Cristae contain most of the fully assembled complexes of the electron transport chain (ETC), thus constituting the main site for converting biological energy in all non-photosynthetic eukaryotes. In all organisms, the mitochondrial contact site and cristae organizing system (MICOS) anchors the cristae to the OMM [START_REF] Pfanner | Uniform nomenclature for the mitochondrial contact site and cristae organizing system[END_REF] and forms a diffusion barrier within the IMM at the crista junctions to account for the apparent lateral segregation of proteins between the cristae and boundary membranes [START_REF] Davies | Macromolecular organization of ATP synthase and complex I in whole mitochondria[END_REF]. Alteration of mitochondrial structure is used as one major criteria during the diagnosis of mitochondrial diseases. Typically, an EM analysis is performed on a skeletal muscle biopsy to study mitochondrial membranes integrity and shape. In mitochondrial diseases specimens, alteration of cristae shape is often observed and the complete disappearance of cristae (cristolysis) can even be observed. Intra-matrix inclusions are also observed in these specimens. Still, functional evaluation of mitochondrial bioenergetics as well as the search for mutations in genes coding mitochondrial proteins is required to diagnose mitochondrial diseases. In a large number of cases, around 50%, the genetic causes remain unknown so that biochemical evidences of respiratory chain dysfunction are key to the diagnosis.

I.2) Mitochondrial genome

Mitochondria contain an extrachromosomal genome, which is both different and separate from the nuclear genome. In 1963, Margit Nass and Sylvan Nass have identified and isolated mtDNA [START_REF] Nass | INTRAMITOCHONDRIAL FIBERS WITH DNA CHARACTERISTICS: I. Fixation and Electron Staining Reactions[END_REF]. However, the complete sequence of the first mtDNA was published in 1981 [START_REF] Anderson | Sequence and organization of the human mitochondrial genome[END_REF]. mtDNA is a 5mm histone-free circular doublestranded DNA molecule, with around 16 569 base-pairs and 37 genes [START_REF] Taanman | The mitochondrial genome: structure, transcription, translation and replication[END_REF].

mtDNA have two strands: the heavy (H) strand which encodes more information including rRNAs (12S and 16S), 14 tRNAs and 12 polypeptides, and the light (L) strand which encodes only 8 tRNAs and 1 polypeptide. The 13 polypeptides are part of the enzyme complexes of the respiratory chain, a central component of the OXPHOS system. Moreover, mtDNA have the intron-less genes and the limited, or even absent, intergenic sequences, except in one regulatory region [START_REF] Amorim | Mitochondrial DNA in human identification: a review[END_REF] (Figure 1). Mitochondria have a D-loop, which is a triple-stranded region located in non-coding region (NCR) and contain the origin of replication and 2 transcription promotors [START_REF] Atig | ADN MITOCHONDRIAL : PROPRIETES ET APPLICATIONS[END_REF]. A mitochondrion contains 2 to 10 copies of mtDNA [START_REF] Wei | Mitochondrial DNA point mutations and relative copy number in 1363 disease and control human brains[END_REF]. Surprisingly, mtDNA polymerase have low fidelity and there is no own mtDNA repair mechanism, leading to a significant higher mutation rate in the mitochondrial genome compared to the nDNA [START_REF] Amorim | Mitochondrial DNA in human identification: a review[END_REF]. However, mitochondria can repair mtDNA damage through proteins encoded by nuclear genes and translocated into the mitochondria [START_REF] Gredilla | Nuclear and Mitochondrial DNA Repair in Selected Eukaryotic Aging Model Systems[END_REF][START_REF] Saki | DNA damage related crosstalk between the nucleus and mitochondria[END_REF]. The most common DNA repair process in mitochondria is the base excision repair pathway [START_REF] Saki | DNA damage related crosstalk between the nucleus and mitochondria[END_REF].

This mechanism includes recognition and excision of a damaged DNA base, removal of the resulting abasic site, end processing, gap filling and ligation. In addition, mtDNA damaged can be repaired by homologous recombinaison [START_REF] Dahal | Homologous recombination-mediated repair of DNA double-strand breaks operates in mammalian mitochondria[END_REF] and microhomologymediated end joining [START_REF] Tadi | Microhomology-mediated end joining is the principal mediator of double-strand break repair during mitochondrial DNA lesions[END_REF]. The regulation of the expression of these 13 proteins encoded by mtDNA could be dependent upon epigenetic, post-transcriptional, or post-translational modifications either within the mitochondrion or in nuclear DNA [START_REF] Sharma | Mitochondrial DNA: Epigenetics and environment[END_REF]. Epigenetic modifications are inheritable changes that result in altered gene expression without any modification of the original DNA sequence. These modifications explain differential gene expression and can be impacted by a number of factors such as environmental exposures. Two major epigenetic mechanisms found in the mitochondrion are DNA methylation and noncoding RNAs (ncRNAs) [START_REF] Sharma | Mitochondrial DNA: Epigenetics and environment[END_REF]. DNA methylation, catalyzed by DNA methyltransferase enzyme (DNMT), is the addition of a methyl group from S-adenosyl-methionine (SAM) to a DNA base cytosine usually or adenine [START_REF] Maresca | DNA methyltransferase 1 mutations and mitochondrial pathology: is mtDNA methylated? Front[END_REF]. In the mitochondria, methylation occurs within CpG dinucleotides as CpG islands are virtually absent owing to the smaller size of mtDNA and its short noncoding control region. However, the mechanism of methylation in mitochondira is still not clearly understood [START_REF] Sharma | Mitochondrial DNA: Epigenetics and environment[END_REF] and is a topic of controversy (reviewed in [START_REF] D'aquila | Mitochondrial genome and epigenome: two sides of the same coin[END_REF][START_REF] Maresca | DNA methyltransferase 1 mutations and mitochondrial pathology: is mtDNA methylated? Front[END_REF][START_REF] Mposhi | Regulation of mitochondrial gene expression, the epigenetic enigma[END_REF]). Several diseases have been associated with differential mtDNA methylation including age-related neurodegenerative disorders (Alzheimer's diseases, Parkinson's, etc.), cancer, obesity, diabetes, and cardiovascular diseases [START_REF] Maresca | DNA methyltransferase 1 mutations and mitochondrial pathology: is mtDNA methylated? Front[END_REF][START_REF] Mposhi | Regulation of mitochondrial gene expression, the epigenetic enigma[END_REF]. The field of mitochondrial epigenetics is emerging and alteration in the DNA-editing machinery could be responsible for diseases, but this remains to be shown. Also, ncRNAs, RNA molecules that lack the ability to be translated into protein (such as microRNAs, long noncoding RNAs), involves in the epigenetic regulation of mitochondrial gene expression and can be encoded by both the nDNA or mtDNA [START_REF] Sharma | Mitochondrial DNA: Epigenetics and environment[END_REF]. Nowadays, it is not clear whether the mtDNA encoded ncRNAs are derived from mitochondrial genes integrated into the nuclear genome or are actually transcribed inside the mitochondria [START_REF] Vendramin | Non-coding RNAs: the dark side of nuclearmitochondrial communication[END_REF].

I.3) Mitochondrial function

I.3.1) Bioenergetics: energy transduction processes.

The chemo-osmotic theory proposed by [START_REF] Mitchell | Coupling of phosphorylation to electron and hydrogen transfer by a chemiosmotic type of mechanism[END_REF][START_REF] Mitchell | Coupling of phosphorylation to electron and hydrogen transfer by a chemiosmotic type of mechanism[END_REF] explains this energy transduction process, which allows the transformation of a chemo-osmotic energy (electrochemical proton gradient) into chemical energy usable by the aerobic cell, the ATP, between the mitochondrial matrix and the inter-membrane space. This theory is based on the low permeability of the inner proton membrane and its low conductivity for charged molecules. Mammalian nutrients as glucose, amino acids and fatty acids are transformed by intermediary metabolism (Krebs cycle, fatty acid oxidation…) into their reduced equivalents:

NADH, H + and FADH2. Then, these reduced equivalents are ultimately oxidized by the mitochondrion, powerhouse of the cell, responsible for making energy in the form of adenosine triphosphate (ATP) through OXPHOS. Oxidative phosphorylation requires the transport of electrons to molecular oxygen through the mitochondrial respiratory chain aldo named electron transport chain (ETC). The ETC involves four multi-subunit complexes, including complex I, complex II, complex III and complex IV, and mobile electron carriers, ubiquinone (also known as coenzyme Q10, coenzyme Q or CoQ) and cytochrome c [START_REF] Gorman | Mitochondrial diseases[END_REF]. The electrons provided by NADH and FADH2, are supplied to complex I and II, respectively, and then transferred to ubiquinone. Other electron donors are involved in reducing coenzyme Q at the "Q-junction" level. This is for example dihydro-orotate dehydrogenase involved in the biosynthetic pathway pyrimidine bases or ETF (electron-flavoprotein) that recovers electrons from the oxidation of fatty acids. The electrons are then channeled to complex III and then to complex IV via CoQ and then the cytochrome c, respectively Complex IV transfers electrons to the final acceptor, the oxygen (1/2 O2). These successive transfers of electrons are accompanied by a proton transfer from the matrix to the inter-membrane space at the level of the complexes I, III and IV. This extrusion results in the formation of an electrochemical proton gradient, or protomotive force, which can decompose into a transmembrane electric potential difference (ΔΨm) and a pH gradient on either side of the inner membrane. This proton gradient is then consumed by complex V of the mitochondrial respiratory chain, also called F1Fo-ATP synthase, to synthesize ATP from ADP and Pi (Figure 2). Then, complex V (CV) converts the proton gradient into biochemical energy, thereby generating ATP from ADP and free phosphate. OMM : outer mitochondrial membrane, IMM : inner mitochondrial membrane, MM : mitochondrial matrix.

Structural studies have shown that protein complexes of the respiratory chain form supramolecular assemblies called respiratory supercomplexes or respirasome [START_REF] Boekema | Supramolecular Structure of the Mitochondrial Oxidative Phosphorylation System[END_REF][START_REF] Lapuente-Brun | Supercomplex assembly determines electron flux in the mitochondrial electron transport chain[END_REF]. Lastly, the large amounts of ATP generated by OXPHOS are used in biological processes as muscle contraction, nerve impulse conduction, steroid and heme biosynthesis, calcium and iron homeostasis, redox signaling, programmed cell death, or even innate immunity [START_REF] Nunnari | Mitochondria: in sickness and in health[END_REF][START_REF] Picard | The rise of mitochondria in medicine[END_REF].

I.3.2) Heat production

In endothermic species, despite varying environmental conditions, thermal energy is produced through their internal metabolism. Mitochondria are major actors in this nonshivering thermogenic process and help to ensure stable internal temperature throughout the organism [START_REF] Janský | Non-Shivering Thermogenesis and Its Thermoregulatory Significance[END_REF][START_REF] Klingenspor | Cold-Induced Recruitment of Brown Adipose Tissue Thermogenesis[END_REF]. As seen above, part of the energy released by the OXPHOS drives ATP synthesis, but a substantial proportion is released as heat [START_REF] Chrétien | Mitochondria are physiologically maintained at close to 50[END_REF][START_REF] Lane | Hot mitochondria?[END_REF]. Indeed, OXPHOS is not always completely coupled, that means under routine circumstances, a small number of H + do not pass through the F1FO-ATP synthase and instead flow directly into the mitochondrial matrix, without the generation of ATP. This process is known as proton leak composed of two parts: basal proton leak (not regulated and related to the bilayer of the IMM and ANT) and inducible proton leak (regulated and catalyzed by uncoupling proteins family (UCPs)) (Zhao et al., 2019a). UCPs belong to the family of mitochondrial anion carrier proteins, through which the protons can reflux into the matrix. Five UCPs have been identified in mammals, UCP1, UCP2, UCP3, UCP4 and UCP5, and all are present in the form of dimers in the IMM [START_REF] Krauss | The mitochondrial uncoupling-protein homologues[END_REF].

UCPs, and particularly UCP1, uncouple OXPHOS, thereby converting the energy required to synthesize ATP into heat [START_REF] Andrews | Mitochondrial uncoupling proteins in the cns: in support of function and survival[END_REF][START_REF] Rajagopal | Transient heat release during induced mitochondrial proton uncoupling[END_REF]. Some studies have

shown that this steady-state substrate oxidation produce only around 10 -5 K temperature increase per cell [START_REF] Kiyonaka | Validating subcellular thermal changes revealed by fluorescent thermosensors[END_REF]. Conversely, UCP2 does not uncouple OXPHOS and serves as a metabolite transporter [START_REF] Vozza | UCP2 transports C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation[END_REF]. Due to their wide distribution, UCPs have different physiological significance in specific tissues. Therefore, abnormal changes in UCPs will lead to tissue-specific diseases (Zhao et al., 2019a). Moreover, using a temperature-sensitive fluorescent probe targeted to mitochondria, Chrétien and colleagues suggested that mitochondria complexes activity are optimized to nearly 50°C, 10°C hotter than body temperature [START_REF] Chrétien | Mitochondria are physiologically maintained at close to 50[END_REF].

I.3.3) Generation of ROS

The mitochondrial respiratory chain is a major source of reactive oxygen species (mtROS) in the form of superoxide (O2 •-). However, the sources of mtROS are multiple within mitochondrial respiratory chain [START_REF] Wong | Production of superoxide and hydrogen peroxide from specific mitochondrial sites under different bioenergetic conditions[END_REF]. The specific role of mtROS generated from these different sites of production is complex and participates to the multilevel signaling involved in the regulation of cell growth, survival and migration. A major site of mtROS production is respiratory chain complex I that contains two biochemical generators of mtROS: the flavin-mononucleotide moiety (FMN; site IF) and the binding site to ubiquinone (site IQ). In total, eight different sites of mtROS generation were identified in the mitochondrion, using various genetic and pharmacology approaches, as reviewed by Wong H. and colleagues [START_REF] Wong | Production of superoxide and hydrogen peroxide from specific mitochondrial sites under different bioenergetic conditions[END_REF]. The contribution of these different sites to mtROS generation is variable and depends on the bioenergetic context, as determined by the energy supply and the energy demand of the cell. Furthermore, the specific impact of previously defined site specific-mtROS modulation on cancer cells methylome, transcriptome and proteome remains poorly understood, as most Omics-based approaches for the identification of ROS-responsive genes were performed using exogenous sources of ROS as addition of hydrogen-peroxide in the cell culture medium, rather than using specific mtROS modulation approaches for each of the eight production sites previously defined. The gene expression program responsive to an increase in site-specific mtROS generation might depend on the pathology or physiology context, the extent and duration of mtROS generation and diffusion, the bioenergetic state of the cell and the capacity of the antioxydant defense systems. In contrast, the global cellular transcriptional response to a sudden increase in cytosolic ROS (cROS) levels has been extensively studied and revealed the existence of REDOX-regulated transcription factors as c-Jun, ATF2, ATF4, NFκB, Nrf2, STAT3 and p53. Lastly, mtROS and cROS production mechanisms can influence each other as exemplified by the ROS-induced ROS-release (RIRR) phenomenon [START_REF] Zorov | Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release[END_REF]. During the RIRR, the exposure to excessive oxidative stress results in an increase in ROS, reaching a threshold level that triggers the opening of one of the requisite mitochondrial channels. In turn, this leads to the simultaneous collapse of the mitochondrial membrane potential and a transient increased ROS generation by the electron transfer chain. Generated ROS can be released into cytosol and trigger RIRR in neighboring mitochondria. With this mechanism, an initial wave of mtROS can trigger the delayed generation of cROS, with consequences for the reprogramming of cells and the modulation of regulatory circuits that will influence bioenergetics and physiology. The mtROS are produced to higher extent when the respiratory chain operates a low rate, when the membrane potential is high, particularly by complex I and complex III (Chen et al., 2003b;[START_REF] Murphy | How mitochondria produce reactive oxygen species[END_REF][START_REF] Turrens | Mitochondrial formation of reactive oxygen species[END_REF][START_REF] Turrens | Ubisemiquinone is the electron donor for superoxide formation by complex III of heart mitochondria[END_REF]. ROS production occurs when a unique electron is accepted by the ground state. It is particularly true in membrane where O2 solubility is high [START_REF] Bouchez | Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA Signaling Pathway[END_REF][START_REF] Chen | Cardiac Mitochondria and Reactive Oxygen Species Generation[END_REF].

Moreover, ROS formation increases when there is a higher mitochondrial membrane potential, low ATP synthesis, or when electron flow is hampered by alterations in respiratory complexes [START_REF] Korshunov | High protonic potential actuates a mechanism of production of reactive oxygen species in mitochondria[END_REF]. Biochemical studies shown that Complex I or Complex III inhibition by pharmacological agent, like rotenone and Antimycin A respectively, can increase ROS formation in submitochondrial particle (SMPs) (Chen et al., 2003b;[START_REF] St-Pierre | Topology of superoxide production from different sites in the mitochondrial electron transport chain[END_REF][START_REF] Turrens | Ubisemiquinone is the electron donor for superoxide formation by complex III of heart mitochondria[END_REF]. SMPs are produced by mitochondrial disruption resulting in the release of water-soluble components and inner membrane fragments that reassemble into vesicles. The Q cycle described by Chance explains the ROS production through the Complex III [START_REF] Chance | The interaction of energy and electron transfer reactions in mitochondria. VI. The efficiency of the reaction[END_REF]. However, the major site of ROS production in mitochondria through the complex I remains unclear. Indeed, in pathologic condition of myocardial ischemia in isolated rat heart, administration of rotenone decreases the production of ROS [START_REF] Becker | Generation of superoxide in cardiomyocytes during ischemia before reperfusion[END_REF] and ameliorates damage to mitochondria [START_REF] Lesnefsky | Ischemia-reperfusion injury in the aged heart: role of mitochondria[END_REF], suggesting that rotenone inhibition of complex I decreases ROS production by reducing NADH oxidation (Chen et al., 2003b;[START_REF] Lesnefsky | Ischemia-reperfusion injury in the aged heart: role of mitochondria[END_REF][START_REF] Lesnefsky | Myocardial ischemia selectively depletes cardiolipin in rabbit heart subsarcolemmal mitochondria[END_REF]. Although complex IV is not a source of ROS [START_REF] Babcock | Oxygen activation and the conservation of energy in cell respiration[END_REF], study showed that inhibition of this complex can facilitate ROS formation from complexes I or III [START_REF] Ambrosio | Evidence that mitochondrial respiration is a source of potentially toxic oxygen free radicals in intact rabbit hearts subjected to ischemia and reflow[END_REF][START_REF] Dawson | Mitochondria as a source of reactive oxygen species during reductive stress in rat hepatocytes[END_REF]. Recently, a concept emerges that ROS formation can also result from reverse electron transfer (RET). In vivo studies have shown that succinate accumulated during ischemia is oxidized during reperfusion, resulting in large ROS formation that is likely due to the reverse electron flow within complex I [START_REF] Chouchani | Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS[END_REF]. Besides respiratory chain complexes, the opening of the mitochondrial permeability transition pore (mPTP) generating uncoupling-like effect which can amplify an initial oxidative stress and is responsible to a large increase of ROS production. This process is called ROS-induced ROS release [START_REF] Juhaszova | The Identity and Regulation of the Mitochondrial Permeability Transition Pore: Where the Known Meets the Unknown[END_REF][START_REF] Zorov | Mitochondrial ROS-induced ROS release: An update and review[END_REF]. However, the underlying regulatory mechanisms have not yet been elucidated. In addition to these molecular determinants of mitochondrial ROS production, mitochondrial dehydrogenases as glycerol-3-phosphate deshydrogenase, proline-dehydrogenase, dihydroorotate-dehydrogenase or α-ketoglutarate deshydrogenase, are also involved in mtROS formation [START_REF] Starkov | Mitochondrial α-Ketoglutarate Dehydrogenase Complex Generates Reactive Oxygen Species[END_REF]. Mitochondria also contain enzymes that catalyze H2O2 generation as the obligatory product [START_REF] Brand | The sites and topology of mitochondrial superoxide production[END_REF][START_REF] Carpi | The cardioprotective effects elicited by p66Shc ablation demonstrate the crucial role of mitochondrial ROS formation in ischemia/reperfusion injury[END_REF][START_REF] Elizabeth | Mitochondrial Function, Biology, and Role in Disease[END_REF] although several enzymes, including superoxide dismutase (SOD) are involved in mtROS disposal [START_REF] Aon | Redox-optimized ROS balance: A unifying hypothesis[END_REF][START_REF] Landis | Superoxide dismutase evolution and life span regulation[END_REF][START_REF] Elizabeth | Mitochondrial Function, Biology, and Role in Disease[END_REF]. Lastly, a role is emerging for mtROS in the physiological regulation of mitochondrial biogenesis through cAMP/PKA signaling pathway [START_REF] Bouchez | Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA Signaling Pathway[END_REF], adaptation to hypoxia, autophagy, immunity and cell differentiation [START_REF] Sena | Physiological Roles of Mitochondrial Reactive Oxygen Species[END_REF]. However, excessive ROS contribute to a number of pathological processes including aging [START_REF] Balaban | Mitochondria, Oxidants, and Aging[END_REF][START_REF] Davalli | ROS, Cell Senescence, and Novel Molecular Mechanisms in Aging and Age-Related Diseases[END_REF], apoptosis [START_REF] Kamogashira | Reactive Oxygen Species, Apoptosis, and Mitochondrial Dysfunction in Hearing Loss[END_REF][START_REF] Kumar | Oxidative Stress and Apoptosis in Heart Dysfunction[END_REF], damaged lipid membranes, proteins and nucleic acids. Therefore, mtROS excess production could play a role in the pathogenesis of mitochondrial diseases.

I.3.4) Mitochondria as calcium buffers and transporters

The driving force for calcium transported by the mitochondrial calcium uniporter (MCU) through the IMM is the electrochemical gradient [START_REF] Baughman | Integrative genomics identifies MCU as an essential component of the mitochondrial calcium uniporter[END_REF][START_REF] De Stefani | A forty-kilodalton protein of the inner membrane is the mitochondrial calcium uniporter[END_REF]. The human calcium uniporter is a multi-subunit protein complex that consists of a pore-forming component MCU, its inactive paralog MCUb, a single transmembrane helixcontaining subunit called EMRE that activates the channel, and two paralogous EF-hand Ca 2+- binding proteins, MICU1 and MICU2, that reside in the mitochondrial intermembrane space [START_REF] Kamer | Crystal structure of MICU2 and comparison with MICU1 reveal insights into the uniporter gating mechanism[END_REF]. MICU3, a third paralog, is also a part of the uniporter only in neuronal cells [START_REF] Patron | MICU3 is a tissuespecific enhancer of mitochondrial calcium uptake[END_REF]. Bioenergetic studies have demonstrated that physiological absorption of calcium into mitochondria regulate mitochondrial metabolism and ATP production, especially in the heart and muscle tissue [START_REF] Di Lisa | The mitochondrial permeability transition pore and cyclophilin D in cardioprotection[END_REF][START_REF] Glancy | Effect of Calcium on the Oxidative Phosphorylation Cascade in Skeletal Muscle Mitochondria[END_REF][START_REF] Liu | Regulation of mitochondrial Ca2+ and its effects on energetics and redox balance in normal and failing heart[END_REF][START_REF] Williams | Mitochondrial calcium uptake[END_REF][START_REF] Williams | Mitochondrial calcium and the regulation of metabolism in the heart[END_REF]. Under pathological conditions of calcium overload, mitochondria are able to take up large amounts of calcium, which leads to the opening of mPTP. The extended opening of this transition pore is a trigger for cell death through necrosis [START_REF] Hunter | The Ca2+-induced membrane transition in mitochondria: I. The protective mechanisms[END_REF][START_REF] Webster | Mitochondrial membrane permeabilization and cell death during myocardial infarction: roles of calcium and reactive oxygen species[END_REF]. Several groups have shown that alterations in mitochondrial calcium homeostasis can contribute to the development of heart diseases, including cardiac hypertrophy, heart failure, and arrythmias [START_REF] Liu | Inhibiting Mitochondrial Na + /Ca 2+ Exchange Prevents Sudden Death in a Guinea Pig Model of Heart Failure[END_REF][START_REF] Shimizu | Mitochondrial Ca2+ uptake by the voltage-dependent anion channel 2 regulates cardiac rhythmicity[END_REF]. Recently, researchers' groups developed MCU-knockout mice models to study the role of mitochondrial calcium fluxes in modulating metabolism and cell death in the heart [START_REF] Pan | The physiological role of mitochondrial calcium revealed by mice lacking the mitochondrial calcium uniporter[END_REF][START_REF] Rasmussen | Inhibition of MCU forces extramitochondrial adaptations governing physiological and pathological stress responses in heart[END_REF][START_REF] Wu | The mitochondrial uniporter controls fight or flight heart rate increases[END_REF]. Not surprisingly, mitochondria derived from this MCU (-/-) mice have no capacity to rapidly uptake calcium, and lacked for calcium-induced permeability transition pore opening. Basal metabolism is unaffected whereas MCU-KO's skeletal muscle exhibited alterations in the phosphorylation and activity of pyruvate dehydrogenase. Moreover, this mice, smaller than WT mice, were unable to perform strenuous work [START_REF] Pan | The physiological role of mitochondrial calcium revealed by mice lacking the mitochondrial calcium uniporter[END_REF].

I.3.5) Mitochondria and cell death

Mitochondria play a central role in both apoptotic and necrotic cell death. In apoptosis, the plasma membrane integrity is maintained until the fragmented cellular corpses are eliminated by phagocytosis. Apoptosis is then defined as a stealth form of cell death.

Conversely, in the necrosis process plasma and organelle membranes are degraded, resulting in releasing of inflammatory mediators that cause collateral tissue damage in a paracrine manner and through the recruitment of leukocytes [START_REF] Bouchez | Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA Signaling Pathway[END_REF][START_REF] Nieminen | Apoptosis and necrosis in health and disease: role of mitochondria[END_REF] (Figure : 3). The triggering event in mitochondria-mediated apoptosis is permeabilization of the OMM. OMM permeabilization can occur following a decrease of mitochondrial transmembrane potential (ΔΨm). However, ΔΨm decreases are more often than not, described as a marker for mitochondrial uncoupling rather than playing a role in permeabilization [START_REF] Henry-Mowatt | Role of mitochondrial membrane permeabilization in apoptosis and cancer[END_REF]. Other theories of membrane permeabilization involve a pore formation in the OMM by the Bcl-2 family member Bax [START_REF] Desagher | Mitochondria as the central control point of apoptosis[END_REF][START_REF] Kroemer | Mitochondrial Membrane Permeabilization in Cell Death[END_REF]. This process of mitochondrial outer membrane permeabilization (MOMP) releases apoptogens, including cytochrome c, SMAC/DIABLO and Omi/HtrA2 [START_REF] Estaquier | The mitochondrial pathways of apoptosis[END_REF][START_REF] Lopez | Mitochondrial apoptosis: killing cancer using the enemy within[END_REF][START_REF] Wang | The Role of Mitochondria in Apoptosis[END_REF], which are toxics in the cytosolic compartment. MOMP is mainly promoted by pro-cell death members of the BCL-2 family, including BAX and BAK [START_REF] Chipuk | The BCL-2 Family Reunion[END_REF]. Apoptotic stresses induce accumulation of BH3-only proteins leading to BAX/BAK oligomerization.

Activation of these proteins release different apoptogens mentioned above. Cytochrome c leads to the "apoptosome" formation, a molecular platform for the activation of caspase-9

(Casp-9) including also the apoptosis protease activating factor 1 (APAF-1) and ATP/dATP [START_REF] Kroemer | Mitochondrial Membrane Permeabilization in Cell Death[END_REF]. Apoptosome formation results in caspase activation required for the rapid and full-blown manifestation of these features of apoptosis. Apoptosis involves caspases-3, -6 and -7 activation, that mediates their effects by the cleavage of specific substrates in the cell [START_REF] Kroemer | Mitochondrial Membrane Permeabilization in Cell Death[END_REF]. SMAC and OMI are able to neutralize the caspase inhibitor XIAP [START_REF] Lopez | Mitochondrial apoptosis: killing cancer using the enemy within[END_REF] (Figure : 3). The triggering event in mitochondria-mediated necrosis is the sustained opening of mPTP in the IMM [START_REF] Baines | Role of the mitochondrion in programmed necrosis[END_REF][START_REF] Bouchez | Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA Signaling Pathway[END_REF] mainly caused by an increase in the concentration of Ca 2+ in the mitochondrial matrix [START_REF] Vanlangenakker | Molecular Mechanisms and Pathophysiology of Necrotic Cell Death[END_REF]. First, the proton gradient is dissipated across the IMM which stops ATP production while ATP consumption continues in the cell, which worsens the energy deficit [START_REF] Leist | Intracellular Adenosine Triphosphate (ATP) Concentration: A Switch in the Decision Between Apoptosis and Necrosis[END_REF]. In parallel, there is an osmotic choc into the solute-rich mitochondrial matrix. This process causes matrix swelling that breaks IMM and OMM. The resulting signaling pathways still need to be characterized in the mechanism of cell death by necrosis. However, OMM rupture sets up the possibility that apoptogens could gain access to cytoplasm and trigger caspase activation [START_REF] Baines | Voltage-dependent anion channels are dispensable for mitochondrial-dependent cell death[END_REF]. Indeed, 

recent

I.3.6) Mitochondrial dynamics: fusion/fission cycle

Mitochondria are dynamic organelles undergoing a fusion/fission cycle, essential for the maintenance of mitochondrial quality and their host cells. Mitochondrial dynamics participates to different processes including mitophagy, apoptosis, differentiation and for mitochondrial transport to proper locations within the cell. As a result, disorders of mitochondrial dynamics are implicated in neurodegenerative, neoplastic, endocrine, cardiovascular diseases, and cancer [START_REF] Archer | Mitochondrial Dynamics -Mitochondrial Fission and Fusion in Human Diseases[END_REF][START_REF] Song | Mitochondrial Fission and Fusion Factors Reciprocally Orchestrate Mitophagic Culling in Mouse Hearts and Cultured Fibroblasts[END_REF]. The molecular machinery that mediates mitochondrial fusion and fission are well described and uses

GTPases from the dynamin family, including Opa1, mitofusins (Mfn1, Mfn2), and Drp1

respectively [START_REF] Mishra | Mitochondrial dynamics and inheritance during cell division, development and disease[END_REF]Tilokani et al., 2018) (Figure: 4). Many studies have shown that mitochondrial fission is one critical step of mitochondrial apoptosis. Fission is also used to extract dysfunctional parts of the mitochondrial network. Moreover, after fission it is necessary to clear damaged mitochondrial proteins or defectives mitochondria by mitophagy [START_REF] Liesa | Mitochondrial Dynamics in the Regulation of Nutrient Utilization and Energy Expenditure[END_REF][START_REF] Vincow | The PINK1-Parkin pathway promotes both mitophagy and selective respiratory chain turnover in vivo[END_REF]. Indeed, mtDNA deletions and mutations accumulate within mitochondria, and these mutations can generate mitochondrial proteins that 

I.3.7) Mitochondrial Autophagy: Mitophagy

Mitophagy is the cellular mechanism used for identifying and selectively eliminating dysfunctional mitochondria. So, mitophagy ensures mitochondrial quality control [START_REF] Youle | Mechanisms of mitophagy[END_REF]. This mechanism, first identified in mammalian cells, is essential to either regulate mitochondrial number or sequester and remove damaged mitochondria that could accumulate and become large sources of mtROS [START_REF] Bouchez | Mitochondrial Biogenesis and Mitochondrial Reactive Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA Signaling Pathway[END_REF][START_REF] De Duve | Functions of lysosomes[END_REF][START_REF] Youle | Mechanisms of mitophagy[END_REF]. In this process, mitochondria are selectively recruited into isolation membranes, which seal and then fuse with lysosomes in a pathway shared with macroautophagy, to eliminate the trapped mitochondria. Pathways that mediate mitophagy involve two central proteins driving this detection/selection process, the PTENinduced putative kinase protein 1 (PINK1) [START_REF] Deas | PINK1 function in health and disease: The physiological roles of PINK1[END_REF] and the E3 ubiquitin ligase parkin [START_REF] Chan | Broad activation of the ubiquitin-proteasome system by Parkin is critical for mitophagy[END_REF]. In summary, damaged mitochondria dissipate electrochemical inner membrane gradient, resulting in depolarization. However, the value of the electrochemical gradient is the key determinant of PINK1-Parkin pathway activity:

depolarization results in inhibition of PARK 1 degradation which promotes Parkin translocation to OMM [START_REF] Narendra | PINK1 Is Selectively Stabilized on Impaired Mitochondria to Activate Parkin[END_REF][START_REF] Youle | Mechanisms of mitophagy[END_REF]. At the mitochondrion, Parkin ubiquitylates mitochondrial proteins [START_REF] Sarraf | Landscape of the PARKIN-dependent ubiquitylome in response to mitochondrial depolarization[END_REF], promoting the internalization of damaged mitochondrion in the autophagosome (Youle and Narendra, 2011) (Figure : 5). Also, mitochondria can be eliminated independently of the PINK1/Parkin pathway by an autophagic mechanism, which resembles the so-called mitoptosis that uses the proapoptotic Bcl2 family proteins, including Nix and Bnip3 to target damaged mitochondria and connect them to autophagosomes [START_REF] Dorn | Mitochondrial Pruning by Nix and BNip3: An Essential Function for Cardiac-Expressed Death Factors[END_REF][START_REF] Kundu | Macroautophagy versus mitochondrial autophagy: a question of fate?[END_REF][START_REF] Skulachev | Programmed Death Phenomena: From Organelle to Organism[END_REF]. These proteins accumulate on dysfunctional mitochondria, facilitate the permeability transition through the opening of mPTP, and promote mitochondrial autophagy by serving as mitochondrial adaptor proteins that bind to autophagosomal LC3 [START_REF] Hanna | Microtubule-associated Protein 1 Light Chain 3 (LC3) Interacts with Bnip3 Protein to Selectively Remove Endoplasmic Reticulum and Mitochondria via Autophagy[END_REF][START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF] 

I.3.8) Mitochondrial participation to inflammation

Mitochondria can regulate activation, differentiation, and survival of immune cells. In addition, as discussed above, they can also release in the cytosol soluble proteins, as apoptogens to initiate apoptosis signals and mitochondrial ROS (mtROS), that activate in turn hypoxic genes, calcium fluxes, and also mtDNA biogenesis [START_REF] Angajala | Diverse Roles of Mitochondria in Immune Responses: Novel Insights Into Immuno-Metabolism[END_REF][START_REF] Chandel | Mitochondria as signaling organelles[END_REF]. Recently, it has been reported that mitochondria can regulate immunity in different ways. First, alterations in metabolic pathways (Krebs cycle, OXPHOS, and FAO) and mitochondria induced transcriptional changes can lead to entirely different outcomes in immune cells. Indeed, M1 macrophages (classically activated) exhibit a broken TCA cycle with a decrease in OXPHOS, and have a pro-inflammatory role. Conversely, M2 macrophages (alternatively activated) undergo FAO with an increase in OXPHOS to produce anti-inflammatory responses [START_REF] Benmoussa | How Mitochondrial Metabolism Contributes to Macrophage Phenotype and Functions[END_REF]. It is proposed that FAO activation triggers in turn the secretion of IL-1β but the link between FAO and interleukin production and secretion remains elusive. In the same way, regulatory T cells exhibit OXPHOS as their primary metabolic pathway while activated T cells depend on glycolysis [START_REF] Angajala | Diverse Roles of Mitochondria in Immune Responses: Novel Insights Into Immuno-Metabolism[END_REF]. In addition, T cell differentiation and macrophage polarization use amino acid metabolism [START_REF] Angajala | Diverse Roles of Mitochondria in Immune Responses: Novel Insights Into Immuno-Metabolism[END_REF] During intensive stress, autophagy induction is insufficient. So, mtDNA escapes from autophagy-mediated degradation and binds to TLR9 to induce inflammatory responses [START_REF] Carp | Mitochondrial N-formylmethionyl proteins as chemoattractants for neutrophils[END_REF][START_REF] Zhang | Circulating mitochondrial DAMPs cause inflammatory responses to injury[END_REF]. In addition, mtROS are important for the anti-bacterial response through M1 macrophages activation [START_REF] Rousset | The uncoupling protein 2 modulates the cytokine balance in innate immunity☆[END_REF][START_REF] West | TLR signalling augments macrophage bactericidal activity through mitochondrial ROS[END_REF]. mtROS can also activate the NLRP3 inflammasome, which plays a key role in innate immunity by participating to the production of pro-inflammatory cytokines interleukin-1β (IL-1β) and IL-18 indicating through NLRs [START_REF] Dostert | Innate Immune Activation Through Nalp3 Inflammasome Sensing of Asbestos and Silica[END_REF][START_REF] Nakahira | Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated by the NALP3 inflammasome[END_REF]. So, NLRP3

inflammasome senses mitochondrial dysfunction and may explain the frequent association of mitochondrial damage with inflammatory diseases (Zhou et al., 2011) (Figure: 6). Third, mitochondrial mass and mobility as influenced by fission/fusion and mitophagy can playe a role in immune functions [START_REF] Angajala | Diverse Roles of Mitochondria in Immune Responses: Novel Insights Into Immuno-Metabolism[END_REF]. Many studies have shown that defects in the mitophagy process lead to increased susceptibility to pathogens [START_REF] Ali | PARK2/PACRG polymorphisms and susceptibility to typhoid and paratyphoid fever[END_REF][START_REF] Kirienko | Mitophagy confers resistance to siderophoremediated killing by Pseudomonas aeruginosa[END_REF][START_REF] Malhotra | Association study of major risk single nucleotide polymorphisms in the common regulatory region of PARK2 and PACRG genes with leprosy in an Indian population[END_REF][START_REF] Manzanillo | The ubiquitin ligase parkin mediates resistance to intracellular pathogens[END_REF][START_REF] Mira | Susceptibility to leprosy is associated with PARK2 and PACRG[END_REF][START_REF] Pua | Autophagy Is Essential for Mitochondrial Clearance in Mature T Lymphocytes[END_REF].

Conversely, some virus as Hepatitis B and C Viruses (HBV and HCV) use mitophagy to their benefit (Kim et al., 2013a(Kim et al., , 2013b)). Indeed, HBV replication in cells is promoting by the PINK/Parkin pathway and fission to prevent pro-apoptotique stimuli (Kim et al., 2013a) (Figure : 6). Finally, a signaling protein called Mitochondrial Anti-Viral Signaling (MAVS) gets activated by RIG1 and regulate NF-κB and interferon regulatory transcription factors (IRFs) to promote gene expression [START_REF] Seth | Identification and Characterization of MAVS, a Mitochondrial Antiviral Signaling Protein that Activates NF-κB and IRF3[END_REF]. mtROS can lead to MAVS oligomerization and production of type I interferon, suggesting that MAVS is a mtROS key sensor [START_REF] Buskiewicz | Reactive oxygen species induce virus-independent MAVS oligomerization in systemic lupus erythematosus[END_REF]. Recently, it was shown that MAVS can directly interact with the antiviral protein viperin acting as an immune defense mechanism against RNA viruses in macrophages [START_REF] Hee | Viperin interaction with mitochondrial antiviral signaling protein (MAVS) limits viperin-mediated inhibition of the interferon response in macrophages[END_REF]. Therefore, these studies support that MAVS is activated upon viral infections and mediates the effects of mtROS to induce immunogenic signaling (Figure : 6). 

I.3.9) Post-translational modifications of the mitochondrial proteome

Cell biology studies revealed the existence of cross signaling between cells and also between organelles such as mitochondria, cytosol, and nucleus. The primary mechanism by which the mitochondria communicate with the rest of the cell is via post-translational modifications, including acetylation and phosphorylation of the mitochondrial proteome [START_REF] Elizabeth | Mitochondrial Function, Biology, and Role in Disease[END_REF]. Acetyl-CoA, succinyl groups and malonyl groups that comes from mitochondrial metabolic intermediates, can have a direct function as post-translational substrate to modify mitochondrial proteins through acetylation [START_REF] Ghanta | Mitochondrial protein acetylation as a cellintrinsic, evolutionary driver of fat storage: Chemical and metabolic logic of acetyl-lysine modifications[END_REF][START_REF] Scott | GCN5-like Protein 1 (GCN5L1) Controls Mitochondrial Content through Coordinated Regulation of Mitochondrial Biogenesis and Mitophagy[END_REF][START_REF] Zhao | Regulation of Cellular Metabolism by Protein Lysine Acetylation[END_REF], and can bind to and modify protein lysine residues repetitively [START_REF] Peng | The First Identification of Lysine Malonylation Substrates and Its Regulatory Enzyme[END_REF]. Therefore, mitochondrial metabolic intermediates defects could have pathophysiological effects [START_REF] Lu | The Emerging Characterization of Lysine Residue Deacetylation on the Modulation of Mitochondrial Function and Cardiovascular Biology[END_REF]. Protein acetylation mechanisms in mitochondria are not really clear. Recently, GCN5L1 was identified as a critical molecular component involved in this process and its functional role is beginning to be explored [START_REF] Scott | GCN5-like Protein 1 (GCN5L1) Controls Mitochondrial Content through Coordinated Regulation of Mitochondrial Biogenesis and Mitophagy[END_REF][START_REF] Scott | GCN5L1/BLOS1 Links Acetylation, Organelle Remodeling, and Metabolism[END_REF][START_REF] Wang | GCN5L1 modulates cross-talk between mitochondria and cell signaling to regulate FoxO1 stability and gluconeogenesis[END_REF]. Advances in proteomics have enhanced our understanding of the alteration of the mitochondrial acetylome [START_REF] Hebert | Calorie Restriction and SIRT3 Trigger Global Reprogramming of the Mitochondrial Protein Acetylome[END_REF]. Hence, the further characterization of the acetylome-modifying enzymes themselves might expand our understanding of the role of acetylation in controlling mitochondrial function [START_REF] Hirschey | SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme deacetylation[END_REF][START_REF] Xiong | Mechanistic insights into the regulation of metabolic enzymes by acetylation[END_REF]. Several proteins are phosphorylated in the mitochondrial matrix and in the ETC [START_REF] Covian | Cardiac mitochondrial matrix and respiratory complex protein phosphorylation[END_REF][START_REF] Kolitsida | Phosphorylation of mitochondrial matrix proteins regulates their selective mitophagic degradation[END_REF][START_REF] Lim | Regulation of mitochondrial functions by protein phosphorylation and dephosphorylation[END_REF][START_REF] O'rourke | Mitochondrial Protein Phosphorylation as a Regulatory Modality: Implications for Mitochondrial Dysfunction in Heart Failure: mitochondrial protein phosphorylation[END_REF]. Although many phosphorylated mitochondrial proteins have already been identified, very few phosphorylation sites have been demonstrated to alter their activity.

However, Acin-Perez et al. have proposed that cyclic AMP (cAMP) produced inside mitochondria regulates OXPHOS ATP production through activation of the mitochondrial protein kinase A [START_REF] Acin-Perez | Cyclic AMP Produced inside Mitochondria Regulates Oxidative Phosphorylation[END_REF]. This biochemical study suggested that changes in mitochondrial proteins phosphorylation can regulate mitochondrial functions. Further studies need to be done to better define the functional consequences of these phosphorylation sites and to define the kinases and phosphatases that regulate their phosphorylation. Regulation of the above discussed post-translational modifications is very complex because these modifications can act in concert to regulate mitochondrial proteins function. Indeed, as shown by Parker et. al. some protein needs concomitant modifications in acetylation and phosphorylation [START_REF] Parker | Structural Basis for Phosphorylation and Lysine Acetylation Cross-talk in a Kinase Motif Associated with Myocardial Ischemia and Cardioprotection[END_REF]. In isolated rat hearts subjected to ischemia, Parker et al.

have shown that lysine acetylation (acetyl-Lys) is dependent the combined activation of AMP-activated protein kinase, AKT, and PKA kinases. Moreover, acetyl-Lys increased proximal dephosphorylation of peptides containing the KXXS basophilic protein kinase consensus motif [START_REF] Parker | Structural Basis for Phosphorylation and Lysine Acetylation Cross-talk in a Kinase Motif Associated with Myocardial Ischemia and Cardioprotection[END_REF].

I.3.10) Heme biosynthesis

Hemes are tetrapyrroles, which are complex macrocycles playing essential roles in almost all living organisms. Heme is synthesized via a highly conserved biosynthetic pathway and serves as prosthetic group of many proteins involved in fundamental biological REDOX processes including respiration, photosynthesis, metabolism and the transport of oxygen.

Heme is also an essential cofactor for different enzyme such as catalases, peroxidases, or cytochromes P450 [START_REF] Chung | Mitochondrial Protein Kinase A Regulates Heme Biosynthesis[END_REF][START_REF] Layer | Structure and function of enzymes in heme biosynthesis[END_REF]. Heme biosynthesis requires an eight-step enzymatic cascade culminating with the insertion of ferrous iron by the mitochondrial enzyme ferrochelatase into protoporphyrin IX [START_REF] Chung | Mitochondrial Protein Kinase A Regulates Heme Biosynthesis[END_REF]. This last step is a critical regulatory event in red blood cell biology and human blood diseases. Indeed, defects in heme biosynthesis lead to severe human metabolic disorders called porphyrias, including erythropoietic protoporphyria [START_REF] Feichtinger | Mitochondrial dysfunction: a neglected component of skin diseases[END_REF][START_REF] Whitman | The role of ClpX in erythropoietic protoporphyria[END_REF]. The first step of heme biosynthesis involves the condensation of glycine and succinyl-CoA in the mitochondria to generate δ-aminolevulinic acid (ALA) through the δ-aminolevulinic acid synthesis enzyme (ALAS). Then, ALA is transferred into the cytosol where it is converted to tetrapyrrole coporphyrinogen III (CPgenIII) by four enzymes such as ALA dehydratase (ALAD), hydroxymethylbilane (HMBS), uroporphyrinogen III synthase (UROS), and uroporphyrinogen decarboxylase (UROD) [START_REF] Krishnamurthy | Identification of a mammalian mitochondrial porphyrin transporter[END_REF]. After, CPgenIII is converted in protoporphyrinogen IX (PPgenIX) by the coproporphyrinogen oxidase enzyme (CPOX) into the mitochondrial inner membrane space [START_REF] Helias | ABCB6 is dispensable for erythropoiesis and specifies the new blood group system Langereis[END_REF]. PPgenIX is transported into the mitochondrial matrix and its converted in protoporphyrin IX (PPIX) by the enzyme protoporphyrinogen oxidase (PPOX). Then, the enzyme ferrochelatase (FECH) insert iron into PPIX to form heme [START_REF] Oborník | Mosaic Origin of the Heme Biosynthesis Pathway in Photosynthetic Eukaryotes[END_REF]. Finally, Heme is exported 

I.3.11) Steroid hormone biosynthesis

Steroid hormones (glucocorticoids, mineralocorticoids, estrogens, progestins, androgens and calciferols), indispensable for mammalian life, are made from cholesterol via complex biosynthetic pathways initiated by tissue-specific enzymes found in mitochondria [START_REF] Miller | Steroid hormone synthesis in mitochondria[END_REF]. Intracellular cholesterol transport may be 'vesicular' or 'non-vesicular'. The main cholesterol transport through the OMM is the 'non-vesicular" transport, utilizing the START-domain proteins, called StarD1-15 in mammalian (StAR) [START_REF] Chiapparino | The orchestra of lipid-transfer proteins at the crossroads between metabolism and signaling[END_REF][START_REF] Clark | The mammalian START domain protein family in lipid transport in health and disease[END_REF][START_REF] Miller | Steroid hormone synthesis in mitochondria[END_REF][START_REF] Miller | Early steps in steroidogenesis: intracellular cholesterol trafficking Thematic Review Series: Genetics of Human Lipid Diseases[END_REF][START_REF] Tong | Structural basis of sterol recognition and nonvesicular transport by lipid transfer proteins anchored at membrane contact sites[END_REF]. StAR acts on the OMM via a mitochondrial transporter protein (TSPO) [START_REF] Papadopoulos | Translocator protein (18kDa): new nomenclature for the peripheral-type benzodiazepine receptor based on its structure and molecular function[END_REF]. The cholesterol side-chain cleavage enzyme system (P450scc) is localized to the IMM. That is the reason why cholesterol needs to be imported from the OMM to the IMM to initiate steroidogenesis and it was proposed that TPSO could perform this transfer [START_REF] Jamin | Characterization of the Cholesterol Recognition Amino Acid Consensus Sequence of the Peripheral-Type Benzodiazepine Receptor[END_REF][START_REF] Midzak | Novel Androstenetriol Interacts with the Mitochondrial Translocator Protein and Controls Steroidogenesis[END_REF].

Once cholesterol reaches the IMM, it is converted to pregnenolone via cytochrome P450 enzymes (P450scc), which is the limiting step in steroidogenesis (Nebert [START_REF] Daniel | Human cytochromes P450 in health and disease[END_REF]. Mutations in proteins involved in the initial steps of steroidogenesis cause disorders such as congenital lipoid adrenal hyperplasia (Lipoid CAH) [START_REF] Miller | Disorders in the initial steps of steroid hormone synthesis[END_REF]. The final steps in the synthesis of both glucocorticoids (cortisol) and mineralocorticoids (aldosterose) takes place in mitochondria through the 11β-hydroxylase (P450c11β) and the aldosterone synthase (P450c11AS) respectively (Figure : 8). In addition, mitochondria play a role in Vitamin D biosynthesis, a sterol derived from cholesterol, through the mitochondrial 1α-hydroxylase [START_REF] Fu | Complete Structure of the Human Gene for the Vitamin D 1α-Hydroxylase, P450c1α[END_REF]. Mutations in mitochondrial 1α-hydroxylase gene cause 'vitamin D-dependent rickets, Type 1' [START_REF] Kim | Vitamin D 1α-Hydroxylase Gene Mutations in Patients with 1α-Hydroxylase Deficiency[END_REF]. As discussed above, due to the important functions of mitochondria in cell homeostasis, mitochondrial dysfunctions cause a great variety of diseases which can affect almost all the tissues and organs, and manifest at any age [START_REF] Donato | Multisystem manifestations of mitochondrial disorders[END_REF][START_REF] Suomalainen | Therapy for mitochondrial disorders: little proof, high research activity, some promise[END_REF][START_REF] Tong | Structural basis of sterol recognition and nonvesicular transport by lipid transfer proteins anchored at membrane contact sites[END_REF].

II. Mitochondrial diseases

Mitochondrial diseases, a group of genetic disorders with a conservative estimated prevalence of approximately 1:5,000, are characterized by dysfunctional mitochondria [START_REF] Parikh | Diagnosis and management of mitochondrial disease: a consensus statement from the Mitochondrial Medicine Society[END_REF]. The pathophysiology involves genetic mutations in mtDNA and nuclear DNA (nDNA), making these diseases very complex to understand, diagnose and treat. Indeed, mitochondrial diseases can have any pattern of inheritance, including autosomal and X-linked inheritance for nDNA mutations and maternal inheritance for mtDNA mutations [START_REF] Gorman | Mitochondrial diseases[END_REF]. At the cellular level, mitochondrial diseases lead to a primary defect in OXPHOS.

In addition, dysfunctions in Krebs cycle, or lack of enzyme intermediates and accumulation of toxic substances play a substantial role in this group of diseases. On a larger scale, mitochondrial diseases are multisystemic and clinically heterogeneous, which results that both diagnosis and management of these disorders is extremely difficult. Mitochondrial diseases can divide in two groups: (i) pure mitochondrial diseases involving mtDNA mutation and (ii) mitochondrial diseases caused by nDNA mutation leading (or not) indirectly mtDNA defects (Tables 1 and2). 

II.1) Pure mitochondrial diseases: mtDNA mutations

Pure mitochondrial diseases are caused by mtDNA mutations. mtDNA, a small circular double-stranded DNA, encodes 13 structural peptide subunits of the ETC-OXPHOS system and 24 RNA molecules which are required for intra-mitochondrial protein biosynthesis [START_REF] Andrews | Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA[END_REF]. In mammalian cells, multiple copies of mtDNA exist and the total amount can vary between a few hundred and many tens of thousands (Figure 1).

Among mutations of mitochondrial DNA, point mutations, deletions and depletion can arise either from a primary mutation or a mutation in mtDNA maintenance genes [START_REF] Holt | Deletions of muscle mitochondrial DNA in patients with mitochondrial myopathies[END_REF][START_REF] Zeviani | Deletions of mitochondrial DNA in Kearns-Sayre syndrome[END_REF]. These mtDNA mutations affect mainly the mt-tRNAs, mt-rRNAs and protein encoding regions (Figure 1). Several mitochondrial diseases are caused by mtDNA point mutations, such as MERRF (m.8344A>G mt-tRNA Lys ) [START_REF] Holme | Multiple symmetric lipomas with high levels of mtDNA with the tRNA(Lys) A-->G(8344) mutation as the only manifestation of disease in a carrier of myoclonus epilepsy and ragged-red fibers (MERRF) syndrome[END_REF][START_REF] Shoffner | Myoclonic epilepsy and ragged-red fiber disease (MERRF) is associated with a mitochondrial DNA tRNA(Lys) mutation[END_REF][START_REF] Yasukawa | Defect in modification at the anticodon wobble nucleotide of mitochondrial tRNA(Lys) with the MERRF encephalomyopathy pathogenic mutation[END_REF], MELAS (m.3243A>G) [START_REF] Goto | A mutation in the tRNA(Leu)(UUR) gene associated with the MELAS subgroup of mitochondrial encephalomyopathies[END_REF][START_REF] Nesbitt | The UK MRC Mitochondrial Disease Patient Cohort Study: clinical phenotypes associated with the m.3243A>G mutation--implications for diagnosis and management[END_REF], and NARP (m.8993T>G, substitution in ATP synthase subunit 6) [START_REF] Sgarbi | Inefficient coupling between proton transport and ATP synthesis may be the pathogenic mechanism for NARP and Leigh syndrome resulting from the T8993G mutation in mtDNA[END_REF][START_REF] Thyagarajan | A novel mitochondrial ATPase 6 point mutation in familial bilateral striatal necrosis[END_REF] (Table 1 and Figure 1). Often, mtDNA large-scale deletions occur in the germline during repair or replication of the genome and are typically sporadic [START_REF] Krishnan | What causes mitochondrial DNA deletions in human cells?[END_REF]. These deletions are responsible for some common mitochondrial diseases, such as Kearns-Sayre syndrome and Pearson׳s syndrome. Although deletions size is heterogeneous, studies have shown that there is a "common deletion" of ~5 kb spanning ATPase 8 to ND5 (nt.8467_13446del4977) [START_REF] Larsson | Multiple short direct repeats associated with single mtDNA deletions[END_REF]. Disease progression and severity can be amplify by the combination of the large-scale deletions and heteroplasmy (mixture of mutated and wild-type mtDNA genomes) [START_REF] Grady | Disease progression in patients with single, large-scale mitochondrial DNA deletions[END_REF] (Table 1 andFigure 1). In the heteroplasmic context, for a mutated gene to cause a biologic and phenotypic effect, the proportion of mutated mtDNA and wild-type mtDNA needs to increase to a level where wild-type mtDNA can no longer compensate for the biochemical defect [START_REF] Taylor | MITOCHONDRIAL DNA MUTATIONS IN HUMAN DISEASE[END_REF]. In general, when more than half of the mtDNA content is mutated, the 'mutation load' results in cellular defects [START_REF] Gorman | Mitochondrial diseases[END_REF]. It is the case for m.3243A>G mt-tRNA Leu(UUR) mutation (MELAS syndrome) which decreases the rate of protein translation (80% heteroplasmy) [START_REF] Goto | A mutation in the tRNA(Leu)(UUR) gene associated with the MELAS subgroup of mitochondrial encephalomyopathies[END_REF][START_REF] Kirino | Codon-specific translational defect caused by a wobble modification deficiency in mutant tRNA from a human mitochondrial disease[END_REF][START_REF] Taylor | MITOCHONDRIAL DNA MUTATIONS IN HUMAN DISEASE[END_REF], leading a respiratory chain complex defect. So, the inheritance and clinical characteristics are further complicated due to the presence of heteroplasmy (Table 1 and Figure 1). Homoplasmic mtDNA mutations are less common than heteroplasmic mtDNA mutations. However, three common point mutations have been described: m.11778G>A, m.3460G>A and m.14484T>C which cause Leber׳s Hereditary Optic Neuropathy (LHON) [START_REF] Mcfarland | Homoplasmy, heteroplasmy, and mitochondrial dystonia[END_REF] (Table 1 and Figure 1).

II.2) nDNA mutations leading mtDNA mutations

Over ~1,500 different nuclear genes (nDNA) encode the majority of mitochondrial proteins [START_REF] Calvo | The mitochondrial proteome and human disease[END_REF], which are not only involved in oxidative phosphorylation but also in the transcription and replication machinery for mtDNA. So, several mutations of nDNA genes essential for mtDNA maintenance can cause mtDNA point mutations, multiple deletions or mtDNA depletion [START_REF] Russell | Mitochondrial DNA disease-molecular insights and potential routes to a cure[END_REF]. Among mitochondrial diseases, some can also result from impaired mitochondrial dynamics (fission/fusion) [START_REF] Suárez-Rivero | Mitochondrial Dynamics in Mitochondrial Diseases[END_REF]. All mitochondrial fission and fusion proteins are nuclear-encoded [START_REF] Koopman | Monogenic Mitochondrial Disorders[END_REF] and mutations in these proteins can cause indirectly mtDNA defects (Table 2). The most common disease in the population involving impaired fission/fusion processes is Parkinson's disease (1 per 1000), caused by PINK and PARKIN mutations [START_REF] Ishihara | Regulation and Physiologic Functions of GTPases in Mitochondrial Fusion and Fission in Mammals[END_REF][START_REF] Youle | Mitochondrial Fission, Fusion, and Stress[END_REF]. However, advances in diagnosis and genetics have led to the identification of new, poorly represented diseases.

Charcot-Marie-Tooth Disease (CMT):

This disease represents a group of clinically and genetically heterogeneous inherited neuropathies impacting the peripheral nervous system.

There are 6 main types of CMTs: two demyelinating (CMT1, dominant, and CMT4 recessive), one axonal (CMT2, dominant) and three intermediates (CMTX, recessive Xlinked, DI-CMT, dominant and RI-CMT, recessive) [START_REF] Magy | Updating the classification of inherited neuropathies: Results of an international survey[END_REF]. CMT2A is the most common type of axonal dominant forms, characterized by progressive distal limb muscle weakness with often atrophy, stepping gait, distal sensory loss, and mobility impairment. [START_REF] Koopman | Monogenic Mitochondrial Disorders[END_REF][START_REF] Verhoeven | MFN2 mutation distribution and genotype/phenotype correlation in Charcot-Marie-Tooth type 2[END_REF]. This disease is caused by mutations in the mitochondrial fusion related Mfn2 gene [START_REF] Cho | Mitochondrial GTPase mitofusin 2 mutations in Korean patients with Charcot-Marie-Tooth neuropathy type 2[END_REF]. Mfn2, playing a key role in mitochondrial fusion, interacts also with the Milton/Miro/kinesin complex in neurons, involved in transport of axonal mitochondria [START_REF] Cartoni | Role of mitofusin 2 mutations in the physiopathology of Charcot-Marie-Tooth disease type 2A[END_REF]Chen et al., 2003a;[START_REF] Detmer | Complementation between mouse Mfn1 and Mfn2 protects mitochondrial fusion defects caused by CMT2A disease mutations[END_REF][START_REF] Eura | Two Mitofusin Proteins, Mammalian Homologues of FZO, with Distinct Functions Are Both Required for Mitochondrial Fusion[END_REF][START_REF] Misko | Mitofusin 2 Is Necessary for Transport of Axonal Mitochondria and Interacts with the Miro/Milton Complex[END_REF] (Table 2).

Dominant Optic Atrophy (DOA):

DOA is an optic neuropathy disease which severely impairs vision (Yu-Wai-Man et al., 2010b). This disease, caused by a loss of retinal ganglion cells, can manifest clinically as optic atrophy, ataxia and deafness [START_REF] Hudson | Mutation of OPA1 causes dominant optic atrophy with external ophthalmoplegia, ataxia, deafness and multiple mitochondrial DNA deletions: a novel disorder of mtDNA maintenance[END_REF]. DOA is caused by mutations in OPA1 and OPA3 gene. The most common DOA is caused by OPA1 mutations which leads to mitochondrial network fragmentation, impaired OXPHOS, increased mtROS, altered calcium homeostasis and maintenance of the mitochondrial genome integrity [START_REF] Cohn | Autosomal Dominant Optic Atrophy: Penetrance and Expressivity in Patients With OPA1 Mutations[END_REF][START_REF] Frezza | OPA1 Controls Apoptotic Cristae Remodeling Independently from Mitochondrial Fusion[END_REF][START_REF] Suárez-Rivero | Mitochondrial Dynamics in Mitochondrial Diseases[END_REF] (Table 2).

Amyotrophic Lateral Sclerosis (ALS): ALS is the most common adult-onset motor neuron disease (2/100.000 cases) associated with mutations of SOD1 gene encoding superoxide dismutase 1 (SOD1) [START_REF] Miller | Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND)[END_REF][START_REF] Tan | Role of mitochondria in mutant SOD1 linked amyotrophic lateral sclerosis[END_REF]. Many cellular and molecular mechanisms have been proposed to explain the ALS pathophysiology, such as glutamateinduced excitotoxicity, endoplasmic reticulum stress, proteasome inhibition, secretion of toxic factors by non-neuronal cells, oxidative stress, axonal disorganization, neuromuscular junction abnormalities, aberrant RNA processing and mitochondria-mediated damage through Drp1 [START_REF] Philips | Oligodendrocyte dysfunction in the pathogenesis of amyotrophic lateral sclerosis[END_REF] (Table 2).

II.3) Diagnosis and screening

Due to the complexity of both clinical and molecular mitochondrial diseases, the design of a diagnostic algorithm encompassing all these diseases is difficult. The diagnostic algorithm is influenced by the age of the patient, the patient history, clinical symptoms, biochemical and genetic tests but also nutrition, exercice and the exposome [START_REF] Gorman | Mitochondrial diseases[END_REF]. Indeed, the recognition of specific clinical features of mitochondrial diseases can permit targeted genetic analysis, which enables the rapid diagnosis of patients. Recent advances in the understanding of the molecular genetic bases through NGS-DIAG methods have led to a better characterization of mitochondrial diseases [START_REF] Thompson | Recent advances in understanding the molecular genetic basis of mitochondrial disease[END_REF]. NGS-DIAG methods can be classified as follows:

Whole mtDNA sequencing

The use of NGS for sequencing total mtDNA makes it possible to identify any mtDNA variant and gives an accurate assessment of the heteroplasmy level. It remains a common practice in many mitochondrial diagnostic centers to first sequence mRNA to exclude mitochondrial variants before performing WES or WGS. In cases of adult onset, the etiology of mtDNA is much more common, so total mtDNA sequencing remains a more pragmatic option than moving forward directly to WES / WGS. It is important to remember that many pathogenic mtDNA variants are restricted to clinically affected tissues, such as skeletal muscle [START_REF] Thompson | Recent advances in understanding the molecular genetic basis of mitochondrial disease[END_REF].

Targeted gene panels

The initial application of NGS methods in mitochondrial disorders has tended to sequence targeted mitochondrial gene panels. The corresponding panels include a spectrum of genes encoding respiratory chain components and known disease-associated genes. Moreover, larger panels have proposed, as the "MitoExome", including a MitoCarta link which also identified known gene variants related to a specific clinical phenotype and OXPHOS presentation [START_REF] Thompson | Recent advances in understanding the molecular genetic basis of mitochondrial disease[END_REF].

WES and WGS

In mitochondrial diseases, WES has been enormously successful in improving diagnostic efficiencies in patients with nuclear gene abnormalities and in identifying variants in new disease genes. Currently, many centers report that approximately 60% of the patients receive a genetic diagnosis. This success has led to a "first genetic" diagnosis approach that can completely avoid the need for skin or muscle biopsies. The benefits of such an approach are obvious if WES or WGS identify a known pathogenic variant in a known disease gene, but it is only one of many potential outcomes and the only one to make a firm diagnosis using only sequencing [START_REF] Thompson | Recent advances in understanding the molecular genetic basis of mitochondrial disease[END_REF]. Other results obtained by WES / WGS include the identification of a new variant in a known disease gene, of a new variant in a known mitochondrial protein of known function, which has not been previously associated to the disease of a pathogenic variant predicted in a protein of unknown or indeterminate function.

With the identification of an ever-increasing number of variants of unknown significance (SUV), functional validation of pathogenicity is essential. Indeed, the high diagnostic rates of the aforementioned publications are partly due to the fact that the WES has been applied to biochemically well-characterized cases of mitochondrial disease, which has facilitated the prioritization of variants [START_REF] Thompson | Recent advances in understanding the molecular genetic basis of mitochondrial disease[END_REF].

Q-PCR

The determination of heteroplasmy level contributes to investigating relevance to clinical presentations, sensitivity of genetic diagnosis, and genetic counseling for disease transmission. TaqMan-MGB quantitative real-time PCR (qPCR) approach for accurately quantifying the heteroplasmy level [START_REF] Phillips | Simultaneous quantification of mitochondrial DNA copy number and deletion ratio: A multiplex real-time PCR assay[END_REF][START_REF] Rong | Heteroplasmy Detection of Mitochondrial DNA A3243G Mutation Using Quantitative Real-Time PCR Assay Based on TaqMan-MGB Probes[END_REF]. Alternatively the SYBR Green real-time allelic-specific PCR can also be used. It is cheaper and easier to implement than the use of specific probe. However, the probe PCRq will always be more sensitive (quantity and specificity) than the SYBER Green method [START_REF] Tajadini | Comparison of SYBR Green and TaqMan methods in quantitative real-time polymerase chain reaction analysis of four adenosine receptor subtypes[END_REF].

Also, the heteroplasmy can be detected via WGS by a more specific and finer bio analysis.

The interest is not to be limited to some point of the mitochondrial genome but to its whole [START_REF] Duan | Evaluating heteroplasmic variations of the mitochondrial genome from whole genome sequencing data[END_REF].

Sanger sequencing

Sanger sequencing allows the identification of known and unknown mutations but due to its limited flow, this method will be mainly used to identify known hot spots as well as to validate mutations found by NGS.

2.3.6

Long range PCR mtDNA rearrangements, such as single/multiple deletions and duplications are usually detected by long range PCR [START_REF] Kraytsberg | Quantitation of Mitochondrial DNA Deletions Via Restriction Digestion/Long-Range Single-Molecule PCR[END_REF]. However, the accessibility of NGS devices and lower costs tend to replace this approach with a more informative and holistic Whole mtDNA sequencing.

According to the age and the clinical manifestations of the patient, they will require different diagnostic work-ups [START_REF] Parikh | Diagnosis and management of mitochondrial disease: a consensus statement from the Mitochondrial Medicine Society[END_REF] as summarized in Table 3.

Metabolic Screening in Blood and Urine

Basic chemistries

Blood 

II.4) Mouse models of rare mitochondrial diseases

Mice, owing to their genetic and physiological similarity to humans as well as their relatively easy maintenance and propagation, are extremely valuable for studying mitochondrial diseases. They are also indispensable for the preclinical evaluation of novel therapies for these devastating conditions. Recent review describes generation of genetically modified mouse models for mitochondrial disease genes [START_REF] Ruzzenente | Mouse models for mitochondrial diseases[END_REF] (Table 4).

Human disease Gene Mouse model Mouse phenotype References

Progressive external opthalmoplegia (PEO)

ANT1

Ant1 (-/-) Ragged-red fibers, mitochondrial proliferation, cardiomyopathy, very high serum lactate levels. [START_REF] Graham | A mouse model for mitochondrial myopathy and cardiomyopathy resulting from a deficiency in the heart/muscle isoform of the adenine nucleotide translocator[END_REF] POLG Polg (-/-) Polg (+/-) Embryonically lethal. Severe mtDNA depletion. Slight reduction in mtDNA, normal development. [START_REF] Hance | Mitochondrial DNA polymerase gamma is essential for mammalian embryogenesis[END_REF] Mitochondrial DNA depletion syndrome

C10orf2 (PEO1)

Twinkle 'Deletor' mouse Accumulate multiple mtDNA deletions with progressive COX deficiency and late-onset myopathy. [START_REF] Tyynismaa | Mutant mitochondrial helicase Twinkle causes multiple mtDNA deletions and a late-onset mitochondrial disease in mice[END_REF] MPV17 Mpv17 (-/-) Adult mice show nephrotic syndrome and chronic renal failure. [START_REF] Weiher | Transgenic mouse model of kidney disease: Insertional inactivation of ubiquitously expressed gene leads to nephrotic syndrome[END_REF])

RRM2B

Rrm2b (-/-) Normal at birth, at 6 weeks show growth retardation and die prematurely. [START_REF] Kimura | Impaired function of p53R2 in Rrm2b-null mice causes severe renal failure through attenuation of dNTP pools[END_REF] TK2 Tk2 (-/-) Tk2 (H126N) Normal at birth, at 7 days show growth retardation, severe hypothermia, severe mtDNA depletion in muscle, heart, liver and spleen. Death at 30 days. Growth retardation, tremor, ataxic gait and severe weakness on day 10. mtDNA depletion. [START_REF] Akman | Thymidine kinase 2 (H126N) knockin mice show the essential role of balanced deoxynucleotide pools for mitochondrial DNA maintenance[END_REF] Leigh syndrome ND6 Nd6 (P25L) Optic atrophy, reduced complex I and increased oxidative stress. [START_REF] Lin | Mouse mtDNA mutant model of Leber hereditary optic neuropathy[END_REF] NDUFS4 Ndufs4 (-/-) Encephalomyopathy, ataxia at 5 weeks, death ∼7 weeks. Slow growth, lethargy, loss of motor skills, blindness and high serum lactate. [START_REF] Kruse | Mice with Mitochondrial Complex I Deficiency Develop a Fatal Encephalomyopathy[END_REF] SURF1 Surf1 (-/-) High rates of embryonic lethality. Reduced birth weight, reduced complex IV activity in muscle. [START_REF] Agostino | Constitutive knockout of Surf1 is associated with high embryonic lethality, mitochondrial disease and cytochrome c oxidase deficiency in mice[END_REF] COX10 Cox10 (-/-) Slowly progressing myopathy at 3 months, severe complex IV deficiency. [START_REF] Diaz | Mice lacking COX10 in skeletal muscle recapitulate the phenotype of progressive mitochondrial myopathies associated with cytochrome c oxidase deficiency[END_REF]) Fatal infantile lactic acidosis NDUFS6 Ndufs6 (-/-) Cardiomyopathy at 4 months (males) and 8 months (females) and death. [START_REF] Ke | Tissue-specific splicing of an Ndufs6 gene-trap insertion generates a mitochondrial complex I deficiency-specific cardiomyopathy[END_REF] Rett syndrome (RTT) MECP2 Mecp2 (308/Y) Functional and ultrastructural synaptic dysfunction. [START_REF] Moretti | Learning and Memory and Synaptic Plasticity Are Impaired in a Mouse Model of Rett Syndrome[END_REF])

FOXG1 FOXG1 (+/Cre)
Neuro-ophthalmological assessments. [START_REF] Boggio | Visual impairment in FOXG1-mutated individuals and mice[END_REF] SDH deficiency SDHD Sdhd (-/-) Sdhd (+/-) Homozygous KO lethal. Heterozygous KO has a decreased Complex II activity. [START_REF] Piruat | The Mitochondrial SDHD Gene Is Required for Early Embryogenesis, and Its Partial Deficiency Results in Persistent Carotid Body Glomus Cell Activation with Full Responsiveness to Hypoxia[END_REF] ALS and FTLD TDP-43 Spg7 (tm1Eir) [START_REF] Wegorzewska | TDP-43 mutant transgenic mice develop features of ALS and frontotemporal lobar degeneration[END_REF] GRACILE syndrome BCS1L Bcs1l (S78G) Failure to thrive, liver steatosis, fibrosis and cirrhosis, tubulopathy, complex III deficiency, premature death. [START_REF] Levéen | The GRACILE mutation introduced into Bcs1l causes postnatal complex III deficiency: A viable mouse model for mitochondrial hepatopathy[END_REF] SPG7 and HSP SPG7 Spg7 (tm1Eir) [START_REF] Ferreirinha | Axonal degeneration in paraplegin-deficient mice is associated with abnormal mitochondria and impairment of axonal transport[END_REF] Friedreich ataxia FXN Fxn (tm1mkn/J) [START_REF] Britti | Frataxindeficient neurons and mice models of Friedreich ataxia are improved by TAT-MTScs-FXN treatment[END_REF])

DOA OPA1 Opa1 (Q285STOP)
Mitochondrial respiratory deficiency, selective loss of respiratory Complex IV subunits, haploinsufficiency. [START_REF] Kushnareva | Mitochondrial dysfunction in an Opa1Q285STOP mouse model of dominant optic atrophy results from Opa1 haploinsufficiency[END_REF] Mitochondrial complex IV deficiency SCO2 Sco2 

II.5) Clinical trial in rare mitochondrial diseases

Nodaways, apart from supportive therapy, there are no effective treatments for the vast majority of mitochondrial diseases. There is considerable scientific and pharmaceutical industry efforts to understanding the mechanisms underlying mitochondrial disease pathology, both at the cellular and molecular levels, and developing potential adapted nontoxic treatments. However, to date, only a small variety of treatments have been evaluated by randomized, double-blinded, placebo-controlled clinical trials. Unfortunately, none of these studies has yet delivered breakthrough results [START_REF] Kanabus | Development of pharmacological strategies for mitochondrial disorders[END_REF] (Table 5). 

III. Mitochondrial implication in rare diseases

III.1) Mitochondria in rare neurodegenerative diseases

Neurodegenerative diseases are characterized by gradually progressive, selective loss of anatomically or physiologically related neuronal systems [START_REF] Lezi | Mitochondria in Neurodegeneration[END_REF]. More than 600 human disorders afflict the nervous system [START_REF] Matilla-Dueñas | Rare Neurodegenerative Diseases: Clinical and Genetic Update[END_REF] and mitochondrial dysfunction is a common theme in these diseases [START_REF] Lezi | Mitochondria in Neurodegeneration[END_REF].

So, in this chapter we review some neurodegenerative diseases in which mitochondria play a significant role, either primary or secondary.

Huntington's disease (HD) is a rare inherited neurodegenerative disorder (2.7/100,000 cases)

that leads to neuronal loss in striatum and in the cerebral cortex. Patients with HD mainly develop progressive motor dysfunction, cognitive decline, and psychiatric disturbance. This disease is caused by expansion of the CAG repeats in exon 1 of the huntingtin gene which encodes Huntingtin protein (Htt). Several studies have shown that mitochondrial dysfunction is a major cytopathology in Huntington's disease and in HD mouse models [START_REF] Agrawal | Novel proteomic changes in brain mitochondria provide insights into mitochondrial dysfunction in mouse models of Huntington's disease[END_REF][START_REF] Carmo | Mitochondrial Dysfunction in Huntington's Disease[END_REF][START_REF] Jodeiri Farshbaf | Huntington's Disease and Mitochondria[END_REF]. However, the molecular mechanisms by which the disease-causing gene (Htt) affects mitochondrial function remains elusive. Recently, it was shown that the stress responsive transcription factor HSF1, implicated in mitochondrial function thought PGC-1α, plays a role in HD [START_REF] Intihar | Mitochondrial Dysfunction in Huntington's Disease; Interplay Between HSF1, p53 and PGC-1α Transcription Factors[END_REF]. In addition, cell biology studies suggested a role for MAPK1 activation in the promotion of aberrant mitochondrial fission and related mitochondrial dysfunction, via DRP1 phosphorylation [START_REF] Joshi | Drp1/Fis1-mediated mitochondrial fragmentation leads to lysosomal dysfunction in cardiac models of Huntington's disease[END_REF][START_REF] Roe | Drp1 phosphorylation by MAPK1 causes mitochondrial dysfunction in cell culture model of Huntington's disease[END_REF][START_REF] Zhao | ATAD3A oligomerization causes neurodegeneration by coupling mitochondrial fragmentation and bioenergetics defects[END_REF].

Hereditary Spastic Paraplegias (HSP) are a heterogeneous group of neurogenetic disorders with multiple identified causative genes involved in various cellular pathophysiologic pathways. HSP is classified as pure or complicated depending on accompanying neurologic clinical features. Classically, complicated HSP are an inherited autosomal recessive diseases, associated with intellectual disability, peripheral neuropathy, optic atrophy [START_REF] Hensiek | Diagnosis, investigation and management of hereditary spastic paraplegias in the era of next-generation sequencing[END_REF]. Several HSP forms may be caused by mutations in genes involved in mitochondrial function, including FARS2 which encodes a mitochondrial phenylalanyl tRNA synthetase (mtPheRS) [START_REF] Yang | A Newly Identified Missense Mutation in FARS2 Causes Autosomal-Recessive Spastic Paraplegia[END_REF], SPG7 which encodes a core component of the PTP at the OMM and IMM contact site [START_REF] Shanmughapriya | SPG7 Is an Essential and Conserved Component of the Mitochondrial Permeability Transition Pore[END_REF], and IBA57 which encodes the mitochondrial iron-sulfur (Fe/S) protein assembly factor [START_REF] Lossos | Fe/S protein assembly gene IBA57 mutation causes hereditary spastic paraplegia[END_REF].

Troyer syndrome, a rare autosomal recessive form of hereditary spastic paraplegia, is caused by loss-of-function mutations in several gene including SPART gene and SPG20 gene, resulting in spasticity of the leg muscles, progressive muscle weakness, short stature, and cognitive defects. SPART and SPG20 provides instructions for producing a protein called spartin linked to endosomal trafficking and mitochondrial membrane potential maintenance [START_REF] Bakowska | Lack of Spartin Protein in Troyer Syndrome: A Loss-of-Function Disease Mechanism?[END_REF][START_REF] Diquigiovanni | A novel mutation in SPART gene causes a severe neurodevelopmental delay due to mitochondrial dysfunction with complex I impairments and altered pyruvate metabolism[END_REF][START_REF] Spiegel | Novel Homozygous Missense Mutation in SPG20 Gene Results in Troyer Syndrome Associated with Mitochondrial Cytochrome c Oxidase Deficiency[END_REF]. In a Troyer syndrome cell model (SH-SY5Y), biochemical studies have reveled mitochondrial defects including decreased COX activity, decreased ATP synthesis and increased ROS production consistent with impaired complex I activity. So, SPART mutation leads indirectly to a profound bioenergetic imbalance [START_REF] Diquigiovanni | A novel mutation in SPART gene causes a severe neurodevelopmental delay due to mitochondrial dysfunction with complex I impairments and altered pyruvate metabolism[END_REF][START_REF] Spiegel | Novel Homozygous Missense Mutation in SPG20 Gene Results in Troyer Syndrome Associated with Mitochondrial Cytochrome c Oxidase Deficiency[END_REF].

Creutzfeldt-Jakob Disease (CJD) is a very rare disorder that cause neuronal loss, synaptic decline, and spongiform changes. There are three types of CJD: sporadic (sCJD) or familial (fCJD) caused by mutations in PRNP, the gene encoding prion protein, and acquired or infectious (iCJD, vCJD) diseases [START_REF] Ironside | Prion diseases[END_REF][START_REF] Xu | Sporadic Creutzfeldt-Jakob disease presenting as dizziness and cognitive decline: A case report[END_REF]. Apoptosis has been suggested as the main mechanism of cell death in prion diseases [START_REF] Ferrer | Synaptic pathology and cell death in the cerebellum in Creutzfeldt-Jakob disease[END_REF][START_REF] Jesionek-Kupnicka | Apoptosis in relation to neuronal loss in experimental Creutzfeldt-Jakob disease in mice[END_REF][START_REF] Shi | Infection of prions and treatment of PrP106-126 alter the endogenous status of protein 14-3-3 and trigger the mitochondrial apoptosis possibly via activating Bax pathway[END_REF]. However, news studies have highlighted mitochondrial implication in this disease. Indeed, proteomics and gene expression studies have shown altered expression of genes and proteins linked to oxidative phosphorylation [START_REF] Ansoleaga | Altered Mitochondria, Protein Synthesis Machinery, and Purine Metabolism Are Molecular Contributors to the Pathogenesis of Creutzfeldt-Jakob Disease[END_REF][START_REF] Shi | Proteomics analyses for the global proteins in the brain tissues of different human prion diseases[END_REF][START_REF] Tian | Analyses of the Similarity and Difference of Global Gene Expression Profiles in Cortex Regions of Three Neurodegenerative Diseases: Sporadic Creutzfeldt-Jakob Disease (sCJD), Fatal Familial Insomnia (FFI), and Alzheimer's Disease (AD)[END_REF]. Still, it remains unclear whether mitochondrial alterations are the cause or the consequence of the disease.

Autosomal dominant cerebellar ataxia-deafness and narcolepsy (ADCA-DN) and Hereditary sensory neuropathy with dementia and hearing loss (HSN1E) are rare, overlapping neurodegenerative syndromes that have been recently linked to allelic dominant pathogenic mutations in the DNMT1 gene, encoding DNA (cytosine-5)-methyltransferase 1 (DNMT1) [START_REF] Maresca | DNA methyltransferase 1 mutations and mitochondrial pathology: is mtDNA methylated? Front[END_REF]. The mutations responsible for ADCA-DN and HSN1E affect the replication foci targeting sequence domain, which regulates DNMT1 binding to chromatin.

Interestingly, ADCA-DN and HSN1E phenotypes share some clinical features typical of mitochondrial diseases, such as optic atrophy, peripheral neuropathy, and deafness [START_REF] Moghadam | Narcolepsy is a common phenotype in HSAN IE and ADCA-DN[END_REF], and some biochemical evidence of mitochondrial dysfunction, including decrease in ATP production, decrease glutamate dehydrogenase activity and lower mitochondrial density [START_REF] Melberg | Autosomal dominant cerebellar ataxia deafness and narcolepsy[END_REF]. Recently, a mitochondrial isoform of DNMT1 with a role in mtDNA methylation was discovered, suggesting that DNMT1 mutations may directly affect mtDNA and mitochondrial physiology [START_REF] Maresca | DNA methyltransferase 1 mutations and mitochondrial pathology: is mtDNA methylated? Front[END_REF][START_REF] Shock | DNA methyltransferase 1, cytosine methylation, and cytosine hydroxymethylation in mammalian mitochondria[END_REF].

III.2) Premature aging disorders

Over the last decade, several evidences have suggested a causative link between mitochondrial dysfunction and phenotypes associated with aging [START_REF] Balaban | Mitochondria, Oxidants, and Aging[END_REF][START_REF] Bratic | The role of mitochondria in aging[END_REF]. Indeed, mitochondrial function declines with age concomitant with the appearance of mitochondrial morphological alterations and mitochondrial number. Moreover, the amount of mtDNA mutations increases with age in humans [START_REF] Larsson | Somatic Mitochondrial DNA Mutations in Mammalian Aging[END_REF]. These findings suggest the involvement of mitochondria in rare diseases of premature aging grouped as human progeroid syndromes. Human progeroid syndromes encompass a group of genetic disorders that share clinical features of accelerated aging and are known to arise through different pathogenic mechanisms described below. In some progeroid syndromes the cause is known but the mechanism is incompletely understood, whereas in others both the etiology and pathogenesis remain unknown. Indeed, alterations in components of the nuclear envelope are the cause of Hutchinson-Gilford progeria syndrome (HGPS). HGPS, with a frequency of 1 in 4-8 million, is caused by a dominant mutation in the LMNA gene involved in progerin expression, a mutant form of Lamin A that lacks 50 amino acids and retains a toxic farnesyl modification in its carboxy-terminus [START_REF] Sandre-Giovannoli | Lamin A Truncation in Hutchinson-Gilford Progeria[END_REF][START_REF] Eriksson | Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford progeria syndrome[END_REF][START_REF] Gonzalez | A-type lamins and Hutchinson-Gilford progeria syndrome: pathogenesis and therapy[END_REF]. Progerin accumulation causes structural abnormalities in the nuclear lamina, delays cytokinesis, accumulation of DNA damage, increased genome instability and cell senescence, and also contribute to aging [START_REF] Broers | Nuclear Lamins: Laminopathies and Their Role in Premature Ageing[END_REF][START_REF] Cao | Progerin and telomere dysfunction collaborate to trigger cellular senescence in normal human fibroblasts[END_REF][START_REF] Scaffidi | Lamin A-Dependent Nuclear Defects in Human Aging[END_REF]. Despite the importance of progerin in accelerated aging, the knowledge of the mechanisms through which these proteins cause cellular damage remains limited.

Proteomic analysis and functional studies in human HGPS cells and progeroid mouse models allowed identification of mitochondrial dysfunction as a hallmark of accelerated aging [START_REF] Rivera-Torres | Identification of mitochondrial dysfunction in Hutchinson-Gilford progeria syndrome through use of stable isotope labeling with amino acids in cell culture[END_REF]. These studies have shown impaired OXPHOS system with decreased ATP production, increased mtROS production and decreased ETC complex activity [START_REF] Rivera-Torres | Identification of mitochondrial dysfunction in Hutchinson-Gilford progeria syndrome through use of stable isotope labeling with amino acids in cell culture[END_REF][START_REF] Viteri | Effect of progerin on the accumulation of oxidized proteins in fibroblasts from Hutchinson Gilford progeria patients[END_REF] but also mitochondrial morphological alterations [START_REF] Mahynski | Phase Separation of Mitochondrial DNA in the Premature Aging Disease Hutchinson-Gilford Progeria Syndrome[END_REF].

Cockayne syndrome is an inherited disorder characterized by accelerated aging, progressive brain atrophy, leukodystrophy, cachexia and growth retardation [START_REF] Koob | Neuroimaging in Cockayne syndrome[END_REF][START_REF] Natale | A comprehensive description of the severity groups in Cockayne syndrome[END_REF]. This syndrome is caused by mutations in CSB and CSA gene involved in base excision DNA repair [START_REF] Anindya | A ubiquitin-binding domain in Cockayne syndrome B required for transcription-coupled nucleotide excision repair[END_REF][START_REF] Stevnsner | The role of Cockayne Syndrome group B (CSB) protein in base excision repair and aging[END_REF]. Strikingly, most signs and symptoms seen in Cockayne syndrome patients are also found in mitochondrial diseases [START_REF] Scheibye-Knudsen | Mitochondrial deficiency in Cockayne syndrome[END_REF], suggesting a role for mitochondria in this disease. Base excision DNA repair is the main DNA repair pathway in mitochondria: a defect in this pathway leads to a mitochondrial phenotype [START_REF] Kamenisch | Proteins of nucleotide and base excision repair pathways interact in mitochondria to protect from loss of subcutaneous fat, a hallmark of aging[END_REF][START_REF] Osenbroch | Accumulation of mitochondrial DNA damage and bioenergetic dysfunction in CSB defective cells[END_REF][START_REF] Scheibye-Knudsen | Mitochondrial deficiency in Cockayne syndrome[END_REF]. Moreover, CSB was recently shown to stimulate the RNA elongation activity of the mitochondrial polymerase [START_REF] Berquist | Human Cockayne syndrome B protein reciprocally communicates with mitochondrial proteins and promotes transcriptional elongation[END_REF] [START_REF] Chatre | Reversal of mitochondrial defects with CSB-dependent serine protease inhibitors in patient cells of the progeroid Cockayne syndrome[END_REF].

Patients with Werner Syndrome (WS) display skin atrophy, graying and loss of hair, wrinkles, loss of fat, cataracts, atherosclerosis, and diabetes [START_REF] Yokote | WRN Mutation Update: Mutation Spectrum, Patient Registries, and Translational Prospects[END_REF]. The mutated gene involved in this disease is WRN and has an estimated global incidence ranging between 1 in 1,000,000 and 1 in 10,000,000 birth [START_REF] Masala | Epidemiology and clinical aspects of Werner's syndrome in North Sardinia: description of a cluster[END_REF]. WRN encode for WRN protein, a member of the RecQ helicase family of proteins [START_REF] Croteau | Human RecQ helicases in DNA repair, recombination, and replication[END_REF]. Recent review articles have compared hallmarks of aging and Werner syndrome and have listed mitochondrial dysfunction including increased mtROS production and decreased mitochondrial content, consistent with the implication of mitochondria in premature aging disorders [START_REF] Cogger | Liver aging and pseudocapillarization in a Werner syndrome mouse model[END_REF][START_REF] Shamanna | Recent Advances in Understanding Werner Syndrome[END_REF].

Patients with Fontaine syndrome present early aging, decreased subcutaneous fat tissue and sparse hair, bone dysplasia of the skull and fingers, a distinctive facial gestalt, and prenatal and postnatal growth retardation [START_REF] Castori | Fontaine-Farriaux syndrome: a recognizable craniosynostosis syndrome with nail, skeletal, abdominal, and central nervous system anomalies[END_REF]. This progeroid syndrome is caused by de novo heterozygous mutation in the SLC25A24 gene, encoding a solute carrier 25 family member coding for calcium-binding mitochondrial carrier protein [START_REF] Writzl | De Novo Mutations in SLC25A24 Cause a Disorder Characterized by Early Aging, Bone Dysplasia, Characteristic Face, and Early Demise[END_REF]. This protein allows an electro-neutral and reversible exchange of ATP-Mg and phosphate between the cytosol and mitochondria. Recently, in SLC25A24-mutant fibroblasts, altered mitochondrial morphology, increased mitochondrial membrane potential, and a decreased mitochondrial oxygen consumption linked to decreased ATP synthesis were reported [START_REF] Writzl | De Novo Mutations in SLC25A24 Cause a Disorder Characterized by Early Aging, Bone Dysplasia, Characteristic Face, and Early Demise[END_REF].

III.3) Rare immune diseases

Because mitochondria are a potent source of ROS, and because mtDNA has been implicated in inflammatory responses, it is important to examine mitochondrial role in immune disorder.

Systemic lupus erythematosus (SLE) is a most common rare autoimmune disease (1/2,000). Patients with SLE display mainly severe fatigue, headaches, a rash on the cheeks and nose, which is called a "butterfly rash", hair loss, anemia, blood-clotting problems and Raynaud's phenomenon. SLE is multifactorial, and includes contributions from the environment, stochastic factors, and genetic susceptibility. The use of mouse models, gene expression studies, epigenetic analyses and genetic variant identification helped to better understand this syndrome [START_REF] Tsokos | New insights into the immunopathogenesis of systemic lupus erythematosus[END_REF]. Collectively, these studies support the concept that aberrant production of multiple autoantibodies directed against nuclear antigens caused this syndrome.

Moreover, defective clearance of immune complexes and biological waste (such as apoptotic cells) [START_REF] Mahajan | Clearance Deficiency and Cell Death Pathways: A Model for the Pathogenesis of SLE[END_REF][START_REF] Shao | Disturbances of apoptotic cell clearance in systemic lupus erythematosus[END_REF], neutrophil extracellular traps [START_REF] Bruschi | Neutrophil Extracellular Traps (NETs) profiles in patients with incident SLE and lupus nephritis[END_REF], nucleic acid sensing [START_REF] Mustelin | Sources of Pathogenic Nucleic Acids in Systemic Lupus Erythematosus[END_REF], lymphocyte signaling [START_REF] Katsuyama | Aberrant T Cell Signaling and Subsets in Systemic Lupus Erythematosus[END_REF], and interferon production pathways [START_REF] Crow | Advances in Understanding the Role of Type I Interferons in SLE[END_REF] are all central to loss of tolerance and tissue damage. Accumulating evidence indicates that mitochondrial dysfunction plays important roles in the pathogenesis of SLE [START_REF] Yang | The role of mitochondria in systemic lupus erythematosus: A glimpse of various pathogenetic mechanisms[END_REF]. Indeed, in SLE neutrophils were shown to release mtDNA through the generation of ROS, a process leading to activation of the DNA sensor stimulator of interferon genes (STING) and type-I IFN production [START_REF] Caielli | Oxidized mitochondrial nucleoids released by neutrophils drive type I interferon production in human lupus[END_REF][START_REF] Lood | Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to lupus-like disease[END_REF]. T lymphocytes of patients with SLE exhibit mitochondrial membrane hyperpolarization, cytoplasmic alkalinization, increased mtROS production, as well as diminished levels of intracellular glutathione and ATP, which diminished activationinduced apoptosis and sensitizes lupus T cells to necrosis [START_REF] Perl | Assessment of mitochondrial dysfunction in lymphocytes of patients with systemic lupus erythematosus[END_REF]. Recently, study have demonstrated the presence of anti-mitochondrial antibodies in human and in SLE mouse model, suggesting that mitochondrial components are immunogenic, and support the concept that extracellular mitochondria may provide an important source of circulating autoantigens in SLE [START_REF] Becker | Anti-mitochondrial autoantibodies in systemic lupus erythematosus and their association with disease manifestations[END_REF]. Further investigation of mitochondrial pathophysiological roles will result in further clarification of SLE. Specific lupus-induced organ damage also exhibits characteristics of mitochondrial changes [START_REF] Yang | The role of mitochondria in systemic lupus erythematosus: A glimpse of various pathogenetic mechanisms[END_REF]. These changes occur at different levels of mitochondrial biology including organelle turnover, dynamics and energetics. Still, the role of mitochondrial (dys)function in SLE remains unprecise and further work is needed to identify corresponding therapeutic strategies, for SLE and other rare immune diseases.

Inflammatory bowel diseases (IBD), which affect currently 1.4 million people in the United States and 2.2 million people in Europe [START_REF] Loftus | Clinical epidemiology of inflammatory bowel disease: Incidence, prevalence, and environmental influences[END_REF], are a group of gut diseases characterized by recurring, chronic inflammation. The two predominant IBDs are Crohn's disease (CD) and ulcerative colitis (UC), which affect 26-199 cases per 100,000 persons and 37-246 cases per 100,000 persons [START_REF] Fabian | Prevalence of Crohn's Disease and Ulcerative Colitis in Colombia: Analysis of the Integral Information System of Social Protection (Sispro): P-034[END_REF][START_REF] Loftus | Clinical epidemiology of inflammatory bowel disease: Incidence, prevalence, and environmental influences[END_REF]. These multifactorial diseases display intestinal epithelial barrier dysfunction and dysregulated immune cell responses to gut microorganisms due to unknown environmental triggers in genetically predisposed individuals [START_REF] Kim | Pathogenesis of Inflammatory Bowel Disease and Recent Advances in Biologic Therapies[END_REF]. IBD patients with colonic involvement have an increased risk of developing colorectal cancer [START_REF] Stidham | Colorectal Cancer in Inflammatory Bowel Disease[END_REF]. Recently, studies have revealed the involvement of mitochondrial stress in the pathophysiology of IBD [START_REF] Jackson | Gut bacteria signaling to mitochondria in intestinal inflammation and cancer[END_REF]. Electron microscopy studies shown ultrastructural alterations in epithelial cell mitochondria in CD patients [START_REF] Soderholm | Augmented increase in tight junction permeability by luminal stimuli in the non-inflamed ileum of Crohn's disease[END_REF].

Moreover, in IBD patients, a decrease in ETC complexes activity and ATP levels, and an excess of mtROS with accumulation of misfolded or unfolded proteins in the matrix were reported [START_REF] Heller | Reduced mitochondrial activity in colonocytes facilitates AMPKα2dependent inflammation[END_REF][START_REF] Jackson | Gut bacteria signaling to mitochondria in intestinal inflammation and cancer[END_REF][START_REF] Mottawea | Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn's disease[END_REF]. More recently, it was demonstrated that mtDNA released into the serum in IBD patients was recognized as DAMP for immune cell activation [START_REF] Boyapati | Mitochondrial DNA Is a Pro-Inflammatory Damage-Associated Molecular Pattern Released During Active IBD[END_REF]. Additionally, damaged mitochondria can signal inflammasome activation, leading to pro-inflammatory cytokine production [START_REF] Jackson | Gut bacteria signaling to mitochondria in intestinal inflammation and cancer[END_REF]. Furthermore, some genes highlighted by IBD genome-wide association studies and proteome study were linked to the maintenance of mitochondrial health, underpinning the role of deregulated mitochondrial function in IBD [START_REF] Ho | MDR1 deficiency impairs mitochondrial homeostasis and promotes intestinal inflammation[END_REF][START_REF] Mottawea | Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn's disease[END_REF]. Therefore, mitochondrial-targeted therapies provide a novel strategy for intestinal diseases.

III.4) Multisystemic rare diseases: RASopathies

The RAS/MAPK pathway regulates several cellular functions including cell cycle, cellular growth, differentiation, senescence and metabolism [START_REF] Yoon | The extracellular signal-regulated kinase: multiple substrates regulate diverse cellular functions[END_REF].

Dysregulation in this pathway have profound consequences on tissue development and de novo germline mutations in genes that encode proteins of the RAS/MAPK pathway have been linked to rare human developmental disorders that are known as RASopathies [START_REF] Dard | RAS signalling in energy metabolism and rare human diseases[END_REF]. RASopathies (Table 6) include Neurofibromatosis type 1 (NF1), Legius Syndrome (LS), Noonan Syndrome (NS), Noonan Syndrome with Multiple Lentigines (NSML), Capillary Malformation-ArterioVenous Malformation Syndrome (CM-AVM), Costello Syndrome (CS) and Cardio-Facio-Cutaneous Syndrome (CFC) [START_REF] Rauen | The RASopathies[END_REF]. These disorders display many overlapping clinical characteristics due to the common underlying RAS/MAPK pathway dysregulation [START_REF] Dard | RAS signalling in energy metabolism and rare human diseases[END_REF]. Interestingly, many symptoms found in primary mitochondrial diseases are also present in RASopathies, including cardiomyopathies [START_REF] Calcagni | Clinical Presentation and Natural History of Hypertrophic Cardiomyopathy in RASopathies[END_REF][START_REF] Meyers | Cardiac manifestations of mitochondrial disorders[END_REF], short stature [START_REF] Cizmarova | Rasopathies -dysmorphic syndromes with short stature and risk of malignancy[END_REF][START_REF] Rocha | Growth hormone deficiency in a patient with mitochondrial disease[END_REF], dysmorphic features (round face, high forehead, featureless philtrum, low-set ears, and short neck), and dermatologic features (hypertrichosis, eczema, vitiligo, multiple lipomatosis, and reticular pigmentation) [START_REF] Bodemer | Hair and Skin Disorders as Signs of Mitochondrial Disease[END_REF][START_REF] Morice-Picard | Cutaneous manifestations in Costello and cardiofaciocutaneous syndrome: report of 18 cases and literature review[END_REF] (Figure 9 and Table 5). Moreover, patients with RASopathy can also exhibit sensorineural hearing loss and ophthalmologic abnormalities (retinitis pigmentosa, ptosis and progressive external ophthalmoplegia) [START_REF] Hsu | Hearing loss in mitochondrial disorders[END_REF][START_REF] Van Trier | External ear anomalies and hearing impairment in Noonan Syndrome[END_REF] (Figure 9 and Table 5). Some gastrointestinal symptoms are found in both RASopathies and mitochondrial diseases [START_REF] Finsterer | Gastrointestinal manifestations of mitochondrial disorders: a systematic review[END_REF]. Likewise, in these two groups of disorders, patients displayed cramps, recurrent myoglobinuria, or muscle weakness [START_REF] Dimauro | Mitochondrial myopathies[END_REF] (Figure 8 and Table 4). So, at phenotypical level, patients with RASopathies display share several clinical characteristics with mitochondrial diseases and RAS/MAPK pathway is able to modulate cellular metabolism [START_REF] Slack | Ras signaling in aging and metabolic regulation[END_REF]. That's why some studies have been interested in mitochondrial dysfunctions in RASopathies and have been reported bioenergetic defects in these diseases [START_REF] Dard | RAS signalling in energy metabolism and rare human diseases[END_REF] (Table 5). 

IV. Conclusion

Mitochondria play a central role in both catabolism and anabolism of most human cell types. As a result, defects in mitochondrial function can lead to very severe and invalidating diseases. The etiology of mitochondrial diseases is dramatically complex as both alterations in mitochondrial fusion, electron transport chain activity, ion transport or organelle quality control can result in rare and ultra-rare diseases. Although the mitochondrial genome and corresponding proteome are quantitatively small, the variegated functions played by mitochondria can lead to the onset of severe rare diseases of various biochemical origins. For instance, in the Barth syndrome, a very specific mitochondrial disease, alteration of cardiolipin biosynthesis is the cause of a cardiovascular dysfunction. So, a fine knowledge of mitochondrial functions and their tisue-specific regulation is required to provide a better diagnosis of mitochondrial diseases and to discover innovative therapeutic strategies. It is still not well understood why a similar defect in complex I function or in a mitochondrial tRNA can lead to very different diseases between two patients. Moreover, the environmental factor is underappreciated in these diseases. Furthermore, many chemical compounds present in the exposome are toxic to mitochondria and could participate to rare diseases initiation and progression. Out of the scope of this review article, mitochondria also play a role in cancer and a large number of studies are performed in this field. A keywork in mitochondrial biology is plasticity, both for organelle shape and functions. The canonical metabolic pathways can adapt to various types of stress and activate non-canonical circuits able to maintain cell (bioenergetic) homeostasy, epigenetic regulation and anabolism. However, above a critical biochemical threshold of mitochondrial adaptation, the primary bioenergetic failure is expressed and cell dysfunction occurs. Both pharmacology and genetic therapy approaches are now tested for the treatment of rare mitochondrial disease through ongoing clinical trials using various types of bioenergetic modulators. Yet, given the tight regulation of cell energetics, pharmacological interventions are not easy. For instance, there is an interplay between oxidative and glycolytic metabolism, so that mitochondrial dysfunction can induce the adaptive stimulation of glycolysis with impact on REDOX balance. Adapted exercise training and nutrition are also key for the treatment of mitochondrial diseases and (pre)clinical research in ongoing in this area. In the 2020 era, the use of Omics will help to decipher the complexity of mitochondrial diseases and to define the perturbome and the methylome consecutive to a respiratory chain dysfunction. This type of strategies will help to identify novel area of mitochondrial therapy. For instance, the modulation of mitochondrial turnover using specific PROTACS could be proposed. The delivery of wild-type mitochondria to patient's stem cells is also an emerging genetic strategy for mitochondrial activation, that remains to be fully validated by clinical trials. To conclude, a tight connection between mitochondrial fundamental research and mitochondrial diseases clinical management, diagnosis and therapy is required to make progress in this still very challenging area.

Noteworthy, the role of patient's association is major to disseminate findings of preclinical 

Figure 1 :

 1 Figure 1: The human mitochondrial DNA genome with mutations involved in mitochondrial disorders.

Figure 2 :

 2 Figure 2: Schematic representation of the human oxidative phosphorylation system. OXPHOS includes complex I (NADH dehydrogenase-CoQ reductase), complex II (succinate dehydrogenase), complex III (ubiquinone-Cyt c oxidoreductase), complex IV (COX) and complex V (ATP synthase), plus two electron carriers, coenzyme Q (CoQ, ubiquinone) and Cytochrome c (cyt c). Complexes I, III and IV extrude protons from the matrix across the mitochondrial inner membrane, with the reduction of CoQ from its ubiquinone form to ubiquinol (QH2). Complex III (CIII) then catalyzes the reduction of cyt c by oxidation of ubiquinol and Complex IV (CIV) is responsible for the terminal enzymatic reaction of the respiratory chain. Complexes I-IV generate a proton (H + ) gradient while at the same time transferring electrons (e -) to molecular oxygen thus generating and electrochemical gradient.

  study have shown that the proapoptotic proteins BAX and BAK are critical mediators of primary necrosis (Whelan et al., 2012) (Figure: 3).

Figure 3 :

 3 Figure 3: Mitochondrial regulation of cell death. A) Signals for the induction of apoptosis engage the activities of pro-apoptotic protein, such as BAX and BAK. These proteins oligomerize and insert into the outer mitochondrial membrane (OMM). Permeabilization of the outer mitochondrial membrane (MOMP) induces releasing of apoptogen including Cytochrome c (Cyt c) and SMAC/DIABLO, which inhibits XIAP activity. Then, theses apoptogens lead to apoptosis through caspases activity and apoptosome formation. B) In the necrosis process, calcium stimulus opens mitochondrial permeability transition pore (mPTP), leading to energy deficit and osmotic choc. This results in a swelling of the mitochondrial matrix and OMM and IMM rupture. OMM : outer mitochondrial membrane, IMM : inner mitochondrial membrane.

  fight against damage (Tondera et al., 2009) (Figure: 4).

Figure 4 :

 4 Figure 4: Mitochondrial dynamic and biological functions. Mitochondrial dynamic is characterized by fusion/fission cycles. (Left panel) Mitofusins 1 and 2 (MFN1/2) at the OMM and optic atrophy 1 (OPA1) at the inner membrane (IMM) are key proteins for mitochondrial fusion. Mitochondrial fusion is highly important for dissipating the metabolic energy through transmission of membrane potential along mitochondrial filaments, but also for the complementation of mitochondrial DNA (mtDNA) gene products in heteroplasmic cells to

  (Figure: 5).

Figure 5 :

 5 Figure 5: Mitochondrial autophagy: Mitophagy. When the mitochondrion is damaged, it gets labeled by different proteins (two mechanisms) and mitophagy is initiated, resulting in mitochondrial incorporation into phagophore and then mitophagosome for lysosomal degradation. (left panel) The first mechanism involves the recruitment of the E3 ubiquitin ligase Parkin from the cytosol to damaged mitochondria in a PTEN-induced putative kinase protein 1 (PINK1)-dependent manner. Then, Parkin ubiquitinates mitochondrial proteins and it is degraded through the mitophagosome. (right panel) In the second mechanism, outer mitochondrial membrane proteins, such as NIP3-like protein X (NIX, BNIP3L), bind to LC3 on the phagophore, which mediate the sequestration of damaged mitochondria into mitophagosomes.

  microorganism infection but also by endogenous molecules released into the cytoplasm during organelles degradation. These molecules can induce inflammatory responses, and are called damaged-associated molecular patterns (DAMPs). Mitochondrial DAMPs include unmethylated CpG motifs in mtDNA and N-formyl peptides (Krysko et al., 2011). Pattern recognition receptors (PRRs) are able to recognize microorganisms through structure called pathogen-associated molecular patterns (PAMP) are also able to recognize DAMPs. The PRR family is composed of Toll-like receptors (TLR), C-type lectin receptors, cytoplasmic sensors such as retinoic acid-inducible gene (RIG)-I-like receptors and NOD-like receptors (NLRs).

Figure 6 :

 6 Figure 6: Mitochondrial roles in immune responses. Metabolic pathways including TCA cycle, oxidative phosphorylation (OXPHOS), and fatty acid oxidation (FAO) are important for macrophages polarization and T cells differentiation. Moreover, mitochondrial ROS (mtROS) generation is involved in immune cell transcription, bioenergetic control, and inflammation through NLRP3 when mtDNA damaged is released from mitochondria into the

  from mitochondria into the cytosol through the isoform FLVCR1, called FLVCR1b (Fleming and Hamza, 2012) (Figure: 7).

Figure 7 :

 7 Figure 7: Role of Mitochondria in heme biosynthesis in human cells. Heme precursors, glycine and succinyl-CoA generate δ-aminolevulinic acid (ALA) through δ-aminolevulinic acid synthesis (ALAS). Then, ALA undergo 4 enzymatic reactions in the cytosol using ALA dehydratase (ALAD), hydroxymethylbilane (HMBS), uroporphyrinogen III synthase (UROS), uroporphyrinogen decarboxylase (UROD), and 3 last reactions in the mitochondria with coproporphyrinogen oxidase (CPOX), protoporphyrinogen oxidase (PPOX), and ferrochelatase (FECH) to form heme. Heme is finally exported from mitochondria to the cytosol through FLVCR1b.

Figure 8 :

 8 Figure 8: Human steroid hormone synthesis in mitochondria. Steroid biosynthesis is initiated upon mobilization of free cholesterol from the cytoplasmic lipid stores to the inner mitochondrial membrane through a protein complex, anchored by the cholesterol-binding translocator protein (TSPO). Hormone-induced steroidogenic acute regulatory protein (STAR) acts at this complex to accelerate cholesterol import into the mitochondrial matrix and stimulates steroidogenesis. Then P450scc enzymes convert cholesterol to pregnenolone. The final steroid hormone synthesis steps are the conversion thought P450c11β (11β-

Figure 9 :

 9 Figure 9: Venn diagram comparing the clinical features of primary mitochondrial diseases and RASopathies. Clinical features were taken from the project Human Phenotype Ontology (HPO, https://hpo.jax.org/app/) which provides a standardized vocabulary of phenotypic abnormalities encountered in human disease. This Venn diagram compares the clinical features of primary mitochondrial diseases (Mt-diseases) and Rasopathies, including Noonan syndrome and Noonan syndrome with multiple lentigines (NS/NSML), neurofibromatosis type 1 (NF1), cardiofaciocutaneous syndrome (CFC), Legius syndrome (LS) and Costello syndrome (CS). Numbers in Venn diagram correspond to clinical features found in each syndrome and can overlap between diseases. One characteristic is common to allRASopathies and primary mitochondrial diseases: hypertelorism (HP:0000316 in HPO project). The prevalence of the diseases is specified between brackets.

  research as well as to support mitochondrial and rare disease pathophysiology studies

Table 1 : Pure mitochondrial diseases.

 1 

	Pure mitochondrial diseases	Prevalence	Genetics	Main clinical features	References
	Pearson syndrome	< 1 / 1,000,000	Deletions or duplications	Sideroblastic anaemia, exocrine pancreatic dysfunction, macrocytic anemia	(Jacobs et al., 2004)
	Addison disease	90-140 / 1,000,000	Large mtDNA deletions	Hyperpigmentation, severe fatigue, weight loss, muscle and joint pains gastrointestinal problems, lightheadedness or fainting,	(Duran et al., 2011)
	Leber hereditary optic neuropathy (LHON) or Leber optic atrophy	1-9 / 100,000	< 20 genes	Acute or subacute painless central visual loss	(Li et al., 2019)
	Kearns-Sayre syndrome (KSS)	1-9 / 100,000	Single large-scale deletions	PEO, pigmentary degeneration of the retina, cardiomyopathy	(Puoti, 2003)
	Mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes syndrome (MELAS)	1-9 / 1,000,000	MT-TL1	Mitochondrial myopathy, stroke-like episodes, encephalopathy, lactic acidosis	(Melone et al., 2004)
	Myoclonic epilepsy with ragged red fibers (MERRF) ≃ 1 / 100,000	< 10 genes	Myoclonus epilepsy, sensorineural deafness, optic atrophy, peripheral neuropathy, ataxia	(Fukuhara et al., 1980)
	Neurogenic muscle weakness, ataxia and retinitis pigmentosa (NARP)	1-9 / 100,000	MT-ATP6	Developmental delay, retinisis pigmentosa, ataxia, neuropathy proximal neurogenic muscle weakness, sensory	(Sgarbi et al., 2006)
	Mitochondrial neurogastrointestinal encephalopathy syndrome (MNGIE)	1-9 / 1,000,000	TYMP	PEO, gastrointestinal dysmotility, diffuse mitochondrial dysfunction leukoencephalopathy, peripheral neuropathy,	(Taanman et al., 2009)
	Familial bilateral striatal necrosis	< 1 / 1,000,000	MT-ATP6	Developmental delay, hypotonic, unable to walk without falling	(Thyagarajan et al., 1995)

Table 2 : Indirect mitochondrial diseases.

 2 

	other mutations	dysfunction

Neurogenetics Evaluation (patients with developmental delays)

  

		cell count	Blood urea nitrogen	Liver blood tests: liver enzymes and ammonia	Blood lactate, pyruvate (L/P ratio)	
	Quantitative plasma amino acids	Creatinine kinase (CPK)	Plasma acylcarnitine analysis	Quantitative urine organic acids		
			Pathology and bioenergetic testing of muscle biopsy		
	General morphology: Hematoxylin and eosin staining	Biochemical quantification of coenzyme Q10 levels	Photometric analysis of respiratory chain activity	Measurement of oxygen uptake to determine OXPHOS	Histochemical analysis: COX/SDH staining Gomori trichrome NADH-tetrazolium reductase	Immuno-histochemistry (abundance of OXPHOS complexes)
			Pathology and biochemical testing of skin biopsy (fibroblast culture)	
	ATP dosage	Complex activity	Measurement of oxygen uptake	ROS dosage	Membrane potential analysis	Metabolomic
			Systemic Involvement		
	Echocardiogram	Brain MRI	Audiology testing	Ophthalmologic exam	Electrocardiogram (EKG)	
			Metabolic Screening in Spinal Fluid (Patients with neurological symptoms)	
	Lactate & pyruvate	Quantitative amino acids	Cell count	Glucose measurement	Protein measurement	
	Clinical Karyotype Fragile X test Child neurology consultation	Genetics consultation		
			Molecular genetics		
		nDNA			mtDNA	
						mtDNA sequencing or
	Whole-genome	Exome sequencing and		Real-time PCR to detect	Long-range PCR to detect	specific point mutation
	sequencing	targeted gene sequencing		mtDNA depletion	mtDNA deletions	assays to detect point
						mutations

Table 3 : Overview of the diagnostic tests used for mitochondrial diseases.

 3 

Table 4 : Mouse models of mitochondrial diseases

 4 

Table 5 : Recent clinical trials in mitochondrial disorders.

 5 

  . So, CSB mutations decrease mitochondrial transcription resulting in decreased mitochondrial function. CSB deficient cells were also shown to affect mitochondrial turnover and be defective in mitophagy, resulting in accumulation of damaged mitochondria (Scheibye-Knudsen et al., 2012). Recently, Chatre et al. have shown that CSB mutation deregulates the expression of a

serine protease (HTRA3), which degrades mitochondrial DNA polymerase gamma and impairs mitochondrial function
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