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As the ARCA2 mouse model recapitulated most of the patient's symptoms, the aim of my project was to gain insight into the pathophysiological mechanisms leading to the different phenotypes observed in this model organism.

ARCA2 is also part of the Coenzyme Q (CoQ) deficiencies. Therefore, ataxias are first going to be introduced, followed by cerebellar structures and functions, coenzyme Q functions and biosynthesis, and finally the ARCA2 disease with the observed phenotypes and COQ8A function.

I. Ataxia

The name ataxia comes from ancient Greek, "α": without /negative and "τάξις": order, and means the absence of order. It is a syndrome defined by the loss of coordination and balance observed in patients.

Various types of ataxia exist, and they are usually classified according to their causes. These causes are broad and range from genetic mutations to infections, including nutritional deficiencies or additional symptoms of other diseases [START_REF] Van Gaalen | Drug-induced cerebellar ataxia: A systematic review[END_REF][START_REF] Manto | Cerebellar ataxias[END_REF]. Therefore, different classes are defined to differentiate them. A common classification divides ataxias in three categories: acquired, inherited and sporadic.

Sporadic ataxias are mainly defined as ataxias for which genetic or acquired etiology are lacking and with a late onset [START_REF] Klockgether | Sporadic ataxia with adult onset: classification and diagnostic criteria[END_REF][START_REF] Klockgether | Idiopathic cerebellar ataxia of late onset: natural history and MRI morphology[END_REF].

Acquired ataxias conversely distinguished by the fact that they ensue from toxicity, environmental factors or effects of another disease. It is a heterogeneous group with broad causes. One of the wellknown cause of acquired ataxia is chronic alcoholism [START_REF] Jaatinen | Mechanisms of ethanol-induced degeneration in the developing, mature, and aging cerebellum[END_REF]. Alcohol, like heavy metals, chemotherapy or anti-epileptic drugs are part of the molecules responsible for toxic ataxias [START_REF] Nachbauer | Acquired ataxias: the clinical spectrum, diagnosis and management[END_REF]. Infections, by human immunodeficiency virus, or in case of encephalitis or

Creutzfeldt-Jakob diseases are other causes of acquired ataxias (Akbar and Ashizawa, 2015).

Furthermore, acquired ataxias can also arise from autoimmune diseases (e.g.: anti glutamic acid decarboxylase antibodies or gluten), focal lesions (e.g.: strokes, anoxia, tumors, trauma), amino acid or vitamin deficiency (e.g.: vitamin B1, B12 or E) (Akbar and Ashizawa, 2015). This shows that ataxia can be induced by a large variety of threats and defects.

Finally, the hereditary ataxias are due to genetic causes and are also multiple. This category of ataxia is further subdivided in three major classes depending on their mode of inheritance: autosomal dominant (SCA), autosomal recessive (SCAR), and the X-linked forms of ataxia. To these types, the episodic (EA which are periodic) and the spastic (SPAX) ataxia are added within the classification of the inherited ataxias [START_REF] Bird | Hereditary Ataxia Overview -Review[END_REF].

Additional symptoms, like dysarthria and dysphagia (respectively speech and swallowing difficulties) are often found is ataxic patients when the disease progresses. However, what invariably characterizes ataxia is the implication of cerebellum or its afferent or efferent connections [START_REF] Klockgether | Ataxias[END_REF].

These neurodegenerative diseases, induced by a defect in cerebellar structures in combination or not mutations in KCND3. It could also be performed for SCA15, 16 and 29 which are induced by mutations in ITPR1 although the resulting additional symptoms are different [START_REF] Bird | Hereditary Ataxia Overview -Review[END_REF].

All episodic ataxias described so far and one spastic ataxia (SPAX1) are also due to autosomal dominant mutations [START_REF] Bird | Hereditary Ataxia Overview -Review[END_REF]. At later course, episodic ataxias might be constant but they are first periodic, with transient episodes of incoordination and imbalance (Akbar and Ashizawa, 2015). This periodicity differentiates them from the spinocerebellar ataxias for which the symptoms are uninterrupted and slightly progressive.

X-linked ataxias

Few ataxias occur with a X-linked inheritance. Some X-linked ataxias had previously been described but the precise genetic affection could not be determined [START_REF] Farlow | X-linked recessive inheritance of ataxia and adult-onset dementia: clinical features and preliminary linkage analysis[END_REF][START_REF] Schmidley | Infantile X-linked ataxia and deafness: a new clinicopathologic entity?[END_REF].

More recently, six genes have been implicated in these X-linked cerebellar ataxias with the most frequent disease being Fragile X tremor-ataxia syndrome (FXTAS) [START_REF] Bird | Hereditary Ataxia Overview -Review[END_REF]. FXTAS, like some SCA, is due to a repeat expansion in a non-coding DNA region (5' UTR). This disease has the particularity of being due to a FMR1 premutation. This premutation is an expansion comprising between 55 and 200 repeats and induces a RNA gain of function. In contrast, larger expansions (>200 CGG repeats) induce silencing of the FMR1 gene, so a loss of function and cause the Fragile X syndrome [START_REF] Amiri | Fragile x-associated tremor/ataxia syndrome: An aging face of the fragile x gene[END_REF][START_REF] Oostra | FMR1: A gene with three faces[END_REF]. Two other X-linked ataxias, XLSA (X-linked sideroblastic anemia and ataxia) and SCAX1 are due to mutations in transporters. XLSA is due to mutations in Abcb7, coding for a mitochondrial ATP-binding cassette transporter implicated in iron homeostasis, and SCAX1 results from mutations in Atp2b3, coding for a plasma membrane calcium ATPase [START_REF] Bekri | Human ABC7 transporter: gene structure and mutation causing X-linked sideroblastic anemia with ataxia with disruption of cytosolic iron-sulfur protein maturation[END_REF]Zanni et al., 2012).

Autosomal recessive ataxias

SCAR number. In particular, the most frequent recessive ataxias do not have a SCAR number, whereas the rare ones, with only a few reported families, do. Likewise another acronym: ARCA for "Autosomal Recessive Cerebellar Ataxia" was employed to name three ataxias with pure cerebellar affection, including ARCA2, also named SCAR9 [START_REF] Sailer | Recent advances in the genetics of cerebellar ataxias[END_REF].

Like for the SCA, genetic testing is needed to determine which gene is mutated and define the precise disease. Indeed, different mutations, in the same gene, can lead to different age of onset, progression severity and different additional symptoms [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF]. Furthermore, different recessive ataxias display common clinical features, and some other diseases have ataxia has one of their prominent or secondary feature, which makes it difficult for clinicians to rapidly determine the specific ataxia without a multiple-gene panel test.

As mentioned previously different types of classification are used for recessive ataxias. One of them is based on the affected part of the nervous system and results in three main groups [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF]. These three groups are listed here and examples of such ataxias are given (and in gray: examples of recessive disorders with ataxia as a prominent feature).

 Pure cerebellar ataxia (without neuropathy)

Autosomal recessive cerebellar ataxia type 1, 2 and 3 (ARCA1 to ARCA3)

Niemann-Pick type C disease  Cerebellar ataxia with pure sensory neuropathy (proprioceptive affection)

Friedreich's ataxia (FRDA)

Ataxia with vitamin E deficiency (AVED)

Sensory ataxic neuropathy, dysarthria, and ophthalmoparesis (SANDO)

Infantile onset spinocerebellar ataxia (IOSCA)

Abetalipoproteinemia (ABL)

Most of the ataxic patients present cerebellar atrophy, except FRDA and some other pure sensory neuropathy ataxic patients for which an atrophy of the spinal cord is usually observed [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF].

The most common recessive ataxias are FRDA, AOA1, AOA2 and AT [START_REF] Bird | Hereditary Ataxia Overview -Review[END_REF]. ARCA2, also known as SCAR9, is a rare form of recessive degenerative ataxia, with approximately 35 reported patients up to date. This disease will be further described later, in a separate section (IV).

Like other types of ataxias, recessive ataxias are heterogeneous, complex and comprise a wide range of deregulated pathways. These pathways can also be used to further sub-classify recessive ataxias in six groups: DNA repair defects, abnormal protein folding, metabolic defect, mitochondrial dysfunction, trafficking and other functions [START_REF] Manto | Cerebellar ataxias[END_REF][START_REF] Vermeer | Autosomal recessive cerebellar ataxias: the current state of affairs[END_REF]. This classification is not redundant with the classification according to nervous system affection, as ataxias with the same type of pathway involved do not lead to the same type of degeneration. 

Ataxia

Mitochondrial presequences cleavage

Table 1: Autosomal recessive spinocerebellar ataxia according to the mutated gene functions (based on [START_REF] Beaudin | Systematic review of autosomal recessive ataxias and proposal for a classification[END_REF].

AT: ataxia-telangiectasia; ATLD1: ataxia-telangiectasia-like disorder 1; AOA1 and 2: ataxia-oculomotor apraxia 1 and 2; EAOH: early-onset ataxia with oculomotor apraxia and hypoalbuminemia; SCAN1: Spinocerebellar ataxia, autosomal recessive with axonal neuropathy; FRDA: Friedreich's ataxia; IOSCA: infantile onset spinocerebellar ataxia; SANDO: sensory ataxic neuropathy, dysarthria, and ophthalmoparesis; MIRAS: mitochondrial recessive ataxia syndrome, ARCA2: autosomal recessive cerebellar ataxia type 2; SCAR2-23: spinocerebellar ataxia type 2-23. the one side, ataxia with oculomotor apraxia type 1 (AOA1) and spinocerebellar ataxia with neuropathy 1 (SCAN1) are part of the single strand break DNA repair defects. AOA1 is due to mutations in the gene coding for aprataxin, a protein involved in the single-strand DNA repair complex [START_REF] Sano | Aprataxin, the causative protein for EAOH is a nuclear protein with a potential role as a DNA repair protein[END_REF]; whereas SCAN1 is due to mutations in the gene coding for TDP1, a tyrosyl-DNA phosphodiesterase, which repairs DNA single-strand breaks [START_REF] El-Khamisy | Defective DNA single-strand break repair in spinocerebellar ataxia with axonal neuropathy-1[END_REF]. On the other side, ataxiatelangiectasia (AT), ataxia-telangiectasia-like disorder (ATLD1) and spinocerebellar recessive ataxia 23 (SCAR23) fall into the double-strand DNA repair defects. ATM, defective in case of AT, phosphorylates substrates involved in DNA repair and cell cycle control [START_REF] Cortez | Requirement of ATM-dependent phosphorylation of brca1 in the DNA damage response to double-strand breaks[END_REF][START_REF] Janssen | Chromosome Segregation Errors as a Cause of DNA Damage and Structural Chromosome Aberrations[END_REF]; MRE11, defective in case of ATLD1, has exo-and endo-nuclease activity notably implicated in DNA repair during replication [START_REF] Costanzo | Mre11 protein complex prevents double-strand break accumulation during chromosomal DNA replication[END_REF][START_REF] Garcia | Bidirectional resection of DNA double-strand breaks by Mre11 and Exo1[END_REF][START_REF] Paull | The 3′ to 5′ Exonuclease Activity of Mre11 Facilitates Repair of DNA Double-Strand Breaks[END_REF]; and TDP2, defective in case of SCAR23, is a 5-prime tyrosyl-DNA phosphodiesterase, which repairs DNA doublestrand breaks generated by topoisomerase II during transcription [START_REF] Gómez-Herreros | TDP2 protects transcription from abortive topoisomerase activity and is required for normal neural function[END_REF][START_REF] Ledesma | A human 5′-tyrosyl DNA phosphodiesterase that repairs topoisomerase-mediated DNA damage[END_REF]. AOA2 results from loss of function of senataxin, a RNA/DNA helicase, implicated in R-loop resolution for transcriptional termination [START_REF] Suraweera | Functional role for senataxin, defective in ataxia oculomotor apraxia type 2, in transcriptional regulation[END_REF][START_REF] Zhao | SMN and symmetric arginine dimethylation of RNA polymerase II C-terminal domain control termination[END_REF], and is also considered as part of the DNA repair defects.

Ataxia

Recessive ataxias can also be due to abnormal protein folding. Sacsin, which loss of function induces the autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS), was suggested to act in the ubiquitin-proteasome system in neurons [START_REF] Parfitt | The ataxia protein sacsin is a functional cochaperone that protects against polyglutamine-expanded ataxin-1[END_REF], although more recent data proposed a role in intermediate filament organization but in patient's fibroblasts [START_REF] Duncan | Altered organisation of the intermediate filament cytoskeleton and relocalisation of proteostasis modulators in cells lacking the ataxia protein sacsin[END_REF]. Marinesco-Sjögren syndrome (MSS) is caused by mutations in SIL1, a protein involved in protein translocation and folding in the endoplasmic reticulum [START_REF] Anttonen | The gene disrupted in Marinesco-Sjögren syndrome encodes SIL1, an HSPA5 cochaperone[END_REF][START_REF] Buchkremer | Sil1-Mutant Mice Elucidate Chaperone Function in Neurological Disorders[END_REF]; and SCAR16 is due to mutations in CHIP or STUB1, an E3 ubiquitin-protein ligase, implicated in protein degradation [START_REF] Narayan | Protein-Protein Interactions Modulate the Docking-Dependent E3-Ubiquitin Ligase Activity of Carboxy-Terminus of Hsc70-Interacting Protein (CHIP)[END_REF][START_REF] Sha | STUB1 regulates TFEB-induced autophagy-lysosome pathway[END_REF]. All three proteins, sacsin, SIL1 and STIB1, were found to directly or indirectly interact with HSP70, a cellular proteostasis chaperone, in part implicated in recognition and refolding of misfolded or aggregated proteins [START_REF] Radons | The human HSP70 family of chaperones: where do we stand?[END_REF].

Deregulations in cellular metabolism can also lead to recessive ataxias. The range of metabolisms affected is wide and include vitamin, sterols, fatty acid and other lipids synthesis or transport. Ataxia

with vitamin E deficiency (AVED) is induced by low levels of α-tocopherol (vitamin E), due to loss of function of the α -tocopherol transfer protein (α-TTP), a protein which regulates vitamin E secretion in plasma [START_REF] Kono | Impaired -TTP-PIPs Interaction Underlies Familial Vitamin E Deficiency[END_REF]. Cerebrotendinous xanthomatosis (CTX) results from cholesterol and cholestanol deposit due to CYP27A1 deficiency. CYP27A1 (cytochrome P450 27A1), also named sterol 27-hydroxylase, catalyzes the hydroxylation of different sterols, such as cholesterol, for their elimination [START_REF] Mast | Cytochrome P450 27A1 deficiency and regional differences in brain sterol metabolism cause preferential cholestanol accumulation in the cerebellum[END_REF][START_REF] Milagre | Marked change in the balance between CYP27A1 and CYP46A1 mediated elimination of cholesterol during differentiation of human neuronal cells[END_REF]. Refsum disease is induced by increased phytanic acid (a branched-chain fatty acid) levels, led by the deficiency in phytanoyl-CoA hydroxylase (PHYH), as PHYH catalyzes the first step of phytanic acid alpha-oxidation for its degradation [START_REF] Jansen | Refsum disease is caused by mutations in the phytanoyl-CoA hydroxylase gene[END_REF][START_REF] Mcdonough | Structure of human phytanoyl-CoA 2-hydroxylase identifies molecular mechanisms of Refsum disease[END_REF]. Boucher-Neuhauser syndrome (BNHS) is caused by mutations in PNPLA6, a gene encoding a patatin-like phospholipase domain-containing protein 6, also named neuropathy target esterase. The PNPLA6 protein acts both in de-esterification of phosphatidylcholine into fatty acids and glycerophosphocholine (a precursor for acetylcholine biosynthesis), and in the catalysis of 2arachidonoyl lysophosphatidylinositol [START_REF] Synofzik | PNPLA6 mutations cause Boucher-Neuhäuser and Gordon Holmes syndromes as part of a broad neurodegenerative spectrum[END_REF], both being part of fatty acid synthesis.

Abetalipoproteinemia (ABL), characterized by hypocholesterolemia and malabsorption of lipids, ensue from mutations in the MTP gene, encoding the microsomal triglyceride transfer protein (MTP). MTP catalyzes the transport of triglyceride, cholesteryl ester, and phospholipid [START_REF] Khatun | Loss of both phospholipid and triglyceride transfer activities of microsomal triglyceride transfer protein in abetalipoproteinemia[END_REF][START_REF] Lee | Abetalipoproteinemia and homozygous hypobetalipoproteinemia: A framework for diagnosis and management[END_REF]. All these ataxias are therefore due to altered lipid metabolism. Furthermore, other recessive diseases with defective lipid metabolism, like Niemann-Pick type C (NPC), or PHARC (polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract) appear with ataxia as one of the clinical manifestation. Niemann-Pick type C is a lipid storage disorder, due to NPC1 or NPC2 mutations [START_REF] Vance | Lipid imbalance in the neurological disorder, Niemann-Pick C disease[END_REF]. Both proteins, encoded by these genes, are intracellular cholesterol transporter, egressing cholesterol from endosomes and lysosomes [START_REF] Infante | NPC2 facilitates bidirectional transfer of cholesterol between NPC1 and lipid bilayers, a step in cholesterol egress from lysosomes[END_REF]. PHARC, resembling Refsum disease, is due to a defect in endocannabinoid metabolism, led by mutations in ABHD12 [START_REF] Fiskerstrand | Mutations in ABHD12 cause the neurodegenerative disease PHARC: An inborn error of endocannabinoid metabolism[END_REF].

Another mechanism altered in some cases of recessive ataxias is trafficking, although this category is broad, ranging from exo-and endocytosis to protein trafficking. SCAR8, is due to loss of function of nesprin-1, a protein linking the nuclear envelope to the cytoskeleton [START_REF] King | Nesprin-1 and nesprin-2 regulate endothelial cell shape and migration[END_REF]. SCAR14, is due to deficiency in SPTBN2 (βIII-spectrin) which is involved in protein trafficking through interaction with the dynactin complex [START_REF] Clarkson | B-III spectrin mutation L253P associated with spinocerebellar ataxia type 5 interferes with binding to Arp1 and protein trafficking from the Golgi[END_REF]. Mutations in SCYL1, induce SCAR21, and SCYL1 is suggested to be an accessory factor of coatomer I (COPI) complex which mediates retrograde Golgi to endoplamic reticulum (ER) trafficking [START_REF] Burman | Scyl1, mutated in a recessive form of spinocerebellar neurodegeneration, regulates COPImediated retrograde traffic[END_REF][START_REF] Schmidt | Disruptive SCYL1 Mutations Underlie a Syndrome Characterized by Recurrent Episodes of Liver Failure, Peripheral Neuropathy, Cerebellar Atrophy, and Ataxia[END_REF]. Salih ataxia results from mislocalization of RUBCN, a protein with an inhibitory role on autophagosome and late endosome maturation [START_REF] Assoum | The salih ataxia mutation impairs rubicon endosomal localization[END_REF][START_REF] Sun | Rubicon controls endosome maturation as a Rab7 effector[END_REF]. Mutations in SNX14, inducing SCAR20, lead to lysosome-autophagosome dysfunction [START_REF] Akizu | Biallelic mutations in SNX14 cause a syndromic form of cerebellar atrophy and lysosome-autophagosome dysfunction[END_REF]. SYT14, mutated in SCAR11, encodes synaptotagmin 14, a member of a family of protein known to be involved in membrane trafficking and exocytosis of secretory vesicles [START_REF] Doi | Exome sequencing reveals a homozygous SYT14 mutation in adult-onset, autosomal-recessive spinocerebellar ataxia with psychomotor retardation[END_REF]. Albeit precise implications of some of these proteins still need to be explored, all of them seem to be involved in vesicles or proteins transport which might be linked to other functions such as protein degradation.

Defective mitochondrial proteins also induce, in some cases, recessive ataxias. Both nuclear and mitochondrial DNA mutations can lead to ataxia but the focus will be put here on nuclear encoded genes. The most frequent recessive ataxia is Friedreich's ataxia (FRDA) due to mutations in the gene encoding frataxin. FRDA pathogenicity arise from trinucleotide repeat expansion, which lead to a loss of function through transcriptional silencing [START_REF] Campuzano | Triplet Repeat Expansion Friedreich †TM s Ataxia : Autosomal Recessive Disease Caused by an lntronic GAA Triplet Repeat Expansion[END_REF][START_REF] Groh | R-loops Associated with Triplet Repeat Expansions Promote Gene Silencing in Friedreich Ataxia and Fragile X Syndrome[END_REF][START_REF] Punga | Long intronic GAA repeats causing Friedreich ataxia impede transcription elongation[END_REF]. Frataxin is a mitochondrial protein implicated in iron-sulfur cluster biogenesis, and ironsulfur clusters are cofactors necessary for the function of a variety of protein including proteins of the respiratory chain complex, in DNA repair or metabolism [START_REF] Colin | Mammalian frataxin controls sulfur production and iron entry during de novo Fe4S4 cluster assembly[END_REF][START_REF] Schmucker | Mammalian frataxin: An essential function for cellular viability through an interaction with a preformed ISCU/ NFS1/ISD11 iron-sulfur assembly complex[END_REF].

Infantile onset spinocerebellar ataxia (IOSCA) and sensory ataxic neuropathy, dysarthria, and ophthalmoparesis (SANDO, also called MIRAS: mitochondrial recessive ataxia syndrome) are both due to dysfunctional mitochondrial replication machinery. The mutated genes encode, in IOSCA, a mitochondrial DNA helicase and, in SANDO, a mitochondrial DNA polymerase [START_REF] Ropp | Cloning and characterization of the human mitochondrial DNA polymerase, DNA polymerase gamma[END_REF][START_REF] Sen | Human mitochondrial DNA helicase TWINKLE is both an unwinding and annealing helicase[END_REF]. SCAR2 arise from mutations of PMPCA, the α-mitochondrial processing peptidase which participates in the cleavage of mitochondrial precursor proteins for their maturation [START_REF] Jobling | PMPCA mutations cause abnormal mitochondrial protein processing in patients with non-progressive cerebellar ataxia[END_REF]. ARCA2 is characterized by reduced levels of coenzyme Q (CoQ), due to mutations in COQ8A (also named ADCK3 and CABC1). COQ8A was recently shown to stabilize CoQ biosynthesis complex (Stefely et al., 2016). Although these are all mitochondrial proteins, their functions are diverse which could bring to reclassify them in other categories, like for SANDO and IOSCA which could be merged with DNA defects if this category was broaden to all types of DNA defects not only nuclear DNA repair defects. ARCA2 could also be added in the metabolism defect group, as CoQ is deficient.

Finally, some other recessive ataxias have mutations in genes for which a function was ascribed. In ARCA3, SESAME syndrome and SCAR19, ionic channels are affected, via a calcium-activated chloride channel, an inwardly rectifying potassium channel and a sodium/hydrogen exchanger, respectively [START_REF] Guissart | Mutation of SLC9A1, encoding the major Na+/H+ exchanger, causes ataxia-deafness Lichtenstein-Knorr syndrome[END_REF][START_REF] Hartzell | Anoctamin/TMEM16 family members are Ca 2+ -activated Cl -channels[END_REF][START_REF] Sala-Rabanal | Molecular mechanisms of EAST/SeSAME syndrome mutations in Kir4.1 (KCNJ10)[END_REF]. Regarding SCAR13 and 18, both emerge from mutations in glutamate receptors. GRM1 (mGluR1): the metabotropic glutamate receptor 1 is mutated in SCAR13, whereas GRID2: the ionotropic glutamate receptor δ-2 is mutated in SCAR18 [START_REF] Guergueltcheva | Autosomal-recessive congenital cerebellar ataxia is caused by mutations in metabotropic glutamate receptor 1[END_REF][START_REF] Hills | Deletions in GRID2 lead to a recessive syndrome of cerebellar ataxia and tonic upgaze in humans[END_REF]. These last proteins, ions channels and neurotransmitter receptors, are interesting in regards to the alteration of Purkinje neurons firing occurring in ataxias.

These classifications are not set but are dynamic, as new genes responsible for ataxia continue to be discovered. Discovery of new genes with ataxia as the main clinical feature might also induce the creation of new groups or sub-categories. New families, with already known recessive ataxias, also continue to come into the clinic, with new or previously described mutations in identified genes, helping clinicians to get a better insight in each of these diseases. Furthermore, some genes functions are more deeply explored which can broaden the spectra of pathophysiological mechanisms implicated. All in all, the general view on ataxia might evolve as the knowledge on each specific ataxia increases. A global understanding will perhaps point towards few common secondary pathomechanism leading to ataxia.

Treatable ataxias

Some of the ataxias, for which genetic mutations were identified and gene functions elucidated, can be treated with specific drugs. This is the case for ataxia with vitamin E deficiency, where alphatocopherol (vitamin E) can be administered orally to patients. Unfortunately, the maximal efficacy of this treatment is in presymptomatic stages or when very mild signs appear, so early diagnosis is needed [START_REF] Braga Neto | Current concepts in the treatment of hereditary ataxias[END_REF]. For abetalipoproteinemia, alpha-tocopherol can also be given to patients.

Regarding cerebrotendinous xanthomatosis and Niemann-Pick type C disease, chenodeoxycholic acid and miglustat can be prescribed respectively, to treat patients [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF]. Another treatment consists in limiting certain food intake, like with a phytanic acid-free diet that will improve Refsum's disease [START_REF] Braga Neto | Current concepts in the treatment of hereditary ataxias[END_REF]. It is therefore necessary to identify these types of ataxias rapidly to be able to prevent further decline and try to improve the patient clinical state.

For Coenzyme Q (CoQ) deficiencies, a supplementation with CoQ might be useful and can lead to transient clinical improvement [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF]. Unfortunately, although ARCA2 is due to a deficit in a gene coding for a regulator of CoQ biosynthesis, CoQ supplementation did not improve the ataxic phenotypes for all the patients in whom it has been tested (Mignot et al., 2013).

Finally, for most ataxias, the only treatment available so far is nonspecific, and relies on physiotherapy, to help patients compensate by reinforcing certain muscles and practicing to delay speech loss for example. New methods might emerge, like cerebellar transcranial direct current stimulation (ctDCS)

to modulate cerebellum excitability [START_REF] Grimaldi | Cerebellar Transcranial Direct Current Stimulation (ctDCS): A Novel Approach to Understanding Cerebellar Function in Health and Disease[END_REF] but further testing is needed and different ataxias might need specific stimulations in regards to the affected mechanisms. Lastly, gene therapy is being developed, in particular for Friedreich's ataxia [START_REF] Perdomini | Prevention and reversal of severe mitochondrial cardiomyopathy by gene therapy in a mouse model of Friedreich's ataxia[END_REF]. Results are encouraging but this therapy will only be available for the most frequent ataxias, as they are the only one for which clinical studies can be performed. For most recessive ataxias, a better understanding of the cellular and global dysregulations is therefore needed to be able to find drugs to alleviate patient's symptoms.

II. Cerebellum

Most ataxias are due to cerebellar affection [START_REF] Anheim | The autosomal recessive cerebellar ataxias[END_REF]. Cerebellum means little brain in Latin. It is part of the hindbrain, with the pons and medulla oblongata, and is located at the back of the cranium under the occipital and temporal lobes of the cerebral cortex. It constitutes approximately one tenth of human brain's volume but contains more neurons than the rest of the brain [START_REF] Andersen | A quantitative study of the human cerebellum with unbiased stereological techniques[END_REF].

1. Structure a. Topographical anatomy

The cerebellum was found to have a stereotyped structure which is similar in all mammals [START_REF] Larsell | The morphogenesis and adult pattern of the lobules and fissures of the cerebellum of the white rat[END_REF]. The cerebellar cortex, as the cerebral cortex is highly convoluted. Along the mediolateral axis, the cerebellum can be divided into three major regions: the midline part of the cerebellum is called the vermis (worm in Latin, due to its shape), and laterally are two hemispheres. The intermediate zones in between the vermis and the hemispheres are called the paravermis (Figure 1). Two lateral extensions of the hemispheres: the parafloculi and the floculi, extend outward and under the cerebellum [START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

Figure 1 : Cerebellar structure in mice, adapted from [START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

a↔p: antero↔posterior axis. Left panel: dorsal view of a mouse cerebellum, with the vermis, paravermis, hemispheres and laterally the parafloculi and floculi. LS: lobulus simplex; PML: paramedian lobule; COP: copula pyramidis. Right panel: cerebellar sagittal section cut through the vermis with the 10 lobules (I-X). Color: transverse zones, blue: anterior domain, green: central domain, yellow: posterior domain, red: nodular domain.

Along the antero-posterior axis of the cerebellum, several fissures separate ten folia. These folia were defined as lobules by Larsell and Bolk, who labeled each lobule with a Roman number (I to X) [START_REF] Bolk | Das Cerebellum der Säugetiere: eine verglichende anatomische Untersuchung[END_REF][START_REF] Larsell | The morphogenesis and adult pattern of the lobules and fissures of the cerebellum of the white rat[END_REF]. These lobules were studied and numbered in sagittal cut of the vermis. Certain lobules were then grouped into transverse zones according to the expression pattern of certain genes (CaBP,zebrin II and Pcp2) [START_REF] Ozol | Transverse zones in the vermis of the mouse cerebellum[END_REF]. The anterior domain of the cerebellum is separated from the central, posterior and nodular zones, by the primary fissure [START_REF] Voogd | The anatomy of the cerebellum[END_REF].

b. Cellular level

At the cellular level, a uniform organization is repeated throughout the cerebellar cortex [START_REF] Ramnani | The primate cortico-cerebellar system: anatomy and function[END_REF]. The cerebellar cortex is divided into three different cellular layers: the molecular layer, the Purkinje cell layer and the granular layer [START_REF] Sillitoe | Cerebellum[END_REF].

The outermost layer, which is the molecular layer, is composed of stellate and basket cells: two types of interneurons, of Purkinje neuron's dendritic tree and of parallel fibers: the axons of the granules cells. Just beneath is the Purkinje cell layer, which comprises the monolayer of Purkinje neurons soma (giving the name of this layer), cell bodies of Candelabrum cells and Bergmann glia. Finally, the innermost layer, the granular layer, is composed of granule cells soma, Golgi cells, Lugaro interneurons, and unipolar brush cells (Figure 2) [START_REF] Sillitoe | Cerebellum[END_REF]. [START_REF] Apps | Anatomical and physiological foundations of cerebellar information processing[END_REF].

Scheme of neurons and their localization on a sagittal plane. Left panel, orange: Purkinje neurons, dark blue: stellate cell, red: basket cell, purple: Golgi cell, light blue: granule cell. Right panel: excitatory synapses from the inferior olivary and the granule cells with Purkinje neurons and inhibitory output signal from the Purkinje neurons to the cerebellar nuclear cells, and excitatory output from inferior olive and mossy fibers.

The stellate and basket cells are inhibitory interneurons, which project their axons on the Purkinje neuron's dendritic tree, leading to feed-forward inhibition of these Purkinje neurons. More specifically, the axons of the basket cells contact the proximal portion of the Purkinje dendrites and envelop their soma by the formation a "basket" like shape, that gave their name. One basket cell can contact up to ten Purkinje neurons. Both types of interneurons receive excitatory input from granules cells through parallel fibers [START_REF] Sillitoe | Cerebellum[END_REF]. Candelabrum cells are also inhibitory neurons, but their soma is in the Purkinje cell layer, in between the Purkinje cell bodies. They only have one or two thick dendrites which extend through the entire molecular layer and their axon also branches in the molecular layer [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF].

The major type of neurons in the cerebellum are the Purkinje neurons. In human cerebellum, the number of these neurons is estimated to 15 million. They were first characterized by Jan Evangelista Purkinje in 1837, before being extensively studied [START_REF] Glickstein | Cerebellum: history[END_REF]. The Purkinje neurons are among the largest neurons in the central nervous system. Their cell soma has a pear shape and a diameter of around 35µm. The dendritic tree usually starts with two proximal dendrites that branch multiple times to give rise to a 400µm long dendritic tree in the sagittal plane, that is only 15-20µm thick in the transverse plane, in the molecular layer. Purkinje neurons compute afferent information from different sources, as they receive input from different neurons but the main excitatory synaptic connections are through the parallel fibers formed by the granules cells on the distal dendritic spines, and the climbing fibers emerging from the inferior olive onto the proximal part of the dendrites (Figure 2). The Purkinje myelinated axon extends in the granular layer and terminates in the cerebellar nuclei.

Purkinje neurons use gama-aminobutyric acid (GABA) neurotransmitter and are therefore inhibitory.

These neurons are critical for the function of cerebellum, as they are the sole output of the cerebellar cortex [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF][START_REF] Voogd | The anatomy of the cerebellum[END_REF].

Purkinje cells are the bigger neurons in the cerebellar cortex, but granules cells are the smallest and the most numerous. These granule neurons are excitatory interneurons which use glutamate as their neurotransmitter. They are densely packed in the granular layer and extend three to five dendrites in this same layer. They receive excitatory input from mossy fibers terminals (originating from the brainstem nuclei or the spinal cord) and inhibitory input from Golgi cell's axons. Granule cells project their axons in the molecular layer where they extend as parallel fibers, with a "T" shape, perpendicular to the Purkinje neurons dendritic tree. Each granule cell intersects with multiple Purkinje neurons (up to 300) and drives excitation. Each Purkinje neuron is also contacted by different granule cells. Through the parallel fibers, granule cells also contact diverse interneurons [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF][START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

Golgi cells are inhibitory interneurons, using GABA and glycine as neurotransmitter, unlike stellate and basket cells which only deliver GABA. The soma of these Golgi neurons is localized in the granular layer, where they form inhibitory synapses with granules cell and therefore act in a feed-backward process.

The Lugaro cells, also present in the granular layer, exert an inhibitory control of the other interneurons (basket, stellate and Golgi cells) by their axonal collaterals, which mostly reach the molecular layer and become parallel to parallel fibers. Finally, the unipolar brush cells are excitatory interneurons present in the granular layer. The unipolar brush cells receive the main excitatory input from vestibulocerebellar mossy fibers and their axons innervate granules cells and other unipolar brush cells. These neurons provide a feed-forward amplification of mossy fibers excitation on granule cells [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF][START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

Glial cells are also present in the cerebellum. In particular, Bergmann glia is a unique type of astrocyte which only exist in the cerebellar cortex. The progenitors of Bergmann glia, radial glia, serve for Purkinje neurons migration during development and Bergmann fibers are then needed for granule cell migration. Bergmann glia have a unipolar appearance: their soma localizes in the Purkinje cell layer and they extend in the molecular layer. These astrocytes form a glial sheath around the soma of Purkinje neurons, as well as around the synapses of the dendritic tree. A bidirectional signaling exist between these neurons and glial cell, enabling the replenishment of the neurotransmitter pool of adjacent neurons and serving in neuronal communication [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF][START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

Climbing fibers extend through the three cellular layers but they originate from the inferior olivary nuclei, in the caudal part of the brainstem. These fibers are one of the cerebellar input and synapse directly on the Purkinje dendrites. The excitatory connection between climbing fibers and Purkinje neurons is thought to be one of the most powerful, as one synaptic impulse can depolarize a Purkinje cell and evoke a train of 5-6 action potentials. A Purkinje neuron is only innervated by one climbing fiber, whereas one climbing fiber can innervate more than one Purkinje neuron. During development more climbing fibers contact a Purkinje neuron, but the exuberant fibers are eliminated before the end of the development [START_REF] Armstrong | Functional significance of connections of the inferior olive[END_REF][START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Sillitoe | Cerebellum[END_REF][START_REF] White | Development of the cerebellum: From gene expression patterns to circuit maps[END_REF].

Mossy fibers are the other cerebellar input, and arise from cell bodies in the spinal cord and brainstem.

They reach the granular layer after entering the cerebellum by one of the three peduncles. Unlike climbing fibers, mossy fibers excite Purkinje neurons indirectly, by the excitation of granule cells.

Mossy fibers also synapse with unipolar brush cells and Golgi cells [START_REF] Cerminara | Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits[END_REF][START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF].

The deep cerebellar nuclei is composed of 4 nuclei: the fastigial, globose, emboliform and dentate nuclei. They are present in the white matter of the cerebellum and provide the sole output of the cerebellar cortex. Indeed, Purkinje cell's axons are the only collaterals emerging from the cerebellar cortex, and they reach the cerebellar nuclei cells on which they form inhibitory synapses. One Purkinje neuron contact around 35 neurons of the deep cerebellar nuclei and one nuclear neuron receives inputs from more than 800 Purkinje cells. In these nuclei, afferent input and cerebellar cortex output are combined and integrated to be further transmitted. Excitatory output is conveyed to the thalamus, brain stem and cerebral cortex, whereas inhibitory output reaches the inferior olivary nucleus. Output from, as well as input to the cerebellum are conveyed through the cerebellar peduncles. The connection with the other regions of the central nervous system enables the control of movement and the other cerebellar functions [START_REF] Schmahmann | Chapter 1 Cerebellum and Spinal Cord: Principles of Development, Anatomic Organization, and Functional Relevance[END_REF][START_REF] Uusisaari | Neurons of the Deep Cerebellar Nuclei[END_REF].

Functions and implications

The first hints about cerebellar functions came from the symptoms displayed when cerebellum was damaged. Indeed, an atrophy of the cerebellum often induces ataxia, a lack of steadiness and coordination, in combination with other symptoms. Thanks to neuroanatomy, neuroimaging, neuropsychology and brain stimulation, various cerebellar functions were uncovered and some can even be linked to defined cerebellar regions. The first function to be unraveled was the implication of cerebellum in motor control. The anterior part of the cerebellum (lobules I to V) and the anterior part of lobule VI could be associated with motor-related activation. Furthermore, specific lobules could even be divided according to the sensorimotor region involved: lobules II-V and VIII-IX for the lower limbs, V and VI for the upper limbs, and VI and VIII for the face [START_REF] Manto | Consensus paper: Roles of the cerebellum in motor control-the diversity of ideas on cerebellar involvement in movement[END_REF][START_REF] Sokolov | The Cerebellum: Adaptive Prediction for Movement and Cognition[END_REF].

So far cerebellum has been implicated in the adaptation of motor commands in a spatiotemporal manner: cerebellum coordinate and fine-tunes the timing and force to induce a proper movement.

Voluntary task such as writing, walking, catching an object, eye movement pursuit, equilibrium or posture might be affected in case of cerebellar dysfunction. More recently, modulation of non-motor functions was also assigned to the cerebellum. In particular, a contribution to language, social cognition, emotion, working memory and executive functions could be determined [START_REF] Habas | Distinct cerebellar contributions to intrinsic connectivity networks[END_REF][START_REF] Stoodley | Functional topography in the human cerebellum: A metaanalysis of neuroimaging studies[END_REF].

More globally, the vermis or midline of the cerebellum was found to be implicated in the control of balance and eye movement, and the paravermal zone in speech. Regarding the hemispheres, an alteration induced syndromes like the incoordination of the limbs (dysmetria), and intention tremor.

The control of cognitive operation seems to reside in the hemispheres but more on the posterior lobe.

Overall, defects in the cerebellar function contribute to different phenotypes like ataxia, dystonia, tremor, multiple sclerosis, and autism spectrum disorders [START_REF] Ito | Control of mental activities by internal models in the cerebellum[END_REF][START_REF] Manto | Consensus paper: Roles of the cerebellum in motor control-the diversity of ideas on cerebellar involvement in movement[END_REF][START_REF] Reeber | New roles for the cerebellum in health and disease[END_REF][START_REF] Sillitoe | An introduction to journal club in the Cerebellum[END_REF].

Affections

The implications of certain lobules or regions in precise functions might be explained by a defined input and output connections with a specific brain region or part of the central nervous system. Cerebellar connection with the motor cortex through lobules V, VI, HVIIB and HVIII has been reported in primates [START_REF] Ramnani | The primate cortico-cerebellar system: anatomy and function[END_REF]. Furthermore, microzones have been defined in the cerebellum, where Purkinje neurons receive inputs and send outputs to distinct population of neurons. These microzones are thought to be the fundamental functional unit [START_REF] Oscarsson | Functional units of the cerebellum -sagittal zones and microzones[END_REF].

Even if the cellular organization of the cerebellum appears uniform all over this structure and that Purkinje neurons localization and branching seem similar in every lobule, Hawkes et al. were able to show that all Purkinje neurons do not express the same genes. Zebrin II, also named aldolase C, a glycolytic enzyme, was the first protein found to be differentially expressed in mouse Purkinje neurons [START_REF] Hawkes | Structural and molecular compartmentation in the cerebellum[END_REF]. The expression pattern occurs in rostro-caudal stripes which are conserved in between animals and across vertebrates. Further studies enabled to show that zebrin positive and zebrin negative Purkinje neurons fire differently, with zebrin negative neurons firing more frequently [START_REF] Zhou | Cerebellar modules operate at different frequencies[END_REF]. A link between the zebrin stripes and the microzones of functional units has not be defined so far.

III. Coenzyme Q

Coenzyme Q (CoQ or ubiquinone) is a lipophilic molecule ubiquitously present in membranes (Turunen et al., 2004). It is composed of a quinone head group attached to an isoprenoid side chain (itself composed of tandemly linked isoprenyl groups) (Figure 3). The length of the isoprenoid side chain varies depending on the species. In human CoQ 10 is mostly found, with 10 isoprenyl groups tandemly bound, whereas in rats CoQ 9 is predominant, with 9 isoprenyl groups. However, in both species other forms of CoQ are also found, with CoQ 10 representing 10-30% of total CoQ content depending on the tissue in rats, and CoQ 9 representing 2-5% of the total CoQ levels in humans (Åberg et al., 1992). In mouse, as in rats, CoQ 9 is the major form of CoQ, whereas in Saccharomyces cerevisiae and in Escherichia coli, CoQ 6 and CoQ 8 are respectively the predominant forms (Lester and Crane, 1959;[START_REF] Olson | Biosynthesis of ubiquinone[END_REF]. CoQ has an intramembranous localization and therefore contributes to membranes structures. The precise CoQ orientation is still under debate due to contradictory results. Like other amphiphilic lipids, the quinone head group might localize near the polar interface of the membranes and the isoprenoid tail in the hydrophobic region [START_REF] Afri | Active oxygen chemistry within the liposomal bilayer: Part III: Locating Vitamin E, ubiquinol and ubiquinone and their derivatives in the lipid bilayer[END_REF][START_REF] Lenaz | Localization and preferred orientations of ubiquinone homologs in model bilayers[END_REF], but it could also be that CoQ lies in the center of the lipid bilayer, parallel to the membrane plane [START_REF] Hauß | Localization of coenzyme Q10 in the center of a deuterated lipid membrane by neutron diffraction[END_REF][START_REF] Jemiola-Rzeminska | Location of ubiquinone homologues in liposome membranes studied by fluorescence anisotropy of diphenyl-hexatriene and trimethylammonium-diphenyl-hexatriene[END_REF] (Figure 4). CoQ diffusion rate is also debated [START_REF] Galassi | Partition, orientation and mobility of ubiquinones in a lipid bilayer[END_REF], as for cholesterol its effect on membrane fluidity might depend on the surrounding lipids [START_REF] Dimova | Recent developments in the field of bending rigidity measurements on membranes[END_REF].

Figure 4 : Two possible coenzyme Q localization in lipid bilayers, adapted from (Turunen et al., 2004).

Distribution

Ubiquinone was isolated and described in 1955 by the team of Dr. Morton [START_REF] Festenstein | A Constituent of the Unsaponifiable Portion of Animal Tissue Lipids (λmax. 272 mµ[END_REF] and was later, in 1957, found to be present in various tissues membranes (Crane et al., 1957;[START_REF] Lowe | Unsaponifiable constituents of kidney in various species[END_REF]. CoQ levels were measured in rats and post-mortem human's tissues and it appeared that the levels vary upon the organs (Table 2). The highest amount of CoQ per gram of tissue, were measured in heart, liver and kidney, both in rats and human (Åberg et al., 1992).

Rat Human

CoQ 9

(µg/g tissue) (Åberg et al., 1992).

Mean values ± SD. n.d.: not determined.

CoQ levels not only vary depending on the organs, but also depending on the cellular compartments.

This variation in content was shown in different cellular fractions extracted from rat liver. CoQ is present in all organellar membrane, nonetheless the highest contents were found in Golgi vesicles, lysosomes and mitochondria (Table 3) [START_REF] Kalén | Ubiquinone biosynthesis by the microsomal fraction from rat liver[END_REF].

FRACTIONS COQ 9 (µg/mg protein)

Golgi vesicles [START_REF] Kalén | Ubiquinone biosynthesis by the microsomal fraction from rat liver[END_REF].

Mean values ± SD.

Functions

In the 1960's, CoQ was described as having a central role in cellular respiration [START_REF] Mitchell | Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism[END_REF] but many other functions were discovered afterward, even though its role in oxidative phosphorylation remains the most extensively studied. On top of its function as an electron transporter in the mitochondrial respiratory chain [START_REF] Schultz | Structures and Proton-Pumping Strategies of Mitochondrial Respiratory Enzymes[END_REF], CoQ also acts as an electron transporter in the plasma membrane [START_REF] Gómez-Díaz | Antioxidant ascorbate is stabilized by NADH-Coenzyme Q10 reductase in the plasma membrane[END_REF][START_REF] Kishi | The plasma membrane NADH oxidase of HeLa cells has hydroquinone oxidase activity[END_REF], and maybe in other cell compartment such as lysosomes [START_REF] Gille | The existence of a lysosomal redox chain and the role of ubiquinone[END_REF]. Furthermore, it is a lipid-soluble antioxidant, a cofactor for uncoupling proteins and is implicated in the mitochondrial transition pore modulation, as well as in pyrimidine synthesis [START_REF] Bentinger | Coenzyme Q -Biosynthesis and functions[END_REF].

Three redox states exists for CoQ: ubiquinone being the fully oxidized form, ubiquinol the fully reduced form and in between ubisemiquinone (also called semiquinone) the partially reduced (Figure 5) [START_REF] Mellors | The Inhibition of Mitochondrial Peroxidation by Ubiquinone and Ubiquinole[END_REF][START_REF] Mitchell | Possible molecular mechanisms of the protonmotive function of cytochrome systems[END_REF]. The cycling between the oxidized and the reduced form enable its functions as a coenzyme. This so-called Q cycle, with the exchange of up to two electrons on the quinone head group, allow ubiquinol redox functions in cellular energy production and as an antioxidant. Ubiquinone (fully oxidized), ubisemiquinone (partially reduced), ubiquinol (fully reduced); with R being the isoprenoid side chain.

a. Mitochondrial respiration

The mostly described function of CoQ is its role as an electron shuttle in the mitochondrial respiratory chain. Indeed CoQ transports electrons from complex I and II to complex III of the respiratory chain (Figure 6) [START_REF] Brandt | Proton translocation in the respiratory chain involving ubiquinone -A hypothetical semiquinone switch mechanism for complex I[END_REF]Yu et al., 1999). This transport contributes to the generation of a membrane potential, which is coupled to oxidative phosphorylation, for ATP production. CoQ is in equilibrium between the reduced and the oxidized form. The redox cycle occurs though a two-step transfer: CoQ first receives one electrons (converting ubiquinone to ubisemiquinone), and then a second one (converting ubisemiquinone to ubiquinol) [START_REF] Alcázar-Fabra | Coenzyme Q biosynthesis and its role in the respiratory chain structure[END_REF][START_REF] Trumpower | New concepts on the role of ubiquinone in the mitochondrial respiratory chain[END_REF]. These electrons are received from the reactions of acetyl-CoA with NADH (complex I: NADH-CoQ oxidoreductase) or succinate with FADH 2 (complex II: succinate-CoQ oxidoreductase), with acetyl-CoA and succinate being part of the citric acid cycle [START_REF] Lenaz | The function of coenzyme Q in mitochondria[END_REF]. In complex III, ubiquinol is then converted back to ubiquinone, by the reduction of cytochrome b and c, which further transfers the electrons [START_REF] Lenaz | Structure and Organization of Mitochondrial Respiratory Complexes: A New Understanding of an Old Subject[END_REF][START_REF] Mitchell | Possible molecular mechanisms of the protonmotive function of cytochrome systems[END_REF][START_REF] Slater | The Q cycle, an ubiquitous mechanism of electron transfer[END_REF]. The electron transport chain require oxygen (in complex IV), which makes it possible to measure mitochondrial respiratory chain activity through measurement of the oxygen consumed [START_REF] Fried | Functional mitochondrial analysis in acute brain sections from adult rats reveals mitochondrial dysfunction in a rat model of migraine[END_REF][START_REF] Pelletier | Extracellular flux analysis to monitor glycolytic rates and mitochondrial oxygen consumption[END_REF]. Mitochondrial respiration is also named oxidative phosphorylation (OXPHOS). 

b. Electron transport

As CoQ is present in all cellular membranes, it should therefore play a role in every compartment.

Actually, CoQ acts as an electron transporter in the plasma membrane [START_REF] Gómez-Díaz | Antioxidant ascorbate is stabilized by NADH-Coenzyme Q10 reductase in the plasma membrane[END_REF][START_REF] Kishi | The plasma membrane NADH oxidase of HeLa cells has hydroquinone oxidase activity[END_REF]. To maintain or adapt cellular pH, protons are released to the extracellular space through a Na+/H+ antiport, and CoQ participates in the activation of this antiport by transferring electrons [START_REF] Crane | Electron and proton transport across the plasma membrane[END_REF]. Furthermore, to maintain cellular redox homeostasis, an NADH-oxidase (NOX) oxidizes cytosolic NADH to NAD + . CoQ shuttles the electron for this oxidation [START_REF] Löw | Putting together a plasma membrane NADH oxidase: A tale of three laboratories[END_REF][START_REF] Morré | Non-mitochondrial coenzyme Q[END_REF]. Therefore, CoQ is involved both in pH and redox homeostasis across the plasma membrane.

In mitochondria, on top of the action of CoQ in complex I and II of the mitochondrial respiration, it transfers electrons from an enzyme of the pyrimidine biosynthesis route, precisely from dihydroorotase dehydrogenase (DHOH), to the respiratory chain [START_REF] Evans | Mammalian pyrimidine biosynthesis: Fresh insights into an ancient pathway[END_REF]. Furthermore, sulfide-quinone oxidoreductase (SQRDL), another mitochondrial protein, involved in sulfide metabolism, also requires CoQ as an electron transporter [START_REF] Ackermann | The vertebrate homolog of sulfide-quinone reductase is expressed in mitochondria of neuronal tissues[END_REF].

The capacity of CoQ to shuttle electrons might also be used in lysosomes to translocate protons from the cytosol into the lysosomal lumen. This mechanisms would acidify the lysosomes, through a NADHdependent CoQ reductase [START_REF] Gille | The existence of a lysosomal redox chain and the role of ubiquinone[END_REF], but further research are needed, to clarify this function. CoQ role in other cells compartments, such as Golgi vesicles, where the highest content was found, still need to be uncovered.

c. Antioxidant

Mammalian cells mostly rely on aerobic metabolism, and all cells are capable of using this type of metabolism for energy production [START_REF] Böning | Aerobic Metabolism[END_REF]. Oxygen is consumed in this respiratory metabolism, and produces reactive oxygen species (ROS). Although most of the ROS is estimated to be produced in the mitochondria, at the level of complex I and III, it can also be generated in other cells compartments such as the peroxisomes or the cytosol [START_REF] Finkel | Oxidants, oxidative stress and the biology of ageing[END_REF]. When ROS are excessively produced (as superoxide radicals: O 2 -. , hydrogen peroxide H 2 O 2 or hydroxyl groups HO . ), it generates oxidative stress. These ROS can oxidize other molecules, like proteins, lipids or DNA, which can be harmful for the cells [START_REF] Ernster | Ubiquinol: an endogenous antioxidant in aerobic organisms[END_REF]. To prevent the damages that can be caused by ROS, antioxidants are used by the cells. Ubiquinol serves as one of the antioxidants, by scavenging ROS [START_REF] Mellors | The Inhibition of Mitochondrial Peroxidation by Ubiquinone and Ubiquinole[END_REF][START_REF] Papa | Reactive oxygen species, mitochondria, apoptosis and aging[END_REF]. Other antioxidants include vitamin C and E, and enzymes such as superoxide dismutase, catalase or glutathione peroxidase [START_REF] Finkel | Oxidants, oxidative stress and the biology of ageing[END_REF]. CoQ, as an antioxidant, can inhibit oxidation of proteins, DNA and lipids. For lipid peroxidation, CoQ quenches the initiation of lipid radicals which prevents lipid peroxidation propagation and therefore protects from further lipid and proteins oxidations [START_REF] Bentinger | Coenzyme Q -Biosynthesis and functions[END_REF].

As for other antioxidants, CoQ needs to be regenerated to the reduced form to keep its antioxidant properties. This can be done through the NADH-CoQ reductase in the mitochondria (in respiratory complex III), but also by enzymes in other cell compartments, such as lipoamide dehydrogenase or DTdiaphorase [START_REF] Beyer | The role of DT-diaphorase in the maintenance of the reduced antioxidant form of coenzyme Q in membrane systems[END_REF][START_REF] Xia | Reduction of ubiquinone by lipoamide dehydrogenase. An antioxidant regenerating pathway[END_REF].

d. Other functions

The mitochondrial permeability transition pore (PTP) has been involved in cell death induced by oxidative stress, as its inhibition led to antiapoptotic effects [START_REF] Baines | Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death[END_REF][START_REF] Schinzel | Cyclophilin D is a component of mitochondrial permeability transition and mediates neuronal cell death after focal cerebral ischemia[END_REF].

PTP is an inner mitochondrial channel, which allows an unselective diffusion of molecules smaller than 1500 Da when opened [START_REF] Zoratti | The mitochondrial permeability transition[END_REF]. Its's opening, upon calcium accumulation, disrupt mitochondrial structure and cause the release of proapoptotic factors [START_REF] Ichas | From calcium signaling to cell death: Two conformations for the mitochondrial permeability transition pore. Switching from low-to high-conductance state[END_REF]. CoQ was first shown to block PTP opening [START_REF] Fontaine | A ubiquinone-binding site regulates the mitochondrial permeability transition pore[END_REF][START_REF] Papucci | Coenzyme Q10 prevents apoptosis by inhibiting mitochondrial depolarization independently of its free radical scavenging property[END_REF], therefore having an antiapoptotic effect. Nonetheless, more recently, its seems that CoQ modulates differently PTP depending on the cell types [START_REF] Devun | Ubiquinone analogs: A mitochondrial permeability transition pore-dependent pathway to selective cell death[END_REF]. Still CoQ is implicated in the regulation of the mitochondrial permeability transition pore but either as an inhibitor or as an activator [START_REF] Belliere | Prerequisites for ubiquinone analogs to prevent mitochondrial permeability transition-induced cell death[END_REF][START_REF] Walter | Three classes of ubiquinone analogs regulate the mitochondrial permeability transition pore through a common site[END_REF].

Besides its modulation role for the PTP, CoQ acts as a cofactor for mitochondrial uncouplers [START_REF] Echtay | Uncoupling proteins 2 and 3 are highly active H+ transporters and highly nucleotide sensitive when activated by coenzyme Q (ubiquinone)[END_REF]. Uncoupling proteins, located in the inner mitochondrial membrane, allow the translocation of protons from the intermembrane space to the matrix of mitochondria. This proton translocation reduces the protons gradient and therefore the activity of oxidative phosphorylation, replacing ATP by heat production [START_REF] Echtay | Coenzyme Q is an obligatory cofactor for uncoupling protein function[END_REF]. Uncoupling is mostly used in brown adipose tissue for thermogenesis [START_REF] Klingenberg | Structure and function of the uncoupling protein from brown adipose tissue[END_REF][START_REF] Nedergaard | UCP1: The only protein able to mediate adaptive non-shivering thermogenesis and metabolic inefficiency[END_REF].

In conclusion, CoQ functions mostly rely on its activity as an electron shuttle.

Biosynthesis

Although ubiquinone and ubiquinol can be taken up from diet, the major source of CoQ present in membranes is derived from de novo synthesis [START_REF] Bentinger | Distribution and breakdown of labeled coenzyme Q10 in rat[END_REF]. This lipid is endogenously synthesized through a complex metabolic pathway, implicating at least 10 different enzymes (Coq1p to Coq10p in yeast). Most of the current knowledge on its biosynthesis comes from studies in yeast and bacteria with CoQ-deficient mutants [START_REF] Aussel | Biosynthesis and physiology of coenzyme Q in bacteria[END_REF]Tran and Clarke, 2007). Biosynthesis in the mitochondria was extensively studied but it appears that it can also be produced in the endoplasmic reticulum (ER) and the Golgi [START_REF] Kalen | Nonaprenyl-4-hydroxybenzoate transferase, an enzyme involved in ubiquinone biosynthesis, in the endoplasmic reticulum-Golgi system of rat liver[END_REF]Mugoni et al., 2013;[START_REF] Teclebrhan | Relationship between the endoplasmic reticulum-Golgi membrane system and ubiquinone biosynthesis[END_REF]. Yet, additional research is needed regarding CoQ synthesis in Golgi and ER, because only two enzymes were discovered to be implicated in this mechanism so far.

a. Mevalonate pathway

CoQ is built up starting from two precursors: a benzoquinone ring derived from phenylalanine or tyrosine and an isoprenoid chain derived from the mevalonate pathway (Laredj et al., 2014). The mevalonate pathway gives rise to different isoprenoid lipids such as ubiquinone, cholesterol and dolichol starting from acetyl-coenzyme A [START_REF] Grünler | Branch-point reactions in the biosynthesis of cholesterol, dolichol, ubiquinone and prenylated proteins[END_REF]. All these lipids are therefore linked by a unique starting point, which when deregulated, could lead to aberrant levels of specific lipid species.

Through a series of sequential reactions, starting from acetyl-CoA, farnesyl-pyrophosphate is generated by the mevalonate pathway. One of the intermediate step is the conversion of HMG-CoA

(3-hydroxy-3-methylglutaryl-coenzyme A) to mevalonate, by the HMG-CoA reductase (HMGCR), which is the rate controlling enzyme of the mevalonate pathway. HMG-CoA reductase can be inhibited with drugs like statins. These inhibitors are used to reduce the rate of the mevalonate pathway, notably to treat hypercholesterolemia [START_REF] Chang | Cellular Cholesterol Homeostasis and Alzheimer's Disease[END_REF]. The mevalonate then goes through a series of different steps of phosphorylation and decarboxylation to yield farnesyl pyrophosphate. Farnesyl pyrophosphate being the last common substrate for synthesis of the different isoprenoid lipids including cholesterol and CoQ [START_REF] Dallner | Regulation of ubiquinone metabolism[END_REF]. It is a branching point, as the pathways are then specific for each lipid (Figure 7).

The first step dedicated to cholesterol synthesis, is performed by squalene synthase (FDFT1), catalyzing the conversion of 2 molecules of farnesyl pyrophosphate into squalene (Ortiz de [START_REF] Ortiz De Montellano | Substrate selectivity of squalene synthetase[END_REF]. Regarding CoQ synthesis, the first committed step is the conversion of farnesyl pyrophosphate in polyprenyl pyrophosphate, by the trans-prenyl transferase. Polyprenyl pyrophosphate being the precursor of CoQ isoprenoid side chain [START_REF] Bentinger | Coenzyme Q -Biosynthesis and functions[END_REF].

CoQ differentiate from the other isoprenoid lipids by the addition of an nonisoprenoid moiety, a benzoate ring. This benzoquinone ring, is predominantly derived from tyrosine, through a series of steps leading to 4-hydroxybenzoate [START_REF] Ernster | Biochemical, physiological and medical aspects of ubiquinone function[END_REF].

The first steps of the mevalonate pathway, from acetyl-CoA to farnesyl pyrophosphate, are thought to occur in the cytosol or have multilocal distribution, in Golgi or ER [START_REF] Grünler | Branch-point reactions in the biosynthesis of cholesterol, dolichol, ubiquinone and prenylated proteins[END_REF], whereas the steps dedicated to CoQ biosynthesis occur in the mitochondria (Laredj et al., 2014). [START_REF] Bentinger | Coenzyme Q -Biosynthesis and functions[END_REF].

Pathway enabling the production of isoprenoid products (blue). Key enzymes are depicted (purple). HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A; PP: pyro-phosphate; PHB: polyprenyl-4-OH-benzoate.

b. Complex Q

The focus will be put on eukaryotic biosynthesis, based on the knowledge acquired from yeast. So far, in the unicellular eukaryote S. cerevisiae, 13 genes (coq1-11, Yah1 and Arh1) were found to be implicated in the biosynthesis of CoQ in the mitochondria [START_REF] Allan | Identification of Coq11, a new coenzyme Q biosynthetic protein in the CoQ-synthome in saccharomyces cerevisiae[END_REF]Tran and Clarke, 2007).

Coq1 to Coq9 deleted yeast strains were shown to lack CoQ 6 production and to have severe respiratory defect as these strains could not grow on non-fermentable carbons sources (Tran and Clarke, 2007).

The first step, in the generation of CoQ from farnesyl pyrophosphate, is performed by the Coq1 enzyme in yeast, and Pdss1/Pdss2 in animal cells [START_REF] Saiki | Characterization of solanesyl and decaprenyl diphosphate synthases in mice and humans[END_REF]. These enzymes, trans-prenyl transferase, condense the farnesyl pyrophosphate molecules to generate an isoprenoid chain with a defined length (corresponding to the final CoQ isoprenoid side chain length, so 9 or 10 in human, rats and mouse, and 6 in S. cerevisiae) [START_REF] Okada | Polyprenyl diphosphate synthase essentially defines the length of the side chain of ubiquinone[END_REF]. Subsequently, the isoprenoid side chain (polyprenyl pyrophosphate) and the quinone head moiety (4-hydroxybenzoate: 4-HB) are condensed to HBB (3hexaprenyl-4-hydroxybenzoic acid) by Coq2, a polyprenyltransferase (Figure 8) [START_REF] Ashby | COQ2 is a candidate for the structural gene encoding para-hydroxybenzoate:polyprenyltransferase[END_REF]. In S. cerevisiae, para-aminobenzoic acid (pABA) was found to be an alternative quinone ring for the generation of HHB by Coq2 [START_REF] Marbois | para-aminobenzoic acid is a precursor in coenzyme Q6 biosynthesis in Saccharomyces cerevisiae[END_REF]. Afterwards, only the benzoquinone ring will be subjected a series of modifications.

Figure 8 : Coenzyme Q biosynthesis in mitochondria of S.cerevisiae, adapted from (Laredj et al., 2014).

In red: enzymes implicated in the modifications of the benzoquinone ring, in blue: enzymes required for the modification; in green: accessory subunit with undefined functions but probably implicated in the regulation of the pathway; pABA, para-aminobenzoic acid; 4-HB: 4-hydroxybenzoate; polyprenyl-PP: polyprenyl pyrophosphate; HHB: 3-hexaprenyl-4-hydroxybenzoic acid; HAB: 3-hexaprenyl-4-aminobenzoic acid; DMQ, demethoxyubiquinone; Yah1: ferredoxin and Arh1: ferredoxin reductase.

The first benzoquinone ring modification, a hydroxylation of the C5 position, is catalyzed by Coq6 [START_REF] Ozeir | Coenzyme Q biosynthesis: Coq6 is required for the C5-hydroxylation reaction and substrate analogs rescue Coq6 deficiency[END_REF]. Yah1 and Arh1, ferredoxin and ferredoxin reductase respectively, seem to be the enzymes providing electrons for the hydroxylation by Coq6 (Pierrel et al., 2010). The next step, an Omethylation, is carried out by Coq3 [START_REF] Poon | Yeast and rat Coq3 and Escherichia coli UbiG polypeptides catalyze both Omethyltransferase steps in coenzyme Q biosynthesis[END_REF]. A decarboxylation, and a hydroxylation are then performed, but the enzymes have not been discovered yet. Coq5 catalyzes the only C-methylation, and Coq7 the last hydroxylation, followed by the last step: a second O-methylation, again performed by Coq3 (Laredj et al., 2014;Wang and Hekimi, 2013a). The functions of these catalytic enzymes were discovered due to the accumulation of CoQ intermediates in the specific Coq mutants.

Coq4, Coq8 and Coq9 are three Coq proteins for which a catalytic function could not be assigned. Their molecular functions have not been identified yet but they could act as regulators of the CoQ biosynthesis. Nonetheless, Coq4 and Coq9 were suggested to play a role in the maintenance or the assembly of a CoQ biosynthesis complex [START_REF] He | Yeast Coq9 controls deamination of coenzyme Q intermediates that derive from para-aminobenzoic acid[END_REF][START_REF] Marbois | The yeast Coq4 polypeptide organizes a mitochondrial protein complex essential for coenzyme Q biosynthesis[END_REF]. Indeed, in yeast, the Coq proteins act in a biosynthesis complex, present in the mitochondrial matrix and associated to the inner mitochondrial membrane (He et al., 2014;Tran and Clarke, 2007). Some clues about the formation of a complex, came from Blue Native PAGE analysis and gel filtration which showed that Coq3 and Coq4, and Coq3, Coq4, Coq5 and Coq6 respectively, appeared together with a high molecular mass [START_REF] Marbois | Coq3 and Coq4 define a polypeptide complex in yeast mitochondria for the biosynthesis of coenzyme Q[END_REF]. Furthermore, in the absence of single Coq proteins, other Coq proteins were degraded, reinforcing the idea of a complex (Tran and Clarke, 2007). By tandem affinity purification, tagged Coq3, Coq4, Coq5, Coq7 and Coq9 were shown to be associated in one or more complex [START_REF] Allan | Identification of Coq11, a new coenzyme Q biosynthetic protein in the CoQ-synthome in saccharomyces cerevisiae[END_REF]. Coq10 and Coq11, have undefined functions, but Coq11 was found to associate with the complex by tagged affinity purification [START_REF] Allan | Identification of Coq11, a new coenzyme Q biosynthetic protein in the CoQ-synthome in saccharomyces cerevisiae[END_REF]. Coq8 was postulated as being a regulatory subunit. Coq8 deficiency in S. cerevisiae was shown to decrease the levels of Coq4, Coq6, Coq7 and Coq9 and to perturb Coq3, Coq5 and Coq7 phosphorylation state [START_REF] Hsieh | Saccharomyces cerevisiae Coq9 polypeptide is a subunit of the mitochondrial coenzyme Q biosynthetic complex[END_REF]Xie et al., 2011), but it is unsure if the phosphorylations are direct or indirect effects and if they influence the functioning of the biosynthesis complex. Overexpression of Coq8 in Coq3-Coq7 and Coq9

null mutants was shown to restore the protein levels of certain Coq protein, so it should stabilize the complex formed by the Coq3-Coq7 and Coq9 proteins [START_REF] Xie | Overexpression of the Coq8 kinase in Saccharomyces cerevisiae coq null mutants allows for accumulation of diagnostic intermediates of the coenzyme Q6 biosynthetic pathway[END_REF]. Furthermore, Coq8 was shown to coprecipitate with Coq6 [START_REF] Allan | Identification of Coq11, a new coenzyme Q biosynthetic protein in the CoQ-synthome in saccharomyces cerevisiae[END_REF]. The formation of a complex and the enzymatic activities of Coq1-Coq7 are well established in yeast, but the precise functions of Coq4, Coq8 and Coq9 and the regulation of this complex remains to be determined.

The knowledge on the CoQ biosynthesis came from studies in yeast and was extrapolated to mammals, but some mechanisms might diverge. Mammalian homologues could be identified for all yeast's Coq genes by sequence homology, and some protein activities were confirmed by functional complementation (Wang and Hekimi, 2013a). By sequence homology, two yeast Coq proteins were each found to have 2 homologs in mice and humans. This is the case for the yeast Coq1, present in mammals as PDSS1 and PDSS2, and Coq8, having COQ8A and COQ8B orthologs in mammals.

To study the phenotypes and the implicated mechanisms in mammals, some models were generated.

Knock-out mouse models of certain Coq genes are available: Pdss2, Coq3, Coq4, Coq7 and Coq9, and other studies were performed in patients fibroblasts (Licitra and Puccio, 2014;[START_REF] López | Pathomechanisms in coenzyme q10-deficient human fibroblasts[END_REF].

Pdss2 as well as Coq3, Coq4 and Coq7 complete knock-out mouse, are embryonic lethal (IMPC; [START_REF] Lapointe | The submitochondrial distribution of ubiquinone affects respiration in long-lived Mclk1+/-mice[END_REF][START_REF] Levavasseur | Ubiquinone is necessary for mouse embryonic development but is not essential for mitochondrial respiration[END_REF][START_REF] Lu | Cerebellar defects in Pdss2 conditional knockout mice during embryonic development and in adulthood[END_REF], highlighting the importance of these enzymes and CoQ for normal development.

Deficiencies

Mutations in PDSS1, PDSS2, COQ2, COQ4, COQ6, COQ7, COQ9, COQ8A and COQ8B have been identified

in humans, as leading to heterogeneous diseases with CoQ deficiencies. Surprisingly, the CoQ deficiencies in human and mice are a heterogeneous group of rare diseases with complex clinical symptoms (Licitra and Puccio, 2014). These symptoms include 5 major phenotypes:

encephalomyopathy, severe infantile multisystemic disease, isolated nephropathy, cerebellar ataxia and isolated myopathy [START_REF] Quinzii | Clinical presentations of coenzyme Q10 deficiency syndrome[END_REF]. The CoQ deficiencies can be divided into two classes:

primary CoQ deficiencies, due to mutations in genes implicated in the CoQ biosynthesis, and secondary CoQ deficiencies, due to mutations in genes not directly implicated in CoQ biosynthesis. For a number of patients, genetic diagnosis is lacking [START_REF] Rahman | 176th ENMC International Workshop: Diagnosis and treatment of coenzyme Q 10 deficiency[END_REF]. Thereby causes of CoQ deficiency cannot be determined, and suggest that other genes or conditions, not described so far, might lead to lowering of CoQ levels and broaden the spectra.

a. Primary deficiencies

Severe infantile multisystemic disease has been associated with PDSS1, PDSS2, COQ2, COQ4 and COQ9 mutations [START_REF] Chung | Mutations in COQ4 , an essential component of coenzyme Q biosynthesis, cause lethal neonatal mitochondrial encephalomyopathy[END_REF][START_REF] Duncan | A Nonsense Mutation in COQ9 Causes Autosomal-Recessive Neonatal-Onset Primary Coenzyme Q10 Deficiency: A Potentially Treatable Form of Mitochondrial Disease[END_REF][START_REF] López | Leigh Syndrome with Nephropathy and CoQ10 Deficiency Due to decaprenyl diphosphate synthase subunit 2 (PDSS2) Mutations[END_REF][START_REF] Mollet | Prenyldiphosphate synthase, subunit 1 (PDSS1) and OH-benzoate polyprenyltransferase (COQ2) mutations in ubiquinone deficiency and oxidative phosphorylation disorders[END_REF][START_REF] Quinzii | A Mutation in Para-Hydroxybenzoate-Polyprenyl Transferase (COQ2) Causes Primary Coenzyme Q10 Deficiency[END_REF][START_REF] Rötig | Quinone-responsive multiple respiratory-chain dysfunction due to widespread coenzyme Q10 deficiency[END_REF]. So far one patient with PDSS1, two with COQ9, four with PDSS2, twelve with COQ2 and 12 with COQ4 were reported. Severe infantile multisystemic disease is characterized by a very early onset and early renal involvement, on top of additional symptoms which vary depending on the patients (for a global review see [START_REF] Quinzii | Clinical presentations of coenzyme Q10 deficiency syndrome[END_REF].

COQ6 (monooxygenase 6) and COQ8B (ADCK4), when mutated lead to nephropathy (Ashraf et al.;[START_REF] Heeringa | COQ6 mutations in human patients produce nephrotic syndrome with sensorineural deafness[END_REF][START_REF] Korkmaz | ADCK4-Associated Glomerulopathy Causes Adolescence-Onset FSGS[END_REF]. This kidney affection is characterized by a steroid-resistant nephrotic syndrome and lead to kidney failure. Nine out of the eleven reported patients bearing a COQ6 mutation also presented with sensorineural deafness [START_REF] Heeringa | COQ6 mutations in human patients produce nephrotic syndrome with sensorineural deafness[END_REF]. Two patients with COQ2 mutations were also reported with nephropathy, one without extrarenal symptoms and the other with progressive epileptic encephalopathy [START_REF] Diomedi-Camassei | COQ2 nephropathy: a newly described inherited mitochondriopathy with primary renal involvement[END_REF]. Nephropathy is also sometimes associated to severe infantile multisystemic disease although it is not the only phenotype in this type of disease [START_REF] López | Leigh Syndrome with Nephropathy and CoQ10 Deficiency Due to decaprenyl diphosphate synthase subunit 2 (PDSS2) Mutations[END_REF].

The most represented phenotype in CoQ deficiencies is cerebellar ataxia, as the number of patients reported with this affection is greater than for the number of patients reported with other phenotypes.

This cerebellar phenotype is characterized by an atrophy of the cerebellum, in association with various other symptoms such as neuropathy, muscle weakness, mental retardation seizures and hypogonadism [START_REF] Quinzii | Clinical presentations of coenzyme Q10 deficiency syndrome[END_REF]. Nevertheless, the only primary CoQ deficiency leading to a cerebellar phenotype is due to COQ8A (ADCK3) mutations (Lagier-Tourenne et al., 2008;Mollet et al., 2008).

Isolated myopathy was not found, as such, in primary CoQ deficiencies. Regarding encephalomyopathy, a case was report for a patient with a COQ4 mutation [START_REF] Salviati | Haploinsufficiency of COQ4 causes coenzyme Q10 deficiency[END_REF]. COQ7 mutations were only reported in two patients so far and both have very different phenotypes. The first patient had lung hypoplasia since embryonic stages, muscular hypotonia and renal dysfunction, out of other symptoms, whereas the second patient presented with spasticity and bilateral sensorineural hearing loss [START_REF] Freyer | Rescue of primary ubiquinone deficiency due to a novel COQ7 defect using 2,4-dihydroxybensoic acid[END_REF][START_REF] Wang | Pathogenicity of two COQ7 mutations and responses to 2,4-dihydroxybenzoate bypass treatment[END_REF].

Most of the COQ mutations induce severe phenotype in the form of severe infantile multisystemic disease with a very short life expectancy. The enzymes encoded by these genes (PDSS1, PDSS2, COQ2, COQ4 and COQ9) are therefore necessary for normal cell functioning, and CoQ seems to be essential for normal development and growth. Up to date, COQ3 and COQ5 mutations have not been reported.

Hence, either mutations were not discovered yet, or COQ3 and COQ5 are essential and mutations lead to embryonic lethality. Regarding COQ8A, COQ8B and COQ6, mutations mainly induce mild or restricted phenotypes compared to mutations in other COQ genes. These specific phenotypes raise the question of the roles of COQ8A, COQ8B and COQ6, with a potential accessory role for COQ8A and COQ8B and possible bypass mechanisms for COQ6 functions in the first benzoquinone ring hydroxylation. Furthermore, the type of mutation in any of the COQ gene might define the severity of the affection.

b. Secondary deficiencies

Genes not known to be involved in CoQ biosynthesis were also described as inducing CoQ deficiencies.

This is for example the case in AOA1 (ataxia with oculomotor apraxia 1), one of the recessive cerebellar ataxias, due to mutations in the aprataxin coding gene (APTX). Aprataxin is a protein involved in singlestranded DNA repair and most probably repairs DNA damage caused by oxidative stress, both in the nucleus and in the mitochondria [START_REF] Luo | A new XRCC1-containing complex and its role in cellular survival of methyl methanesulfonate treatment[END_REF][START_REF] Sykora | Repair of persistent strand breaks in the mitochondrial genome[END_REF]. In AOA1 patient's fibroblasts, low levels of PDSS1 were found, thereby explaining the CoQ deficiency. The PDSS1 low levels were so far explained by reduced gene transcription, and a new function of APTX as a transcriptional regulator of mitochondrial functions was proposed [START_REF] Garcia-Diaz | Lack of aprataxin impairs mitochondrial functions via downregulation of the APE1/NRF1/NRF2 pathway[END_REF]. CoQ deficiency was also found in case of a myopathic phenotype caused by mutations in ETFDH. The patients presented with exercise intolerance; and lipid accumulation as well as reduced respiratory chain activities were found in their muscles [START_REF] Gempel | The myopathic form of coenzyme Q10 deficiency is caused by mutations in the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene[END_REF]. ETFDH encodes an inner mitochondrial membrane electron transfer flavoprotein [START_REF] Watmough | The electron transfer flavoprotein: Ubiquinone oxidoreductases[END_REF]. In contrast, other ETFDH mutations, inducing a myopathy, were not found to induce CoQ deficiency [START_REF] Ohkuma | Clinical and genetic analysis of lipid storage myopathies[END_REF]. Furthermore, a patient with a cardiofaciocutaneous syndrome, hypotonia and ataxia, due to mutations in a B-Type Raf Kinase, also presented a CoQ deficiency [START_REF] Aeby | Cardiofaciocutaneous (CFC) syndrome associated with muscular coenzyme Q10 deficiency[END_REF]. Finally, other mitochondrial DNA depletion, dietary insufficiency or pharmacotherapeutic agents can also lead to CoQ deficiencies [START_REF] Artuch | Coenzyme Q10 deficiencies in neuromuscular diseases[END_REF].

Treatments with statins for example, can lower CoQ levels [START_REF] Littarru | Coenzyme Q10 and statins: Biochemical and clinical implications[END_REF][START_REF] Mancuso | Coenzyme Q10 in neuromuscular and neurodegenerative disorders[END_REF].

c. Treatments

Treatment with CoQ or analogs seems obvious to treat CoQ deficiencies. Unfortunately oral CoQ 10 supplementation is not effective for all CoQ deficiencies and not all patients respond to supplementation [START_REF] Hirano | CoQ10 deficiencies and MNGIE: Two treatable mitochondrial disorders[END_REF]. In case of AOA1 or myopathies due to ETFDH mutations, which are secondary CoQ deficiencies, high dose of CoQ or riboflavin supplementation were respectively found to improve patients state [START_REF] Gempel | The myopathic form of coenzyme Q10 deficiency is caused by mutations in the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene[END_REF][START_REF] Quinzii | Coenzyme Q deficiency and cerebellar ataxia associated with an aprataxin mutation[END_REF]. The same was true for another CoQ deficiency, with undefined causes, leading to severe encephalomyopathy and renal failure, for which CoQ supplementation improved the patient's condition [START_REF] Rötig | Quinone-responsive multiple respiratory-chain dysfunction due to widespread coenzyme Q10 deficiency[END_REF]. Although some patients with COQ2 mutations responded well to CoQ supplementation (patients with nephrotic syndromes), and some patients with COQ8B partially responded, patients with COQ8A, COQ9 or PDSS2 mutations had poor or no responses (Ashraf et al., 2013;[START_REF] Hirano | CoQ10 deficiencies and MNGIE: Two treatable mitochondrial disorders[END_REF]Mignot et al., 2013). The lack of efficacy and the variability in responses might be explained by the poor bioavailability of CoQ 10 orally up taken, which seems to be further prevented by the blood-brain-barrier [START_REF] Bentinger | Distribution and breakdown of labeled coenzyme Q10 in rat[END_REF], clarifying the absence of improvement in case of ataxia or encephalopathies. Biodistribution and availability should explain the absence of improvement albeit it does not explain why AOA1 or encephalomyopathies with unknown causes showed relieved phenotype upon treatment.

Furthermore, to rescue mitochondrial defects and in particular respiratory chain activity, CoQ should reach the inner mitochondrial membrane, which was shown to be delayed compared to the uptake in other cellular membranes in fibroblasts of patients with CoQ primary deficiencies [START_REF] López | Treatment of CoQ10 deficient fibroblasts with ubiquinone, CoQ analogs, and vitamin C: Time-and compound-dependent effects[END_REF].

Finally, from studies in a mouse model with COQ9 deficiency, which showed that ubiquinol is more efficient that ubiquinone to reverse the encephalopathy phenotypes and increase mitochondrial respiratory chain complexes in these mice, it seems that the molecule and the pharmacological formulation are important to increase the efficacy [START_REF] García-Corzo | Ubiquinol-10 ameliorates mitochondrial encephalopathy associated with CoQ deficiency[END_REF]. Further understanding of CoQ deficiencies and CoQ biodistribution are needed for the development of better therapies against primary CoQ deficiencies.

IV. ARCA2

ARCA2 (autosomal recessive ataxia type 2), also named SCAR9 (spinocerebellar ataxia type 9) is a rare form of degenerative ataxia, with approximately forty reported patients up to date. It is part of the autosomal recessive ataxias with cerebellar affections without neuropathy and of the recessive ataxias due to mitochondrial defects.

Clinical manifestation

ARCA2 patients present disparate phenotypes. The only consistent element, found in all patients (except one), is the progressive ataxia with cerebellar atrophy (Table 4). In most of the patients for which CoQ levels were measured, a mild to moderate ubiquinone (CoQ) deficiency is also observed (Horvath et al., 2012;Lagier-Tourenne et al., 2008). These symptoms are often associated with other neurological signs such as intellectual disability, epilepsy, myoclonus, tremor, exercise intolerance or muscle weakness (Mignot et al., 2013).

The onset majorly occurs during childhood or adolescence with a few exceptions of later adult onsets (patients 18 and 39 in Table 4). Most of the patients present with a slowly progressive ataxia. Some rare cases of acute worsening were reported but are most probably due to the epileptic crisis or stroke like episodes which markedly altered the patient's phenotype. A fatal outcome, due to stroke like episodes was even recorded for one patient [START_REF] Hikmat | ADCK3 mutations with epilepsy, stroke-like episodes and ataxia: a POLG mimic?[END_REF] and few patients present severe encephalopathy with global brain degeneration (Mignot et al., 2013) Epilepsy, seizures or stroke like episodes were reported in half of the patients (Table 4). The same frequency was observed for exercise intolerance and intellectual disability, although there is no correlation in between these symptoms. Out of the forty-two patients described in the literature, only eighteen underwent CoQ 10 measurements. Fifteen patients had decreased levels of CoQ 10 either in their fibroblasts (Lagier-Tourenne et al., 2008) or in their muscle with variable levels of decrease (Horvath et al., 2012;Mollet et al., 2008) and only three had unaltered levels (Horvath et al., 2012;Lagier-Tourenne et al., 2008;Mignot et al., 2013). For the patients in which CoQ 10 levels were assessed both in fibroblast and in muscle, only the levels in muscles were found to be altered (Horvath et al., 2012). Muscles biopsies were probably performed after fibroblast sampling to look for a CoQ defect.

Muscles biopsies are invasive but might be helpful for the diagnosis of the ARCA2 disease.

The disease course is not dependent on the age of onset: some very early onset lead to more severe ataxia whereas others are slowly progressive (Mignot et al., 2013). Multiple causes can induce an elevation of the lactate level but the increase of lactate reflects the usage of glycolysis by some cells [START_REF] Andersen | Etiology and therapeutic approach to elevated lactate levels[END_REF]. Elevated lactate was not prominent in case of ARCA2, the majority of patients show normal levels (Table 4). Unlike lactate, the reduced activity of certain respiratory chain complexes was noteworthy, even if very variable from one patient to the other. This reduced activity appeared in cells derived from fourteen patients, out of the seventeen tested. The decrease in complex I, II and III activities of the respiratory chain should reflect CoQ deficiencies. Surprising results were obtained for one patient, patient 3 (Table 4), for which fibroblasts appeared to have normal CoQ 10 content, but had mild but significantly reduced mitochondrial complex I and III activity (Lagier-Tourenne et al., 2008).

Regarding other studies, for which measurements were performed both in fibroblasts and muscles, it might be that muscles of patient 3 would yield different results than the fibroblasts (Horvath et al., 2012). Thus, CoQ deficiency could be tissue specific (Mollet et al., 2008). Mitochondrial respiratory chain measurements were performed differently for each cohort, disabling comparison but overall results argue towards at least partially altered mitochondrial respiratory chain. Accordingly, altered

CoQ 10 levels and affected mitochondrial respiratory chain activity, in muscles, seem to be hallmarks for ARCA2.

Genetic cause

ARCA2 was found to be due to mutations in the aarF-domain-containing kinase 3 (ADCK3) gene (on human 1q41-42 locus), also named CABC1 and COQ8A (Lagier-Tourenne et al., 2008;Mollet et al., 2008). This gene encodes a putative atypical kinase that is homologous to Coq8 in yeast and UbiB in bacteria (Lagier-Tourenne et al., 2008). Both Coq8p and UbiB proteins, encoded by these genes, were found to be implicated in the Coenzyme Q biosynthesis (Poon et al., 2000;[START_REF] Xie | Overexpression of the Coq8 kinase in Saccharomyces cerevisiae coq null mutants allows for accumulation of diagnostic intermediates of the coenzyme Q6 biosynthetic pathway[END_REF].

ARCA2 is the most common form of primary coenzyme Q deficiency, with at least 42 patients reported up to date (Table 4), most probably due to the milder phenotypes compared to other CoQ deficiencies emerged: either patients are homozygous for a mutation or they are compound heterozygous, having a different mutation on each allele; an equal number of patient was reported in each case (Gerards et al., 2010).

No genotype-phenotype correlation could be found and this is emphasized by the fact that the same mutations led to heterogeneous phenotypes [START_REF] Blumkin | Heterozygous Mutations in the ADCK3 Gene in Siblings with Cerebellar Atrophy and Extreme Phenotypic Variability[END_REF]. This phenotypic variability can be seen, for example, between patients 30 and 31 in Table 4. Both patients carry the same mutation (p.L197Vfs*20), but in one case the patient did not have epilepsy nor intellectual disability (patient 30),

whereas the other patient presented with epilepsy and a mild intellectual disability (patient 31) (Mignot et al., 2013). The same is true for patients 10 and 9 (compound heterozygous for p.R213W and p.G272V mutations), and other examples can be found (Table 4). Furthermore, big deletions do not lead to more severe phenotypes whereas certain point mutations do [START_REF] Hikmat | ADCK3 mutations with epilepsy, stroke-like episodes and ataxia: a POLG mimic?[END_REF]. The phenotypic variability observed, in particular for the same mutations, favors the idea of an implication of the environment and, or of genetic modulation.

All mutations are predicted to induce loss of functions. In patients' fibroblasts, Gerards et al. were able to show that the R348X and the L379X nonsense mutations induced an mRNA decay (Gerards et al., 2010). This mRNA decay mechanism degrades mRNA with premature stop codon to avoid translation of abnormal proteins, therefore preventing dominant negative or gain of functions effects [START_REF] Chang | The Nonsense-Mediated Decay RNA Surveillance Pathway[END_REF]. Lastly, Barca et al. found that, in case of the A504fs mutation, mRNA decay does not occur but COQ8A protein levels were diminished (Barca et al., 2016). Scheme of the ADCK3 human protein and the conserved kinase domains (red), a KxGQ domain conserved among the ADCK family (blue), and a domain specific to ADCK3 and ADCK4 (yellow). Underneath: mutations reported in ARCA2 patients. X: stop codon, fs: frameshift mutations, del: deletion, ins: insertion, others: point mutations with single amino acid change. For mutations, associated symptoms and reference, see Table 4. Mutations were reported in publications (Barca et al., 2016;[START_REF] Blumkin | Heterozygous Mutations in the ADCK3 Gene in Siblings with Cerebellar Atrophy and Extreme Phenotypic Variability[END_REF]Gerards et al., 2010;[START_REF] Hikmat | ADCK3 mutations with epilepsy, stroke-like episodes and ataxia: a POLG mimic?[END_REF]Horvath et al., 2012;[START_REF] Kocak | Primary coenzyme Q10 deficiency-type 4: A case report[END_REF]Lagier-Tourenne et al., 2008;[START_REF] Liu | Autosomal-recessive cerebellar ataxia caused by a novel ADCK3 mutation that elongates the protein: clinical, genetic and biochemical characterisation[END_REF][START_REF] Malgireddy | A novel CABC1/ADCK3 mutation in adult-onset cerebellar ataxia[END_REF]Mignot et al., 2013;Mollet et al., 2008;[START_REF] Terracciano | The use of muscle biopsy in the diagnosis of undefined ataxia with cerebellar atrophy in children[END_REF]. (Mollet et al., 2008), 3 (Gerards et al., 2010), 4 (Horvath, 2012), 5 [START_REF] Terracciano | The use of muscle biopsy in the diagnosis of undefined ataxia with cerebellar atrophy in children[END_REF]), 6 (Mignot et al., 2013), 7 [START_REF] Liu | Autosomal-recessive cerebellar ataxia caused by a novel ADCK3 mutation that elongates the protein: clinical, genetic and biochemical characterisation[END_REF], 8 [START_REF] Blumkin | Heterozygous Mutations in the ADCK3 Gene in Siblings with Cerebellar Atrophy and Extreme Phenotypic Variability[END_REF], 9 [START_REF] Kocak | Primary coenzyme Q10 deficiency-type 4: A case report[END_REF]), 10 (Barca et al., 2016), 11 [START_REF] Malgireddy | A novel CABC1/ADCK3 mutation in adult-onset cerebellar ataxia[END_REF], 12 [START_REF] Hikmat | ADCK3 mutations with epilepsy, stroke-like episodes and ataxia: a POLG mimic?[END_REF]. Given the clinical heterogeneity in between patients, ARCA2 might not always be suspected. Most probably ARCA2 is underestimated, as a lot of ataxic patients and patients with CoQ deficiency are still lacking a precise diagnosis [START_REF] Quinzii | Clinical presentations of coenzyme Q10 deficiency syndrome[END_REF][START_REF] Yubero | Molecular diagnosis of coenzyme Q10 deficiency[END_REF]. ARCA2 can, so far, only be discriminated thanks to next generation sequencing. Due to costs, not all patients have had access to this technology, or patients were tested for the most frequent genes, like frataxin (Friedreich's ataxia), aprataxin (AOA1) or ATM (ataxia-telangiectasia), when recessive ataxias were suspected [START_REF] Beaudin | Systematic review of autosomal recessive ataxias and proposal for a classification[END_REF]. Furthermore, in suspicious cases it was difficult to screen all the potential genes [START_REF] Liu | Autosomal-recessive cerebellar ataxia caused by a novel ADCK3 mutation that elongates the protein: clinical, genetic and biochemical characterisation[END_REF]. More ARCA2 patients might be described in the coming years as multiple-gene panel test, including the COQ8A gene, are now being used to determine patient's mutations. Better understanding of COQ8A function and ARCA2 pathomechanisms might improve the understanding of the clinical heterogeneity.

Patient

COQ8A

COQ8A functions had so far not been studied in mammals and the only clues came from its homology with the yeast Coq8p and the bacterial UbiB proteins.

a. Functions ADCK (aarF domain-containing protein kinases) proteins, as well as Coq8 and UbiB, are part of the atypical kinase family (Leonard et al., 1998;[START_REF] Scheeff | Cellular distribution of NMDA glutamate receptor subunit mRNAs in the human cerebellum[END_REF]. This family is composed of putative kinases that retained the 4 "universal core" motifs I, II, VIB and VII, out of the 12 motifs defining a typical protein kinase (Leonard et al., 1998;Xie et al., 2011). The conserved protein kinase domains correspond to the ATP binding and the phosphotransfer region (Lagier-Tourenne et al., 2008).

The atypical kinase family comprises kinases which phosphorylate various lipids such as phosphatidyl inositol, phosphoinositide or choline (Manning et al., 2002;Walker et al., 1999).

In vertebrates, the ADCK family is composed of five paralogs (ADCK1-5), with ADCK3 (COQ8A) and ADCK4 (COQ8B) being highly similar (sharing 61% identity). The ADCK family retained the 4 universal core motifs of kinases plus the protein kinase motif III (Figure 10; conserved kinase motifs in red) (Lagier-Tourenne et al., 2008). Two aspartates, found in the kinases motifs VIB and VII, are highly conserved, they bind the magnesium ions chelated by ATP. A KxGQ domain, which seems specifically related with CoQ metabolism, is conserved among the ADCK family in the N-terminal part (Figure 10; Not much is known about the ADCK proteins and part of the knowledge comes from large scale studies in cancerous cells [START_REF] Pandya | Genomic profiling reveals mutational landscape in parathyroid carcinomas[END_REF][START_REF] Šmidák | Quantitative proteomics reveals protein kinases and phosphatases in the individual phases of contextual fear conditioning in the C57BL/6J mouse[END_REF]. ADCK2 might regulate the production of reactive oxygen species in the context of cancer [START_REF] Schoolmeesters | Kinome-Wide functional genomics screen reveals a novel mechanism of TNFalpha-induced nuclear accumulation of the HIF-1alpha transcription factor in cancer cells[END_REF]. COQ8B was found to be overexpressed in uterine benign tumors [START_REF] Lemeer | Quantitative proteome profiling of human myoma and myometrium tissue reveals kinase expression signatures with potential for therapeutic intervention[END_REF]. Moreover, COQ8B mutations in patients caused nephrotic symptoms. In COQ8B patient's fibroblasts, lower CoQ levels, as well as reduced mitochondrial respiration, were measured (Ashraf et al., 2013;[START_REF] Korkmaz | ADCK4-Associated Glomerulopathy Causes Adolescence-Onset FSGS[END_REF]. As mentioned above, COQ8A had been reported as leading to ARCA2 and, as COQ8B, to induce CoQ deficiency and mitochondrial respiratory defects when mutated (Horvath et al., 2012;Lagier-Tourenne et al., 2008;Mollet et al., 2008).

Most of the knowledge on mammalian COQ8, comes from the homology with the protein present in unicellular eukaryotes. Indeed, the yeast protein Coq8p has two homologs in human and mice: COQ8A and COQ8B, which are paralogs. Coq8p function is still controversial but it is suggested to play a role in stabilizing the supracomplex formed by the Coq proteins (Coq3-Coq7 and Coq) necessary for coenzyme Q biosynthesis in mitochondria, and to phosphorylate Coq3, Coq5 and Coq7 (He et al., 2014;Tauche et al., 2008;[START_REF] Xie | Overexpression of the Coq8 kinase in Saccharomyces cerevisiae coq null mutants allows for accumulation of diagnostic intermediates of the coenzyme Q6 biosynthetic pathway[END_REF].

When a truncated form of COQ8A (to be targeted in the mitochondria of S. cerevisiae) was expressed in yeast cells mutated in Coq8, COQ8A was shown to partly rescue the yeast Coq3, 5 and 7 phosphorylation state and CoQ synthesis (He et al., 2014;Xie et al., 2011). A small amount of CoQ could be produced upon expression of COQ8A in Coq8 yeast mutants which was not the case in nonrescued Coq8 mutant strains. Regarding the phosphorylation states, results were obtained by 2D-IEF/SDS-PAGE, comparing samples treated or not with phosphatase. According to these results, to COQ8A homology with Coq8 and UbiB and the CoQ deficiency observed in patients, mammalian COQ8A protein is suggested as being involved in the CoQ biosynthesis (Mollet et al., 2008). Regarding COQ8B, it was shown to interact with COQ6 and COQ7 (the mammalian counterparts of yeast Coq6p and coq7p) in human podocytes (Ashraf et al., 2013). Nevertheless, it is noteworthy that only COQ8A, and not COQ8B, was able to rescue the yeast coq8 mutant (He et al., 2014). Still redundancy should occur as the yeast Coq8 null mutant does not produce CoQ 6 , whereas mammalians cells defective in either COQ8A or COQ8B do produce CoQ 10 (Ashraf et al.;Horvath et al., 2012;Mollet et al., 2008;Tran and Clarke, 2007).

The function of COQ8A thus remains to be elucidated in mammals and the substrate of the putative kinase domain is unknown. (Floyd et al., 2016).

Q: coenzyme Q, and 3-9: COQ3 to COQ9 proteins.

b. Localization

Coenzyme Q biosynthesis through the Q complex occurs in mitochondria and COQ8A was predicted as containing a mitochondrial targeting sequence. COQ8A was therefore expected to localize within the mitochondria, to be able to play its role in the stabilization of the Q complex (Pagliarini et al., 2008;Rhee et al., 2013). As no anti-COQ8A antibody was good enough to be used for immunofluorescence, tagged COQ8A were overexpressed. In our laboratory, COQ8A-GFP was overexpressed in C2C12 murine myoblasts (Licitra, 2013) and collaborators expressed COQ8A-FLAG in HEK293 human kidney embryonic epithelial cells (Stefely et al., 2016). Both studies confirmed a localization of COQ8A within the mitochondria of mammalian cells when the protein is overexpressed. Further analysis, by subfractionation of mouse mitochondria and treatment with Na 2 CO 3 , enabled to confirm this mitochondrial localization for mouse endogenous COQ8A, and precise a localization within the inner mitochondrial membrane with the C-terminus part facing the matrix (Stefely et al., 2016).

During my thesis, collaborators (the laboratory of Dr. Pagliarini) were able to show that a CoQ biosynthesis complex is also formed in mammals. They found that COQ3, 4, 5, 6, 7 and 9 are sufficient to form this complex in mammals, and proposed the following organization depicted in Figure 11 (Floyd et al., 2016). Collaborators were also able to show that COQ8A retained a kinase activity and can autophosphorylate (Stefely et al., 2015). Furthermore, in collaboration, we could show that COQ8A interacts with some of the COQ proteins, namely COQ4, COQ5, COQ6 and COQ7 in mammalian cells (Stefely et al., 2016). Together, we found that COQ8A specifically maintains the complex Q stability needed for CoQ biosynthesis and they found that the kinase activity is probably phosphorylating a small molecule or a lipid giving COQ8A an unorthodox protein kinase activity (Stefely et al., 2016). Finally, they determined that COQ8A and COQ8B directly interact with various COQ proteins and that these interactions are more abundant with COQ8A and reversely decreased with COQ8B in galactose conditions (Floyd et al., 2016).

Mouse model

To better understand ARCA2 pathological mechanisms and study COQ8A functions, a constitutive Coq8a knock-out mouse model was generated (Coq8a -/-) (Licitra, 2013;Stefely et al., 2016). These mice recapitulate most of the symptoms found in the patients, that is too say: slowly progressive ataxia, susceptibility to epilepsy, exercise intolerance, and mild CoQ deficiency. These Coq8a -/-mice are therefore a good model to study ARCA2 pathophysiology (Licitra, 2013;Stefely et al., 2016).

a. Cerebellar phenotype

In patients, ARCA2 is invariably defined by an ataxia with cerebellar atrophy. Similarly, Coq8a -/-mice were identified as being ataxic, with an onset between 5 and 10 weeks, but no cerebellar atrophy was observed. The ataxic feature was determined using the accelerating rotarod, footprint analysis and beam walking test which demonstrated a reduced coordination in mutant mice (Licitra, 2013;Stefely et al., 2016). Coq8a -/-mice's cerebellum had a similar size compared to WT littermates, but on histological sections, Purkinje neurons appeared shrunken in 30 weeks old mutant mice.

Ultrastructural defects were also observed with dysmorphic nuclei in shrunken cells, and dilated Golgi and endoplasmic reticulum in the 30 weeks old mice's Purkinje neurons (Licitra, 2013;Stefely et al., 2016). Furthermore, Purkinje neurons normally fire spontaneously at a defined frequency and with a specific amplitude [START_REF] Häusser | Tonic Synaptic Inhibition Modulates Neuronal Output Pattern and Spatiotemporal Synaptic Integration[END_REF]. This pacemaker activity can be assessed by electrophysiology, and was found to be altered in mutant's Purkinje neurons. These neurons had a reduced firing frequency (Licitra, 2013;Stefely et al., 2016). As Purkinje neurons are the sole output of the cerebellum, ataxia is due to Purkinje neurons dysfunction in the Coq8a -/-mice model [START_REF] Häusser | Tonic Synaptic Inhibition Modulates Neuronal Output Pattern and Spatiotemporal Synaptic Integration[END_REF].

b. Epilepsy and intellectual disability Some Coq8a -/-mice have spontaneous seizures-like crisis (Licitra, 2013;Stefely et al., 2016). Therefore, the mice were tested for susceptibility to epilepsy. Indeed 6 month old mutant mice had increased susceptibility to epilepsy when treated with pentylenetetrazole (PTZ), a drug inducing convulsion (Licitra, 2013). This phenotype is in line with epilepsy or seizures observed in more than half of ARCA2 patients. Certain ARCA2 patients also present with intellectual disability (50% of the reported cases), so complementary neurobehavioral tests were performed on Coq8a -/-mice. The only manifestation in mutant mice was a mildly delayed spatial memory observed through the Morris water maze test (Licitra, 2013;Stefely et al., 2016).

c. Exercise intolerance

Coq8a -/-mice present with a mild CoQ 9 deficiency (the most abundant form of CoQ in mouse) in certain tissues including liver, kidney and skeletal muscles at 30 weeks of age. Furthermore, these mice had reduced maximum speed on an accelerating treadmill and a tendency towards weakened endurance without decreased muscle force (Licitra, 2013;Stefely et al., 2016). Thus, these mice seem to be exercise intolerant, like more than half of the ARCA2 patients. No histological defect could be found in the muscle, which is also the case in most of the patient's muscle biopsies [START_REF] Horvath | Update on clinical aspects and treatment of selected vitamin-responsive disorders II (riboflavin and CoQ 10)[END_REF]Licitra, 2013;Mignot et al., 2013;Stefely et al., 2016). Interestingly, abnormal mitochondria were observed in Coq8a -/-mice quadriceps at 7 months (Licitra, 2013;Stefely et al., 2016).

d. Dyslipidemia in mouse

No deregulation in blood lipids was reported in any of the ARCA2 patients described so far [START_REF] Horvath | Update on clinical aspects and treatment of selected vitamin-responsive disorders II (riboflavin and CoQ 10)[END_REF]Lagier-Tourenne et al., 2008;Mignot et al., 2013;Mollet et al., 2008). In contrast, a mild dyslipidemia with elevated levels of certain lipids (total cholesterol, HDL, LDL and free fatty acids) was measured in the blood of 25 weeks old Coq8a -/-mice (Licitra, 2013;Stefely et al., 2016).

All in all, Coq8a -/-mice appear as a good model to study ARCA2 and gain insight in COQ8A functions.

RESULTS

Results
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Results

I. Goals of my PhD project

When I started my PhD in Dr Hélène Puccio's team, a mouse model for ARCA2 had already been generated in the laboratory. One of the goals of the laboratory was to understand the pathophysiological mechanisms of the disease and study the function of COQ8A. This model was characterized by Floriana Licitra (Licitra, 2013), a previous PhD student. She was able to show that the constitutive knock-out mouse: Coq8a -/-(previously named Adck3 -/-) is a good model to study ARCA2.

The mouse model recapitulates most of the symptoms found in the patients, that is: a slowly progressive ataxia, susceptibility to epilepsy, exercise intolerance, and mild CoQ deficiency. Moreover, a mild dyslipidemia was measured in the blood of the Coq8a -/-mice with an increased level of certain lipids (total cholesterol, HDL, LDL and free fatty acids).

Throughout my thesis, I have investigated different phenotypes observed in the Coq8a -/-mice, to try to understand the pathophysiological pathways implicated. Consequently, my thesis project was divided in different parts.

During the first year of my doctoral studies the goal was to gain insight into the mechanisms leading to two different aspects of the mouse phenotype: dyslipidemia and epilepsy. I was therefore interested in the causes of dyslipidemia and if there could be a link with the CoQ deficiency that we observe in the Coq8a -/-mouse model. At the same time, I also wanted to understand why patients and mice have epilepsy and if this is due to a defect in the hippocampus.

As I did not find any difference between the control and Coq8a -/-mice, I focused, after discussion with my mid-thesis committee, on the cerebellum and muscle, two known affected organs. I tried to elucidate why and how Purkinje neurons are degenerating in the brain and if the mitochondrial respiratory chain was altered, especially in muscles.

To study these defects, I generated cell models: organotypic cerebellar cultures and cerebellar, hippocampal and muscular primary cell cultures. These models enable to perform experiments which would have been complicated in vivo, such as measurement of mitochondrial respiration or addition of certain drugs. Organotypic cultures have the advantage to retain the cerebellar structure, in particular the cells organization and branching, while being an in vitro system, whereas the primary cultures allow to have isolated neurons and glial cells or muscle cells.

Results
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The main questions I have been trying to address during my thesis were:

1. Is the liver affected? (Crane et al., 1957;Lester and Crane, 1959;[START_REF] Morton | Ubiquinone[END_REF][START_REF] Seshadri Sastry | Distribution of coenzyme Q in rat liver cell fractions[END_REF]. CoQ functions as an essential component of the mitochondrial electron transport chain to enable oxidative phosphorylation, acts as a lipophilic antioxidant, and contributes to membrane structure. Yet our understanding of CoQ biosynthesis remains incomplete. In the yeast Saccharomyces cerevisiae, at least 11 genes (coq1-coq9, yah1, and arh1) are required for CoQ biosynthesis (Pierrel et al., 2010;Tran and Clarke, 2007), but the biochemical functions of Coq4p, Coq8p, and Coq9p remain unclear.

In humans, mutations in nine putative CoQ biosynthesis genes have been linked to primary CoQ deficiencies, which affect diverse tissues and range from severe infantile multisystemic disease to adult-onset isolated myopathy (Laredj et al., 2014;[START_REF] Quinzii | Coenzyme Q and mitochondrial disease[END_REF]. Tissue specificities likely reflect cell-type-specific differences in CoQ production, uptake, and demand. Differences in clinical severity may be influenced by whether the mutated gene encodes a CoQ biosynthesis enzyme or a regulatory protein. Yet no clear explanation exists for this extreme clinical heterogeneity, in part because of the absence of suitable animal models.

The most frequent form of hereditary CoQ deficiency, autosomal-recessive cerebellar ataxia type 2 (ARCA2, SCAR9), is a rare ataxia that is due to mutations in ADCK3, an ortholog of yeast coq8 (Lagier-Tourenne et al., 2008;Mollet et al., 2008) ADCK3 belongs to the ancient UbiB family, which comprises one-quarter of all microbial protein kinase-like (PKL) genes [START_REF] Kannan | Structural and functional diversity of the microbial kinome[END_REF]Leonard et al., 1998;[START_REF] Oruganty | Identification and classification of small molecule kinases: insights into substrate recognition and specificity[END_REF] and has diverse biological functions in cell migration [START_REF] Simpson | Identification of genes that regulate epithelial cell migration using an siRNA screening approach[END_REF], tumor cell viability [START_REF] Brough | Functional viability profiles of breast cancer[END_REF][START_REF] Wiedemeyer | Pattern of retinoblastoma pathway inactivation dictates response to CDK4/6 inhibition in GBM[END_REF], and lipid metabolism (Lundquist et al., 2013;[START_REF] Martinis | A chloroplast ABC1-like kinase regulates vitamin E metabolism in Arabidopsis[END_REF][START_REF] Tan | Mcp1 and Mcp2, two novel proteins involved in mitochondrial lipid homeostasis[END_REF]. The UbiB family has five mammalian members (ADCK1-5), which are classified as atypical kinases (Manning et al., 2002). ADCK4 is the closest homolog of ADCK3, and ADCK4 mutations cause a nephrotic syndrome associated with CoQ deficiency (Ashraf et al., 2013). On the basis of phylogenetic analyses defining ADCK3 and ADCK4 as co-orthologs of yeast Coq8p and functional studies presented in this report, we propose to rename ADCK3 and ADCK4 as COQ8A and COQ8B, respectively.

Although Coq8p and COQ8A have been linked to CoQ through genetic studies, whether these proteins act exclusively in CoQ biosynthesis is unknown. Moreover, the mild CoQ deficiency of ARCA2 has raised questions about the role of COQ8A in CoQ production. Coq8p and COQ8A localize to the matrix face of the inner mitochondrial membrane (Do et al., 2001;Pagliarini et al., 2008;Rhee et al., 2013;Tauche et al., 2008), where CoQ is produced. Additionally, using affinity enrichment mass spectrometry (AE-MS), we recently demonstrated that COQ8A and COQ8B interact with CoQ biosynthesis enzymes in a complex we term ''complex Q'' (Floyd et al., 2016 [this issue of Molecular Cell]), consistent with reports that yeast proteins form a similar complex (He et al., 2014). In yeast, lack of coq8 perturbs post-translational modifications (PTMs) of Coq3p, Coq5p, and Coq7p (Xie et al., 2011), but whether this effect is direct or indirect, or whether these PTMs are important for complex Q function, is unknown.

The putative biochemical function of Coq8p, COQ8A, and the larger UbiB family is protein phosphorylation, but this idea remains largely untested and is based primarily on PKL sequence homology. Unorthodox PKL (uPKL) functions, including lipid kinase activity (Walker et al., 1999) and nucleotide-regulated conformational changes [START_REF] Kung | Structural basis for the non-catalytic functions of protein kinases[END_REF], are increasingly recognized. Moreover, 10% of the human kinome consists of pseudokinases with non-catalytic functions [START_REF] Zeqiraj | Pseudokinases-remnants of evolution or key allosteric regulators?[END_REF]. Differentiating these diverse modes of action remains a central challenge in studying the kinome. For COQ8A in particular, unique structural features are positioned to inhibit protein kinase activity, raising the possibility of atypical functionality (Stefely et al., 2015).

Here, we show that Coq8a knockout (Coq8a À/À ) mice recapitulate the primary features of ARCA2. We trace the main pathophysiology of this disease to dysfunctional cerebellar Purkinje cells (PCs), defective skeletal muscle, and disruption of complex Q. Leveraging interspecies biochemical investigations, we provide evidence for uPKL COQ8A activity and present a new model for how COQ8A supports CoQ biosynthesis.

RESULTS

Coq8a -/-Mice Develop Ataxia and Seizures

To investigate COQ8A function in vivo, we generated a constitutive knockout (Coq8a À/À ) mouse model (Figure S1A) that showed normal Mendelian inheritance, growth, and lifespan, despite the complete absence of COQ8A in all tissues tested (Figures 1A and S1B). No overt clinical phenotypes were observed. Evaluation of standard blood parameters revealed hyperlipidemia (Figure S1C), suggesting a defect in lipid metabolism.

To assess the neurological consequences of COQ8A depletion, we conducted behavioral analyses. By 10 weeks of age, Coq8a À/À mice showed decreased performance on accelerating rotarod (Figure 1B), an increase in nonlinear movement in footprint analysis (Figure 1C), and a decrease in hindlimb coordination on the beam test that worsened with age (Figure 1D). Thus, Coq8a À/À mice develop a slowly progressive loss of coordination after birth. Epilepsy and seizures are also observed in ARCA2 patients. Consistently, Coq8a À/À mice developed occasional seizures during daily manipulation and showed increased seizure susceptibility after pentylenetetrazole injection (Figure S1D). Some ARCA2 patients also show moderate intellectual disability, although no clear genotype-phenotype correlation exists. Coq8a À/À mice show only a slight delay in spatial memory in a Morris water maze test (Figures S1E andS1F). Collectively, these results show that the neurological phenotypes of Coq8a À/À mice recapitulate those seen in patients, and thus constitute a good model to explore ARCA2 pathophysiology.

Coq8a -/-PCs Are Dysfunctional Histological analysis of the CNS revealed neither cerebellar atrophy nor gross CNS defects in Coq8a À/À mice throughout their lifespan. However, Coq8a À/À mice showed a specific defect in the cerebellar PC layer, with the presence of dark shrunken neurons and patches of gaps in calbindin staining, suggesting neuronal degeneration (Figure 1E). Ultrastructural analysis demonstrated that $10% of Coq8a À/À PCs were dark and shrunken, with dysmorphic nuclei and abnormal membrane structures (Figure 1F). Interestingly, most Coq8a À/À PCs also displayed a dilated and fragmented Golgi apparatus and dilated cisternae of ribosome-rich endoplasmic reticulum (Figures 1F andS1G). Consistent with an important function for COQ8A in PCs, Coq8a mRNA is abundant in the cerebellar PC layer (Figure S1H). Yet PC mitochondria appear structurally normal (Figure S1G). Coq8a À/À cerebella also showed normal levels of PC-specific molecular markers and lacked apoptotic cells (Figures S1I andS1J), suggesting no massive PC loss, even at advanced stages of the disease.

The electrophysiological function of PCs, which normally exhibit regular pacemaking action potentials (Ha ¨usser and Clark, 1997), was assessed by measuring spontaneous firing in acute cerebellar slices (Figure 1G). PCs from 3-month-old Coq8a À/À mice exhibited a significant increase in interspike interval (ISI), while the coefficient of variation between adjacent spikes (CV2) was normal (Figure 1G). A distribution analysis demonstrated that a significant proportion of Coq8a À/À PCs have high ISI values (>40) (Figure S1K). Interestingly, 8-month-old Coq8a À/À PCs exhibited a significant increase in CV2, while the ISI was normal (Figure 1G). Thus, Coq8a À/À PCs have altered pacemaker activity, with a progressive phenotype. Together, these results show that specific PC dysfunction underlies the Coq8a À/À ataxia.

Coq8a -/-Mice Develop Exercise Intolerance In addition to neurological symptoms, exercise intolerance is a common feature of ARCA2. On an accelerating treadmill, the maximum speed reached by Coq8a À/À mice was significantly decreased, and a trend toward lower endurance was observed (Figure 1H). No difference in muscle strength was observed by grip analysis (Figure S1L). Together, these data demonstrate mild exercise intolerance in Coq8a À/À mice. Consistent with an important role for COQ8A in muscle function, COQ8A mRNA is highly expressed in skeletal muscle (Figures S1M andS1N). Histological analyses of 7-month-old Coq8a À/À mouse skeletal muscle revealed no gross defects (Figure 1I), but ultrastructural analyses revealed abnormal mitochondrial morphology with broken or collapsed cristae and mild fiber degeneration (Figures 1J). Despite these perturbations, mtDNA levels (Figure S1O), cellular respiration (Figure S1P), and metabolites of central carbon metabolism (Figure S1Q) were found to be within wildtype (WT) ranges, further showing that the Coq8a À/À muscle phenotypes are mild, as observed in ARCA2.

Collectively, this work establishes Coq8a À/À mice as a model system that recapitulates the key features of ARCA2, deepens our understanding of its pathogenesis, and provides a foundation for molecular studies. Here, we conduct parallel studies of mammalian COQ8A and yeast Coq8p to test their functional homology and to help elucidate the biochemistry of ARCA2.

Coq8a -/-Mice Develop Specific CoQ Deficiency ARCA2 patients have mild skeletal muscle CoQ 10 deficiency, which could cause exercise intolerance. Seven-month-old Coq8a À/À mice show significant CoQ deficiencies in kidney, liver, and skeletal muscle (Figure 2A). However, CoQ levels were normal in younger mice (Figure S2A). Because the CoQ deficiency was mild in skeletal muscle and absent from whole cerebella, we used MS lipidomics to more broadly explore lipid metabolism. These analyses demonstrated that CoQ is significantly and specifically deficient in Coq8a -/-skeletal muscle (Figure 2B; Table S1). Similarly, yeast lacking coq8 (Dcoq8) show specific CoQ deficiency (Figure S2B; Table S2). However, normal CoQ levels were observed in whole Coq8a -/-cerebella (Figure 2B), providing further evidence that PCs are specifically affected by loss of COQ8A. No significant difference in serum CoQ was observed (Figure 2B). Together, these results show that lack of COQ8A causes mild, tissue-specific CoQ deficiency.

COQ8A Specifically Maintains CoQ Biosynthesis Proteins

Toward understanding the molecular basis for the CoQ deficiency of Coq8a À/À mice, we quantified protein abundance changes by MS-based proteomics (Figure 2C; Table S3). Proteins of the recently defined mammalian complex Q (COQ3-9) (Floyd et al., 2016) were significantly and specifically deficient across multiple Coq8a À/À tissues, including the affected cerebellum and skeletal muscle, but also unaffected tissues to varying degrees (Figures 2C-2E, S2C, and S2D). Together with the co-purification studies by Floyd et al. (2016), these Coq8a À/À proteomics results provide further, complementary evidence to support the existence of a mammalian complex Q and its physiological significance. Immunoblot analyses of Coq8a À/À tissues from young mice (Figures 2D andS2C) and myoblasts derived from pups (Figure 2E) showed COQ7 deficiency, suggesting that complex Q dysregulation is an early feature of ARCA2. In yeast, loss of Coq8p caused a similarly specific deficiency of homologous complex Q proteins during the diauxic shift, a metabolic transition from fermentation to respiration (Figures 2F andS2E-S2H; Table S4). Together, these results show that Coq8p and COQ8A specifically maintain complex Q in yeast and mammals, respectively.

COQ8A Interacts Dynamically with Complex Q

The observed COQ8A-dependent stability of complex Q could be driven by COQ8A-complex Q protein-protein interactions. In pairwise co-expression studies in COS cells, COQ8A-FLAG robustly co-purified with COQ5-HA but not with COQ3-HA or COQ9-HA (Figure 3A). To further explore the interaction network of COQ8A, we performed AE-MS analyses of human COQ8A-FLAG expressed in HEK293 cells. Compared with MLS-GFP-FLAG, COQ8A-FLAG robustly co-purified with endogenous COQ5, COQ7, COQ6, COQ4 , andCOQ3 (Figures 3B, 3C, andS3A). The enrichment of COQ3 was relatively weak and could be indirectly mediated by complex Q interactions. To test whether perturbation of the COQ8A active site alters these interactions, we conducted COQ8A-FLAG AE-MS experiments with two COQ8A point mutants: D507N, which disrupts Mg-nucleotide binding, and K276H, a point mutation of the UbiB family-specific KxGQ motif (Figures 3D and3E). Both mutations altered complex Q, suggesting that the activity of COQ8A modulates the interactions between CoQ proteins. Consistently, we recently observed dynamic, metabolic state-dependent COQ8A/B-complex Q interactions (Floyd et al., 2016).

COQ8A Lacks Protein Kinase Activity in trans

The observed COQ8A protein interactions could fit with the prevailing model that COQ8A is a protein kinase that phosphorylates COQ proteins. To test the protein kinase hypothesis, we examined Coq8a À/À mouse phosphoproteome changes. We quantified >7,500 cerebellar phosphopeptides and >6,000 skeletal muscle phosphopeptides, but we did not detect phosphopeptides from COQ3, COQ5, or COQ7 (Figure S2I; Table S5), the hypothesized COQ8A substrates (Xie et al., 2011), despite detecting representative peptides for each protein (Figure 2C). In skeletal muscle, COQ9 pS81 and pY88 were observed, but were not significantly altered when normalized to protein abundance changes. Similarly, COQ9 pS81 was moderately decreased in Coq8a À/À cerebellums (Coq8a À/À /WT = 0.6), likely because of the observed decrease in COQ9 abundance (Figure 2C). Likewise, in yeast, we quantified >6,000 phosphopeptides across the diauxic shift (Figures S2J andS2K; Table S6), but no phosphopeptides from Coq proteins were observed, despite detecting peptides from Coq3p-Coq9p (Figure 2F). These results suggest that complex Q proteins are not abundantly phosphorylated in vivo and led us to test the protein kinase hypothesis directly in vitro.

Mutants of a truncated COQ8A construct (COQ8A ND250 ) can autophosphorylate in vitro (Stefely et al., 2015), suggesting that COQ8A might act as a protein kinase in vivo. Here, we purified the full mitochondrial form of Coq8p (Coq8 ND41 ), which maintains its mature N terminus (Figure S3B) and thus eliminates caveats of the COQ8A truncation. Like COQ8A ND250 (Stefely et al., 2015), Coq8 ND41 preferentially binds adenine nucleotides, with selectivity for ADP over ATP that can be reversed by an A-rich loop A-to-G mutation (Figures S3C andS3D). Mutating the A-rich loop or the invariant KxGQ motif enhances Coq8 ND41 autophosphorylation activity, which is dependent on active site residue D365, Mg 2+ , andtime (Figures 3F-3H, S3E, andS3F). Thus, the basic biochemical properties of COQ8A and Coq8p are conserved.

Liquid chromatography tandem MS (LC-MS/MS) analyses showed that Coq8 ND41 autophosphorylates residues of the KxGQ domain (Figures 3I and S3G), which occludes the canonical peptide substrate pocket. The KxGQ domain is accessible in cis or in trans, but reactions with combinations of active (WT or A197G,K134H) and inactive (D365N) Coq8 ND41 showed that these Coq8p variants autophosphorylate exclusively in cis (Figures 3J and S3H). Similar results were observed for COQ8A ND250 (Figure S3I). Importantly, mutating Coq8 ND41 autophosphorylation sites did not inhibit respiratory yeast growth (Figure S3J), showing that the autophosphorylation observed in vitro is dispensable for function in vivo.

Screening potential protein substrates for COQ8A and Coq8p further demonstrated their lack of trans protein kinase activity. While protein kinase A (PKA) exhibited robust protein kinase activity in trans, neither WT nor A197G,K134H Coq8 ND41 catalyzed phosphorylation of myelin basic protein or mixtures of COQ proteins in trans (Figure 3K). Similar results were obtained for COQ8A ND250 , which also does not catalyze phosphorylation of general protein kinase substrates (Figures S3K andS3L). Collectively, these results demonstrate that the enzymatic activities of mammalian COQ8A and yeast Coq8p are highly similar and that neither catalyzes canonical protein kinase activity. These findings argue against the protein kinase hypothesis and demand a new model for the ''uPKL'' functionality of COQ8.

Coq8p Catalyzes ATPase Activity with Its KxGQ Motif

To begin testing potential uPKL functions, we examined Coq8 ND41 for ATPase activity, which can be considered as small-molecule ''water kinase'' activity. WT Coq8 ND41 has ATPase activity and an A197G mutation, which enhances MgATP binding in vitro, increased the ATPase activity (Figures 4A andS4A-S4C). In contrast, K134H and A197G,K134H mutations decreased ATPase activity to a level near that of a mutant that does not bind nucleotides, D365N. Thus, Coq8p ATPase activity is enhanced by the UbiB-specific KxGQ motif. The inhibition of ATPase activity seen with the K134H mutants is in stark contrast to their dramatically enhanced autophosphorylation activity. Importantly, the K134H mutation eliminates CoQ production in vivo (Stefely et al., 2015), suggesting that, contrary to autophosphorylation, the ATPase activity is likely related to the endogenous activity of Coq8p.

To test the impact of these differential Coq8p mutations on complex Q stability in vivo, we examined Dcoq8 yeast rescued with coq8 variants by MS proteomics (Figures 4B andS4D). Whereas WT Coq8p rescued the abundance of complex Q proteins in vivo, the K134H mutant did not. The essentially equal need for D365 (MgATP binding) and K134 (ATPase, uPKL activity) suggests that uPKL activity stabilizes complex Q. The observation that the A197G mutation enhanced ATPase activity in vitro but decreased function in vivo could suggest that Coq8p does not act as an ATPase in vivo, but this A-rich loop perturbation likely has multifactorial effects because this loop is known to affect substrate binding and protein structure in other PKLs [START_REF] Bossemeyer | The glycine-rich sequence of protein kinases: a multifunctional element[END_REF][START_REF] Hemmer | Role of the glycine triad in the ATP-binding site of cAMP-dependent protein kinase[END_REF]. Although the A-to-G mutation is useful for boosting MgATP binding in vitro, this alanine residue is highly conserved, and our results show that it does indeed support Coq8p function in vivo. More generally, these results do not necessarily demonstrate that COQ8 ATPase activity per se stabilizes complex Q in vivo, because water could mimic the hydroxyl group of another small-molecule substrate. The COQ8 ATPase activity could be more broadly indicative of small-molecule kinase activity or lipid kinase activity.

Coq8p Binds Lipid CoQ Intermediates

An interaction between COQ8A and lipids could be a feature of either lipid kinase activity or interactions with the membrane-associated complex Q. Sub-fractionation and Na 2 CO 3 treatment of mouse mitochondria showed that endogenous COQ8A is partially buried in the inner mitochondrial membrane with its C terminus facing the matrix (Figure 4C). Consistently, COQ8A ND250 and Coq8 ND41 bind to liposomes (Figure S4E). Thus, COQ8A interacts physically with lipid membranes.

To examine specific lipids that bind to Coq8p, we conducted LC-MS/MS analyses of lipids that co-purify with recombinant Coq8 ND41 expressed in E. coli, which possesses a CoQ biosynthesis pathway similar to that found in eukaryotes. The E. coli CoQ biosynthesis intermediates octaprenylhydroxybenzoate (OHB) and octaprenylphenol (OPP) co-purified with Coq8 ND41 , but not with PKA, and Coq8p active site mutations decreased binding of OHB and OPP (Figure S4F). An independent set of experiments showed enrichment of OHB and OPP in samples of isolated Coq8 ND41 compared with their abundance in the bacterial lysate from which they were purified (Figure 4D). Furthermore, binding of OHB, OPP, and heptaprenylphenol was decreased by Coq8p active site mutations D365N and K134H (Figures 4D and4E). Interestingly, Coq8p did not enrich for CoQ (detected in the oxidized form in this experiment), and Coq8p active site mutations did not perturb co-purification of CoQ, suggesting that Coq8p preferentially binds CoQ biosynthesis intermediates.

Nucleotide Binding Activates COQ8A and Opens Small-Molecule Pockets Our previous structure of apo COQ8A ND254 showed that its UbiB family specific KxGQ domain occludes the typical substrate binding pocket (Stefely et al., 2015), and no obvious hydrophobic binding pockets that could bind a lipid were present. However, nucleotide binding could open a COQ8A substrate binding pocket. To test this idea, we crystallized COQ8A ND254 R611K with adenosine 5 0 -(b,g-imido)triphosphate (AMPPNP) and solved an X-ray structure at a resolution of 2.3 A ˚(Figure 5A; Table 1). The R611K mutant was used because we were unable to obtain WT-nucleotide co-crystals.

Overall, the apo and nucleotide-bound COQ8A structures are largely similar (Figures 5A, 5B, andS5A). Even with a nucleotide bound, the KxGQ motif is positioned to occlude the typical peptide substrate binding site and preclude in trans protein phosphorylation. Nucleotide-bound COQ8A is also structurally related to Rio family enzymes (Figures S5A andS5B), PKLs that function as ATPases [START_REF] Ferreira-Cerca | ATPase-dependent role of the atypical kinase Rio2 on the evolving pre-40S ribosomal subunit[END_REF]. Detailed comparisons of apo and nucleotide-bound COQ8A show that most residues deviate by only 2-3 A ˚, but notably larger 7-12 A deviations of two loops in the KxGQ domain were observed: the GQa2-GQa3 loop and the GQa5-GQa6 loop (''Q switch 1'' and ''Q switch 2,'' respectively). The movement of these two COQ8A Q switches due to nucleotide binding opens two hydrophobic pockets in the KxGQ domain (KxGQ pockets 1 and 2, respectively), which are not present in the apo COQ8A structure (Figures 5A and S5D). KxGQ pocket 1 is near the putative phosphoryl acceptor substrate binding region, and it could potentially bind the kinase's substrate. In contrast, KxGQ pocket 2, which is partially formed by the ''x'' of the KxGQ motif, has the potential to bind an allosteric effector molecule that could communicate with the active site through the KxGQ motif.

KxGQ pocket 1 appears to be open sufficiently to accept a small-molecule kinase substrate, but other structural features also play important roles in kinase activation. Although COQ8A has intact ''spine''-like structures (Figure S5E), an important feature of PKL enzyme activation [START_REF] Kornev | Surface comparison of active and inactive protein kinases identifies a conserved activation mechanism[END_REF], the putative catalytic base D488 is locked in a salt bridge in the apo COQ8A structure (Figure S5F). To test the idea that nucleotide binding might allow D488 to move into an active conformation, we conducted 200 ns molecular dynamics (MD) simulations of apo, MgADP-bound, and MgATP-bound COQ8A. Kullback-Leibler divergence between simulations revealed clusters of residues with differential dynamics in the nucleotide pocket and the KxGQ domain (Figure S5G). In apo COQ8A, D488 remains locked inside the protein core (Figure S5H). However, in the nucleotide-bound form, because of slight repacking of the GQa2 and GQa3 helices, D488 displays large side chain flexibility. Surprisingly, in the MgATP simulation, D488 flips from inside the hydrophobic core into a catalytically competent, solvent-exposed posture (Figure 5D), as indicated in the c1 angle plot, which falls into two distinct ensembles (Figure S5H). This D488 flip is facilitated by hydrogen bonding with the KxGQ glutamine (Figure 5D). In addition, during our simulation, K276 can also form an ionic interaction with the g-phosphate of ATP (Figure 5D), suggesting that the KxGQ motif may participate directly in catalyzing phosphoryl transfer. Together, these results demonstrate that COQ8A can adopt a conformation poised to catalyze phosphoryl transfer, not only in spite of the KxGQ domain's position in the typical peptide substrate pocket but likely facilitated by this very position of the KxGQ motif. Collectively, these structural observations provide further evidence for the uPKL functionality of COQ8A.

DISCUSSION

Insight into CoQ Biosynthesis

Two overarching problems continue to confound studies of CoQ biosynthesis in human health and disease. First, primary CoQ deficiencies have an extraordinary range of tissue specificities and clinical severities for unknown reasons (Laredj et al., 2014). Variable expression of COQ8A and COQ8B likely influences this clinical heterogeneity. Second, CoQ biosynthesis has many biochemical knowledge gaps, including proteins of unknown molecular function. These CoQ-associated proteins could support the pathway directly and specifically or, alternatively, indirectly as part of a broader biological function. The biochemical function of COQ8A is particularly difficult to define because, as we demonstrated here, it has complex functionalities outside of the canonical protein kinase model (Figure 6A). Completely defining the biochemistry of CoQ biosynthesis could lead to new strategies for treating CoQ deficiency.

Our results provide biological and biochemical evidence that mammalian COQ8A and yeast Coq8p function similarly by directly and specifically supporting CoQ biosynthesis through maintenance of complex Q. These results, in combination with phylogenetic analyses, led us to rename ADCK3 and ADCK4 as COQ8A and COQ8B, respectively. This nomenclature provides more functionally descriptive names and properly designates them as co-orthologs of Coq8p.

A Mouse Model of Moderate CoQ Deficiency

Generating animal models for studying CoQ deficiency is difficult because Coq gene knockouts are often embryonic lethal (Licitra and Puccio, 2014). Here, in contrast, we demonstrated that lack of COQ8A in mice results in a mild phenotype with progressive cerebellar ataxia, mild exercise intolerance, and moderate CoQ deficiency (Figure 6B), recapitulating the more frequent features of ARCA2 [START_REF] Aure | Progression despite replacement of a myopathic form of coenzyme Q10 defect[END_REF]Barca et al., 2016;Gerards et al., 2010;Horvath et al., 2012;Lagier-Tourenne et al., 2008;Mignot et al., 2013;Mollet et al., 2008). Thus, this work establishes Coq8a À/À mice as a valid model system for studying ARCA2 and testing potential treatments.

The pathophysiologies of cerebellar ataxias are diverse [START_REF] Wolf | Progressive cerebellar atrophy: hereditary ataxias and disorders with spinocerebellar degeneration[END_REF]. Similar to other ataxia models [START_REF] Custer | Bergmann glia expression of polyglutamine-expanded ataxin-7 produces neurodegeneration by impairing glutamate transport[END_REF][START_REF] Maltecca | Haploinsufficiency of AFG3L2, the gene responsible for spinocerebellar ataxia type 28, causes mitochondria-mediated Purkinje cell dark degeneration[END_REF][START_REF] Stankewich | Targeted deletion of betaIII spectrin impairs synaptogenesis and generates ataxic and seizure phenotypes[END_REF], Coq8a À/À mice displayed dark degenerating PCs, while other cerebellar cells were spared. Our biochemical studies showed a deficit of complex Q proteins but normal cerebellar CoQ levels. PCs account for a small fraction (<0.1%) of cerebellar cells [START_REF] Lange | Cell number and cell density in the cerebellar cortex of man and some other mammals[END_REF], and a PC-specific CoQ deficiency could be masked by other cells. Unexpectedly, Coq8a À/À PCs displayed Golgi morphology defects, but normal mitochondria. Golgi pathology is a hallmark of neurodegenerative diseases including Parkinson's disease and amyotrophic lateral sclerosis [START_REF] Sundaramoorthy | Golgi fragmentation in amyotrophic lateral sclerosis, an overview of possible triggers and consequences[END_REF]. The Coq8a À/À Golgi defects could be secondary to mitochondrial CoQ deficiency or, alternatively, due to defective Golgi CoQ biosynthesis, which is biologically important (Mugoni et al., 2013). Golgi defects could in turn disrupt intracellular protein trafficking and thus PC electrophysiology. Our Coq8a À/À mice provide a model system to study CoQ production across different organelles, cells, and tissues.

Organism-wide, loss of COQ8A has complex, tissue-specific effects. Coq8a À/À skeletal muscle is significantly deficient in complex Q and in CoQ, and Coq8a À/À mice have low exercise fitness. However, CoQ and complex Q were also affected across Coq8a À/À tissues that do not have obvious biological phenotypes. Tissue-specific variability in COQ8A and COQ8B expression could contribute to these differential effects. Indeed, the two tissues most affected by loss of COQ8A, cerebellum and skeletal muscle, show low expression of COQ8B (Figures S1H, S1M, andS1N). In contrast, the kidney, which is relatively unaffected by loss of COQ8A (Figure S2D), shows high COQ8B expression (Figures S1M andS1N). More distantly related COQ8A/B homologs (ADCK1, ADCK2, and ADCK5) could also play a role. Cell-type-specific differences in CoQ transport and uptake [START_REF] Anderson | Dependence of brown adipose tissue function on CD36-mediated coenzyme Q uptake[END_REF] could further complicate the relationship between complex Q abundance and CoQ abundance. Our proteomics and phosphoproteomics results provide a resource for continued investigation of the tissue-specific effects of COQ8A deficiency.

Unorthodox Activity of UbiB Family Kinases

Initially, COQ8A was predicted to be a protein kinase with a non-essential regulatory role in CoQ biosynthesis. However, our results argue against the canonical protein kinase model and instead support a uPKL functionality for COQ8 (referring to both mammalian COQ8A/B and yeast Coq8p, which we propose to function through the same fundamental mechanisms). Thus, our work adds COQ8 to an expanding list of PKL superfamily members with non-canonical activities that are central to their biological functions [START_REF] Kung | Structural basis for the non-catalytic functions of protein kinases[END_REF].

The precise molecular mechanism by which COQ8 enhances complex Q activity to support CoQ biosynthesis is not yet fully resolved. However, our past (Stefely et al., 2015) and present work shows that COQ8's endogenous function requires adenine nucleotide binding, a conserved active site that catalyzes phosphoryl transfer, and the UbiB-specific KxGQ motif. Our results support at least two potential uPKL activities that incorporate these features (Figure 6A): (1) ATPase activity that enhances complex Q interactions or supports complex Q assembly and ( 2) small-molecule kinase activity that phosphorylates a complex Q component (e.g., a CoQ intermediate or cofactor), which would support both the stability and the activity of complex Q.

Rigorously defining which uPKL functional model operates in vivo will require extensive work, but our results establish biochemical uPKL activities of COQ8 that are more likely important for its endogenous function than its in vitro cis autophosphorylation activity. Mutating the lysine of the UbiB family-specific KxGQ motif provides a particularly informative perturbation, because it enhances cis autophosphorylation but inhibits other COQ8 activities, including support of in vivo respiratory metabolism, CoQ production, complex Q stability, ATPase activity (which could be indicative of small molecule kinase activity), and lipid CoQ intermediate binding.

The ability of Coq8p to bind CoQ intermediates provides an important addition to its known molecular functions. Interestingly, OPP is the intermediate that accumulates in DubiB E. coli [START_REF] Cox | Biosynthesis of ubiquinone in Escherichia coli K-12: location of genes affecting the metabolism of 3-octaprenyl-4-hydroxybenzoic acid and 2-octaprenylphenol[END_REF]Poon et al., 2000), which lack the prokaryotic coq8 homolog, and hexaprenylhydroxybenzoate (an OHB analog) is the intermediate that accumulates in Dcoq8 ). Alternatively, or in addition, an isoprenoid lipid could bind to KxGQ pocket 2 as an allosteric regulator of COQ8 activity. Together, our work supports a model wherein the uPKL functionality of COQ8, which involves interactions with both CoQ intermediates and the protein COQ5, enhances complex Q stability and activity to support CoQ biosynthesis and various in vivo functions (e.g., skeletal muscle function and PC function in the case of COQ8A) (Figure 6B). More broadly, our work on COQ8 provides a molecular foundation for studying the larger UbiB family, which has diverse functions in lipid metabolism [START_REF] Tan | Mcp1 and Mcp2, two novel proteins involved in mitochondrial lipid homeostasis[END_REF], cell migration [START_REF] Simpson | Identification of genes that regulate epithelial cell migration using an siRNA screening approach[END_REF], and tumor cell viability [START_REF] Brough | Functional viability profiles of breast cancer[END_REF][START_REF] Wiedemeyer | Pattern of retinoblastoma pathway inactivation dictates response to CDK4/6 inhibition in GBM[END_REF]. Because all UbiB family members have a KxGQ motif and a predicted KxGQ domain, which we have shown to play a central role in the uPKL functions of COQ8, we predict uPKL functionality to be conserved throughout this ancient protein family.

Collectively, this work establishes a robust mammalian model system for studying neurodegeneration, muscle disorders, potential treatments, and the complex effects of CoQ deficiency on health and disease. Our studies also show that the molecular basis for the inherited disease ARCA2 involves deficiency of complex Q and CoQ due to loss of uPKL activity, which is likely conserved in homologs across all three superkingdoms of life.

EXPERIMENTAL PROCEDURES

Further details for all procedures can be found in Supplemental Experimental Procedures.

Mice and Cell Culture Coq8a À/À (Adck3 À/À ) mice deleted for exons 9-14 were generated by homologous recombination. Motor coordination was assessed by accelerating rotating rod, footprint analysis, and beam-walking tests. Memory and learning capacity were assessed with Y-Maze, object recognition, and Morris water maze tests. Physical fitness was assessed by treadmill and grip tests. Sex-and age-matched mice were used in experiments in accordance with national ethical rules. Primary myoblasts were generated from hindlimb muscle of mice aged 7-9 days.

Microscopy and PC Electrophysiology

For immunohistochemistry (IHC) and transmission electron microscopy (TEM), mice were perfused with 4% paraformaldehyde. For IHC, tissues were either frozen or paraffin embedded. For TEM, tissues were fixed in 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, and embedded in Epon. For PC electrophysiology, mice were decapitated under isoflurane anesthesia, acute 330-mm-thick cerebellar slices were prepared, and extracellular recordings of individual PCs were performed using 15-30 MU pipettes.

CoQ Quantitation and Lipidomics

Lipids were extracted from tissue homogenates with organic solvents. For targeted CoQ measurements, lipids were separated by LC and quantified by electrochemical detection using CoQ 8 as an internal standard. For unbiased lipidomics, lipids were separated, identified, and quantified by LC-MS/MS performed on a C18 column coupled to a Q Exactive Focus mass spectrometer by a heated ESI source.

Proteomics and Phosphoproteomics

Proteins from lysates were digested into peptides, labeled with isobaric tags, and fractionated by strong cation exchange. Phosphopeptides were enriched by immobilized metal affinity chromatography (IMAC). LC-MS/MS was performed on a C18 column coupled to an Orbitrap Elite mass spectrometer by a nanoESI source.

In Vitro Kinase and ATPase Assays 8His-MBP-[TEV]-Coq8 ND41 was expressed in E. coli and purified using cobalt IMAC resin, tobacco etch virus (TEV) cleavage, and a second subtractive IMAC purification to remove 8His-MBP and isolate Coq8 ND41 . For kinase assays, unless otherwise indicated, Coq8 ND41 (4 mM), MBP-Coq8 ND41 (4 mM), or PKA (4 mM) was mixed with [g-32 P]ATP (0.25 mCi/mL, 100 mM [ATP] total ), MgCl 2 (20 mM), and substrate proteins and incubated (30 C, 60 min) (final concentrations). Reactions were quenched with 4 3 LDS buffer, [g-32 P]ATP was separated from Coq8 ND41 by SDS-PAGE, and the gel was stained, dried, and imaged. For ATPase assays, Coq8 ND41 (2 mM) was mixed with ATP (0-2 mM) and phosphate detection reagents and incubated (22 C).

Identification of Lipids Bound to Coq8p 8His-MBP-Coq8 ND41 was expressed in E. coli and isolated by cobalt IMAC. Lipids were extracted with CHCl 3 /MeOH (1:1, v/v) and analyzed by unbiased LC-MS/MS.

Protein Co-immunoprecipitation COQ8A-FLAG was expressed in HEK293 cells and immunoprecipitated with anti-FLAG M2 beads. Co-purifying proteins were digested into peptides with trypsin and analyzed by label-free quantitation LC-MS/MS.

Protein Crystallization

Crystals of selenomethionine-labeled COQ8A ND254 R611K were obtained by hanging drop vapor diffusion using 2 ml of 0.2 mM COQ8A, 2 mM AMPPNP, 4 mM MgCl 2 mixed with 2 ml of reservoir solution, 26% sodium acrylate 5100, 20 mM MgCl 2 , and 100 mM NaHEPES (pH 7.5). Crystals were cryopreserved by increasing the sodium acrylate 5100 concentration to 30%.

ACCESSION NUMBERS

The accession number for the coordinates and structure factors reported in this paper is PDB: 5I35. (F) Latency (left) and distance (right) to reach a hidden platform assessed by Morris water maze test in 5month-old mice (mean ± SEM, n = 12). (G) Representative electron microscopy images of WT and Coq8a -/-cerebella (30-week-old mice). G, Golgi apparatus; ER, endoplasmic reticulum; *dilated ER cisternae; scale bar, 1 µm. (H) Allen Brain Atlas (mouse brain; http://mouse.brain-map.org) [START_REF] Lein | Genome-wide atlas of gene expression in the adult mouse brain[END_REF] (N) mRNA expression data for COQ8A (ADCK3) and COQ8B (ADCK4) across human tissues as reported in the GTEx dataset (http://www.gtexportal.org) [START_REF] Consortium | Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: multitissue gene regulation in humans[END_REF]. RPKM, reads per kilobase per million mapped reads. (O) Mitochondrial content quantified as the ratio mitochondrial DNA/nuclear DNA by qRT-PCR of quadriceps muscle (18-month-old mice) (mean ± SEM, n = 7). (P) Mitochondrial respiration (left, maximum O 2 consumption, V max ; right, V max /V 0 ratio) of skeletal muscle fibers (10-month-old mice) (mean ± SD, n = 8). (Q) Fold changes in mouse metabolite abundances (log 2 (Coq8a -/-/WT), mean, n = 4) as quantified by GC-MS analysis. For all panels: *P<0.05, **P<0.01, ***P<0.001. (E) Yeast culture (Δcoq8 and WT) densities (mean ± SD, n = 3) and glucose concentrations (mean ± SD, n = 3) versus time. Samples were harvested for proteomics and phosphoproteomics analyses at the indicated time points (7 h, 9 h, and 13 h). (F) Left: Fold changes in CoQ biosynthesis protein abundances in WT or Δcoq8 yeast (log 2 (abundance at indicated time point/abundance at 7 h time point), mean, n = 3) versus time as determined by LC-MS/MS. Right: Fold changes in CoQ biosynthesis protein abundances (log 2 (Δcoq8/WT), mean, n = 3) at each of the 3 sample time points shown in (E). (G) Table of yeast andmammalian (G) Kullback-Leibler divergence scores for molecular dynamics (MD) simulations of apo COQ8A compared to MgATP-bound COQ8A (left) or MgADP-bound COQ8A (right). Regions colored red showed highly differential dynamics. (H) Side chain χ1 and χ2 angle plots of D488 during the MD simulations.

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Coq8a -/-Mice Generation of Coq8a -/-Mice. Mice carrying a conditional allele for Coq8a L2+/L2+ were established at the MCI/ICS (Mouse Clinical Institute -Institut Clinique de la Souris-Phenomin, Illkirch, France). The conditional allele was generated by inserting two loxP sites into introns 9 and 15 of the Coq8a (Adck3) locus (see Figure S1A). The targeting vector was constructed as follows. A 1.9 kb fragment encompassing exons 9, 10, 11, 12, 13 and 14 was amplified by PCR (from 129S2/SvPas ES cells genomic DNA) subcloned in an MCI proprietary vector. This MCI vector contains a LoxP site as well as a floxed and flipped Neomycin resistance cassette. A 4.5 kb fragment (corresponding to the 5' homology arm and 3.5 kb fragment corresponding to the 3' homology arms were amplified by PCR and subcloned in step 1 plasmid to generate the final targeting construct.

The linearized construct was electroporated in 129S2/SvPas mouse embryonic stem (ES) cells. After selection, targeted clones were identified by PCR using external primers and further confirmed by Southern blot with 5' and 3' external probes.

Two positive ES clones were injected into C57BL/6J blastocysts, and male chimaeras derived gave germline transmission. After expression of Cre recombinase under the CMV promoter, a deletion of exons 9-14 was obtained that constitutes the constitutive knockout Coq8a -/-(Adck3 -/-) allele. Mice were analyzed in a mixed background (Bl/6J 53.13%, Bl/6N 34.37%, 129svPas 12.5%). Because we did not find any significant difference between WT and Coq8a +/-heterozygotes, we considered heterozygotes as controls for some behavioral and histological experiments.

Genotyping. To genotype mice, DNA (mouse tail) was examined by PCR with the following primers: Wild type (WT) allele: 5'-CTTTCAGTTTTTAGTACTGGCTGCG-3', 5'-GCTCATTAGTGTCCCAGCCATATCC-3'; Coq8a -/-(KO) allele: 5'-CTTTCAGTTTTTAGTACTGGCTGCG-3', 5'-AGAGCACTGGAGGGACAAGGGGC-3'. General Handling. Mice were maintained in a temperature and humidity controlled animal facility, with a 12 hours light/dark cycle and free access to water and a standard rodent chow (D03, SAFE, Villemoisson-sur-Orge, France). All animal procedures and experiments were approved by the local ethical committee for Animal Care and Use (Com'Eth n° 2012-154) and were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).

Blood Analysis. Blood was collected by retro orbital puncture under isoflurane anesthesia after 4 hr fasting at the age of 25 weeks. Blood chemistry was examined using an OLYMPUS AU-400 automated laboratory work station (Olympus France SA, Rungis, France) using commercial reagents (Olympus Diagnostica GmbH, Lismeehan, Ireland).

Mammalian Cell Culture

Primary Myoblasts. Hind limb muscle from 7-9-day-old mice was collected, minced and digested with a mixture of collagenase and dispase (Invitrogen). The digestions were stopped with growth medium containing Iscove's Modified Dulbecco's Medium (IMDM, Gibco), centrifuged (600 g, 5 min), filtered, and centrifuged again (1300 g, 5 min). The cell pellet was suspended in IMDM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 0.1% gentamycin, and plated into 6-well dishes. Myoblasts were separated from fibroblast contaminants by differential plating for 3-4 hours in an incubator. The cells were subsequently centrifuged (1,500 g, 10 min) and plated on matrigel-coated dishes in IMDM supplemented with 20% FBS, 2 mM L-Gln, 1% Chicken Embryo Extract (Seralab), and 0.1% gentamycin. The cells were maintained in an incubator (37 °C, 5% CO 2 ) and the medium was changed every 2 days.

COS Cells. COS cells were maintained in DMEM supplemented with 5% FBS in a humidified incubator (37 °C, 5% CO 2 ). Transfections were conducted as described below in the protein interaction method section.

HEK293 Cells. HEK293 cells were maintained in high glucose (25 mM) Dulbecco's modified Eagle's medium (LifeTech) supplemented with 10% (v/v) FBS (LifeTech) and penicillin-streptomycin (1×) (LifeTech) (HGDMEM+FBS+P/S) in a humidified incubator (37 °C, 5% CO 2 ). Cells were sub-cultured by trypsinization (0.05% Trypsin-EDTA, LifeTech). Transfections were conducted as described below in the protein interaction method section.

Yeast Cultures

Yeast cultures for lipidomics and diauxic shift proteomics and phosphoproteomics. Saccharomyces cerevisae WT strain DS10 was obtained from the laboratory of Elizabeth A. Craig ("WT JH27a DS10", his3-11,15 leu2-3,112 lys1 lys2 Δtrp1 ura3-52). Δcoq8 DS10 yeast were created by replacing the coq8 gene with a ura3 selectable marker using standard methods for PCR amplification and homologous recombination [START_REF] Baudin | A simple and efficient method for direct gene deletion in Saccharomyces cerevisiae[END_REF]. The insertion of the ura3 marker at the coq8 locus was confirmed by a PCR assay and DNA sequencing. Single colonies of yeast were used to inoculate starter cultures in YPD media (4 mL), which were incubated (30 °C, 230 rpm, 12 h). Synthetic complete media (500 mL) with glucose (10 g/L) was inoculated with 5x10 6 yeast cells from a starter culture and incubated (30 °C, 230 rpm). Yeast cell pellets were isolated at three time points during the culture (as shown in Figure S2E) by centrifugation (1,000 g, 3 min, 4 °C) and frozen in N 2(l) . Cell culture density was determined by measuring the optical density at 600 nm (OD 600 ) and converting this value to [cells], as described previously [START_REF] Hebert | Amine-reactive neutron-encoded labels for highly plexed proteomic quantitation[END_REF]. Media glucose concentration was determined with a Glucose (HK) Assay Kit (Sigma), as described previously [START_REF] Hebert | Amine-reactive neutron-encoded labels for highly plexed proteomic quantitation[END_REF].

Yeast cultures for drop assays. S. cerevisiae (W303) Δcoq8 yeast were transformed as previously described [START_REF] Gietz | Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method[END_REF] with p426 GPD plasmids encoding Coq8p variants and grown on uracil drop-out (Ura -) synthetic media plates containing glucose (20 g/L). Individual colonies of yeast were used to inoculate Ura -media (20 g/L glucose) starter cultures, which were incubated (30 °C, ~18 h, 230 rpm). Serial dilutions of yeast (10 4 , 10 3 , 10 2 , or 10 yeast cells) were dropped onto Ura -agar media plates containing either glucose (20 g/L) or glycerol (30 g/L) and incubated (30 °C, 2 d).

Yeast cultures for LFQ proteomics of coq8 point mutant strains. S. cerevisiae (BY4742) Δcoq8 yeast were transformed with p426 GPD plasmids encoding Coq8p variants and grown on Ura -synthetic media plates (20 g/L glucose). Individual colonies of yeast were used to inoculate Ura -media (20 g/L glucose) starter cultures, which were incubated (30 °C, ~12 h, 230 rpm). 100 mL cultures (Ura -media with 30 g/L glycerol and 1 g/L glucose) were inoculated with 2.5 million yeast and incubated (30 °C, 230 rpm, 25 h). 1x10 8 yeast cells were harvested by centrifugation (3,000 g, 3 min, 4 °C), the supernatant was removed, and cell pellets were flash frozen in N 2(l) .

DNA Constructs and Cloning

General Cloning Methods. Standard PIPE cloning methods [START_REF] Klock | Combining the polymerase incomplete primer extension method for cloning and mutagenesis with microscreening to accelerate structural genomics efforts[END_REF] were used where indicated. PIPE reactions were DpnI digested and transformed into DH5α competent E. coli cells. Plasmids were isolated from transformants and DNA sequencing was used to identify those containing the correct constructs. pVP68K, a plasmid for expression of recombinant proteins in bacteria [8His-cytoplasmically-targeted maltose-binding protein (MBP) with a linker including a tobacco etch virus (TEV) protease recognition site fused to the protein construct (8His-MBP-[TEV]-Protein)], has been described previously [START_REF] Blommel | Flexi vector cloning[END_REF]. Oligonucleotides were purchased from IDT (Coralville, IA, USA).

Human COQ8A NΔ250 -FLAG-3xHA (ADCK3 NΔ250 -FLAG-3xHA). Cloning of COQ8A NΔ250 (ADCK3 NΔ250 ) into pVP68K has been described previously (Stefely et al., 2015). Here, to generate COQ8A NΔ250 -Flag-3xHA with PIPE cloning, separate COQ8A NΔ250 and FLAG-3xHA amplicons were generated and combined prior to transformation. The 3xHA was amplified from plasmid pJR13019 [START_REF] Chen | Identification of a protein mediating respiratory supercomplex stability[END_REF], obtained from the laboratory of Jared Rutter. Point mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Murine PKA. pET15b PKA Cat [START_REF] Narayana | Crystal structure of a polyhistidine-tagged recombinant catalytic subunit of cAMP-dependent protein kinase complexed with the peptide inhibitor PKI(5-24) and adenosine[END_REF] was obtained as a gift from Susan Taylor (Addgene plasmid #14921), and PKA was PIPE cloned into pVP68K. Point mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Yeast Coq8 NΔ41 . S. cerevisiae coq8 was PIPE cloned into pVP68K and the N-terminal 41 amino acid residues were removed by standard PIPE cloning methods. Point mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Yeast Coq8. Cloning of S. cerevisiae coq8 into the yeast expression vector p426 GPD has been described previously (Stefely et al., 2015). Point mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Human COQ8A-FLAG (ADCK3-FLAG). Cloning of human COQ8A-FLAG (ADCK3-FLAG) (C-terminal FLAG tag) into pcDNA3.1 has been described (Stefely et al., 2015). Point mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Murine Coq8a-FLAG (Adck3-FLAG), Coq3-HA, Coq5-HA, and Coq9-HA. The complete coding sequence of murine Coq8a (Adck3) was cloned into the pcDNA 3.1/Zeo (Invitrogen) expression vector with a C-terminal FLAG tag. Similarly, full-length murine Coq3, Coq5, and Coq9 were cloned into the pcDNA 3.1/Zeo vector with a C-terminal HA tag.

Antibodies and Western Blots (Immunoblots)

Anti-Coq8a Antibody. An anti-Coq8a antibody (targeting the murine COQ8A protein) was generated in-house (IGBMC) against the following peptide: KQMTKTLNSDLGPHWRDKC. The peptide was conjugated to Keyhole limpet hemocyanin (KLH) using Imject Maleimide Activated mcKLH kit (Thermo Scientific, Rockford, USA) according to the manufacturer's recommendations and then injected with complete Freund's adjuvant into white New Zealand rabbits according to standard procedure. The antibody was purified from serum by affinity chromatography using the SulfoLink Coupling Resin (Thermo Scientific) and PolyPrep Chromatography Columns (Biorad). The antibody was eluted in acidic elution buffer (0.1 M glycine pH 2.8) followed by dialysis of the antibody-containing fractions overnight against PBS (1 L filtered PBS). The reactivity of the antibody with COQ8A in a panel of different cell and tissue lysates was then evaluated by Western blot.

Western blots. Western blots (immunoblots) were performed according to standard protocol, including separation of proteins by SDS Tris-Glycine PAGE. Antibodies were diluted as follows: anti-GAPDH (1/40000, Millipore), anti-COQ7 (1/1000, Abcam), anti-COQ5 (Proteintech 17453-1-AP, 1/1000), anti-Prohibitin (1/1000, Neo Markers), anti-TOM20 (1/250, Santa Cruz Biotechnology), anti-CYC1 (Proteintech), anti-NFU1 (1/5000, a gift from Tracey Rouault, National Institutes of Health), anti-FLAG 1/1000, and anti-HA 1/1000. HRP-coupled secondary antibodies (Horseradish Peroxidase, Jackson Immuno Research) were diluted at 1/5000.

Behavioral Measurements

Accelerating Rotarod. Coordination, balance, and motor skill acquisition were tested using an accelerating rotating rod (Panlab, Barcelona, Spain) test as described previously [START_REF] Clark | Purkinje cell expression of a mutant allele of SCA1 in transgenic mice leads to disparate effects on motor behaviors, followed by a progressive cerebellar dysfunction and histological alterations[END_REF]. Briefly, mice were placed on the rod in 4 trials every day for a period of 4 days (10 WT and 10 Coq8a -/-mutants). The rod accelerated from 4 rpm to 40 rpm in 5 min and remained at maximum speed for the next 5 min. Animals were scored for their latency to fall for each trial and rested a minimum of 10 min between trials to avoid fatigue. Results were analyzed by a repeatedmeasure ANOVA test considering three factors: days (fixed); genotype (fixed); animals (variable), nested in genotype and crossed with days.

Footprint Analysis (Linear Movement). The test was performed as previously described [START_REF] Simon | Friedreich ataxia mouse models with progressive cerebellar and sensory ataxia reveal autophagic neurodegeneration in dorsal root ganglia[END_REF]. Briefly, after coating of the hind feet with nontoxic ink, mice were allowed to walk through a tunnel (50×9×6 cm) with paper lining the floor. Five parameters were quantified: step length, the average distance of forward movement between alternate steps; σ, describing the regularity of step length; gait width, the average lateral distance between opposite left and right steps; alternation coefficient, describing the uniformity of step alternation; linearity, average change in angle between consecutive right-right steps. A high linearity score is indicative of nonlinear movement.

Beam-Walking (Hindlimb Coordination). Mice were trained to walk along a beam (2 cm wide × 90 cm long) suspended 30 cm above bedding. Three trials were performed for each mouse, and the number of hindfoot missteps was counted while the mouse walked along the length of the beam. The time required to cross the beam from start to end (latency) was also evaluated. Mice were trained to walk the length of the beam 1 day before testing PTZ-Induced Seizures. Pentylenetetrazole (PTZ) was dissolved in saline (0.9% NaCl) and intraperitoneal (IP) injected at a dose of 30 mg/kg. Immediately after injection, the mouse was placed into a new cage and observed for at least 20 min. The seizure profile (myoclonic, clonic, tonic) and the latency to clonico-tonic seizure were recorded.

Y-Maze Spontaneous Alternation. A Y-maze made of Plexiglas with 3 identical arms (40×9×16 cm) placed 120° from each other was used for this test. Each arm had walls with distinct motifs allowing it to be distinguished from the others. Each mouse was placed at the end of one of the three arms, and allowed to explore freely the apparatus for 5 min, with the experimenter out of the animal's sight. Alternations were operationally defined as successive entries into each of the three arms as overlapping triplet sets (i.e., ABC, BCA...). The percentage of spontaneous alternation was calculated as index of working memory performance. Total arm entries and the latency to exit the starting arm were also scored as indexes of ambulatory activity and emotionality in the Y-maze, respectively.

Object recognition task: The object recognition task was performed in automated open fields (45×45×18 cm). The open fields were placed in a room homogeneously illuminated at 70 Lux at the level of each open field. The objects to be discriminated were a glass marble (2.5 cm diameter) and a plastic dice (2 cm). Animals were first habituated to the open field for 30 min. The next day, they were submitted to a 10 min acquisition trial during which they were placed in the open field in presence of an object A (marble or dice). The time the animal took to explore the object A (when the animal's snout was directed towards the object at a distance ≤ 1 cm) was manually recorded. A 10 min retention trial was performed 3 h later. During this trial, the object A and another object B were placed in the open field, and the times tA and tB the animal took to explore the two objects were recorded. The recognition index (RI) is defined as (tB / (tA + tB))×100.

Morris Water Maze. The water maze consisted of a white circular tank (1.5 m diameter) filled with opaque water. Pool temperature was adjusted to 21±1 °C. For the hidden platform task, the escape platform (10 cm diameter) was positioned 1 cm below water level in the center of one of the pool quadrants. For the cued task, platform position was signaled by the addition of a small flag. The walls surrounding the water maze were hung with posters and flags, which served as visual cues and are visible during all stages of training and testing. Movement of the mice within the pool was tracked and analyzed with a computerized tracking system (ViewPoint, France). Animals were first trained in the hidden platform protocol (spatial learning). Mice were required to locate a submerged hidden platform by using only extra-maze cues. Each mouse received 5 blocks of training trials over five consecutive days in which they were placed in the pool at one of four randomized start positions, and allowed to locate the hidden platform. Trials lasted for a maximum of 120 s and were separated by 15-20 min intervals. If a mouse failed to find the platform within this period, it is guided to its position by the experimenter. Spatial learning performance was assessed during a probe trial 1 h after training, and for which the target platform was removed from the pool. Mice were then tested for cued training (visible platform), in which they were placed in the pool facing the edge at one of four start positions (NE, SE, SW, NW), and required to locate a flagged platform whose position varies across trials. Each mouse received 4 trials per day for 2 consecutive days. Trials lasted for a maximum of 120 s and were separated by 15-20 min intervals. If a mouse failed to find the platform within this period, it is guided to its position by the experimenter. The latency, distance and the average speed were used to evaluate performance during training trial. For the probe trial, the percentage of time in each quadrant and the number of platform crosses were used as index of spatial learning performance.

Treadmill. Mice were run on a treadmill with a 10° slope. Two protocols were applied: (i) for the V max test, the starting speed of 40 cm/sec was increased 3 cm/sec every 90 seconds up to exhaustion. (ii) For the endurance test, mice were run until exhaustion at 80% of their respective V max . Exhaustion of the mice was verified by blood lactate measurement.

Grip Test. Mice placed on the grid of a dynamometer (BioSeb, Chaville, France) were pulled by their tails in the opposite direction. The maximal strength exerted by the mouse before losing grip was recorded. The mean of 3 measurements allowing 30 sec of recovery time was calculated.

Microscopy

Immunohistochemistry. Animals were intracardiac perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), pH 7.3, and the various tissues were dissected, fixed for several days, and embedded in paraffin. Sequential slides (7 µm) of the paraffin blocks were stained with hematoxylin and eosin (H&E), or calbindin (1:1000; rabbit anti-calbindin d-28K; Swant, Bellinzona, Switzerland) to label the cytoplasm of Purkinje cells. For calbindin staining, sections were visualized using the Vectastain ABC Kit (Vector Laboratories, Burlingame, CA) as described in the manufacturer's protocol. Quantification of Purkinje cells was performed in a blinded manner. Images of the Purkinje cell layers were taken with a 20× objective. 3 mice per genotype and 10 images per mouse were included in the analysis.

Electron Microscopy. Animals were intracardiac perfused with 4% PFA. Tissues were fixed in 2.5% glutaraldehyde in PBS. After overnight fixation, the tissues was dissected from the column and fixed for 1 additional day. Tissues were rinsed in PBS, postfixed in 1% osmium tetroxide-PBS (2 hr, 4 °C), dehydrated, and embedded in Epon. Regions of interest were localized on 2 µm sections and stained with toluidine blue. Ultrathin sections from selected areas were stained with uranyl acetate and lead citrate and examined with a Philips 208 electron microscope, operating at 80 kV.

TUNEL Assay. Apoptosis was assessed by the in situ DNA end-labeling [terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)] method, following the manufacturer's directions (Apoptag, Intergen Co., Purchase, NY). Purkinje cells were blindly counted on H&E sections. 9-11 images were taken per cerebellum and 3 mice per genotype were considered in the analysis.

PCR Assays

Purkinje Cell Markers and Coq8 Expression. Total RNA was extracted from frozen tissues with the Precellys24 homogeniser (Bertin Technologies) and using TRI Reagent (MRC) according to the manufacturer's protocol. cDNA was generated by reverse transcription using the Transcriptor First strand cDNA synthesis kit (Roche). Quantitative RT-PCR was performed using the SYBR Green I Master (Roche) and light Cycler 480 (Roche) with the primers described below. Gapdh or Hprt was used as internal standard for the quantification.

Pcp2: ACAGTTAATTCCCTGCCTGG and CTCAAGGAGCTTGTGTCTGG Calb1: GATTGGAGCTATCACCGGAA and TTCCTCGCAGGACTTCAGTT Gapdh: TTGTGATGGGTGTGAACCAC and TTCAGCTCTGGGATGACCTT Hprt: GTAATGATCAGTCAACGGGGGAC and CCAGCAAGCTTGCAACCTTAACCA Coq8a: TCATATCAGGCTTCCCCTTG and TTCTCTAGTTGCGCCGAAGT Coq8b : ATGGTCCGTGAACTCTGTCC and TGCTTTCAGCTCCTGAGGTT Quantification of mtDNA copy number. Mitochondrial DNA (mtDNA) copy number was determined as a marker for mitochondrial density using quantitative real time PCR. Total DNA was extracted from frozen tissues that were lysed overnight at 55 °C in NaCl 200 mM, Tris 50 mM pH 8, EDTA 5 mM, SDS 1% in the presence of 100 µg/mL proteinase K. The next day, RNAse treatment (3 mg/mL) was performed at 37 °C for 30 min, before extraction of total DNA using standard phenol/chloroform treatment followed by DNA precipitation. Quantitative PCR was performed using the Light Cycler 480 II (Roche, France) and the Light cycler 480 SYBR Green I Master (Roche, France). 100 ng of total DNA was used for amplification of genomic DNA, while 1 ng of total DNA was used for amplification of mtDNA. The ND1 gene for NADH dehydrogenase subunit 1 was used for quantification of mtDNA. The nuclear gene for lipoprotein lipase (LPL) was used to normalize results. The ratio of ND1 to LPL copy number reflected the tissue concentration of mitochondria per cell.

Nd1 : CCCAGCTACTACCATCATTCAAGT and GATGGTTTGGGAGATTGGTTGATGT Lpl : CACAGTGGCCGAGAGCGAGAA and GCTGAGTCCTTTCCCTTCTGCA

Purkinje Cell Electrophysiology

Slice preparation and recordings. Slices were prepared as previously described [START_REF] Chaumont | Clusters of cerebellar Purkinje cells control their afferent climbing fiber discharge[END_REF]. Briefly, male Coq8a -/-mice and WT littermates (3-month-old and 8-month-old) were decapitated under isoflurane anesthesia. Analyses. Spike detection was performed using OpenElectrophy [START_REF] Garcia | OpenElectrophy: An Electrophysiological Data-and Analysis-Sharing Framework[END_REF]) and custom based routines written in Python (Antoine Valera). Discharge regularity was assessed by the CV2 of interspikeintervals (ISI): CV2=2|ISI n+1 -ISI n |/(ISI n+1 +ISI n ) [START_REF] Holt | Comparison of discharge variability in vitro and in vivo in cat visual cortex neurons[END_REF]. Student's t-test and the Mann-Whitney U test were used for statistics.

Mitochondria Respiration Analysis

Mice were anesthetized with 300 µL of intraperitoneal injection (10 % pentobarbital solution in 10 mM NaCl). Muscles were collected and placed in S solution (see below). Fibers were separated under a binocular microscope in solution S at 4 °C and permeabilized for 30 min in solution S supplemented with 50 µg/mL of saponin. Isolated fibers were subsequently placed for 10 min in solution R (see below) to wash out adenine nucleotides and creatine phosphate. They were then transferred to a 3 mL water-jacketed oxygraphic cell (Strathkelvin Instruments, Glasgow, UK) equipped with a Clark electrode, as previously described (Jeukendrup et al., 1997). Solutions R and S contained 2.77 mM CaK 2 EGTA, 7.23 mM K 2 EGTA, 6.56 mM MgCl 2 , 20 mM taurine, 0.5 mM DTT, 50 mM potassium-methane sulfonate (160 mM ionic strength) and 20 mM imidazole (pH 7.1). Solution S also contained 5.7 mM Na 2 ATP, 15 mM creatine-phosphate, while solution R also contained 5 mM glutamate, 2 mM malate, 3 mM phosphate, and 2 mg/mL fatty acid free bovine serum. V INIT was measured in the absence of fibers and substrates at 22 °C under continuous stirring. V 0 corresponds to the rate of O 2 consumption after addition of muscle fibers and glutamate-malate as substrate, to which V INIT is subtracted. V MAX (maximal respiration) corresponds to the rate of O 2 consumption after addition of 2 mM of ADP as a phosphate acceptor, to which V INIT is subtracted. The acceptor control ratio, ACR, is defined as the ratio between V MAX and V 0 . After measurement, fibers were dried, and respiration rates were expressed as micromoles of O 2 per minute per mg of dry weight.

Metabolomics Analysis of Mouse Quadriceps Muscle by GC-MS

Metabolite extraction. Mouse quadriceps were rapidly isolated from 31-week-old female mice (4 WT and 4 KO) and frozen in N 2(l) . Samples of frozen mouse quadriceps (~30 mg of tissue) were homogenized under liquid nitrogen using a mortar and pestle, and the resultant powder of frozen tissue was transferred to a tube with ACN/IPA/H 2 O (2:2:1, v/v/v, 1.5 mL, pre-cooled to -20 °C and kept on dry ice). After briefly mixing, the tube was flash frozen in N 2(l) . Once all of the samples were brought to this point, they were thawed in parallel to 4 °C (still ice cold). The samples were mixed by vortexing (4 °C, 1 min) to complete the extraction. The samples were centrifuged (5,000 g, 5 min, 4 °C) to pellet insoluble material. The supernatant was transferred to a new tube (pre-cooled to 4 °C), flash-frozen in N 2(l) , and store at -80 °C.

Tissue extract sample preparation for GC-MS. Tissue extracts were thawed at room temperature for 1 hour, 150 µL of each were aliquoted into glass autosampler vials along with 10 µL of 1 ppm isotopically labeled alanine-2,3,3,3-d 4 and adipic acid-d 10 . Samples were then dried to completion using a vacuum concentrator (1 hour). Once dry, the samples were re-suspended in 50 µL of a 1:1 mixture of pyridine and N-methyl-Ntrimethylsilyl]trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS). The mixture was vortexed for 10 seconds, and then heated to 60 °C for 30 minutes.

Mass spectrometric analysis. Samples were analyzed using a GC/MS instrument comprising a Trace 1310 GC coupled to a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). A temperature gradient ranging from 100 °C to 320 °C was employed spanning a total runtime of 25 minutes. Analytes were injected onto a 30 m TraceGOLD TG-5SILMS column (Thermo Fisher Scientific) at 1 µL volume, using a 1:10 split ratio, at an injector temperature of 275 °C, and the GC effluent subjected to electron ionization (EI). The mass spectrometer was operated in full scan mode using a resolution of 30,000 (m/Δm) relative to 200 m/z.

Mass spectral data analysis. The resulting GC-MS data were processed using an in-house developed software suite (https://github.com/coongroup). Briefly, all m/z peaks are aggregated into distinct chromatographic profiles (i.e., feature) using a 10 ppm mass tolerance. These chromatographic profiles are then grouped according to common elution apex (i.e., feature group). The collection of features (i.e., m/z peaks) sharing a common elution apex, therefore, represent an individual EI-MS spectrum of a single eluting compound. The EI-MS spectra were then compared against a matrix run and a background subtraction was performed. Remaining EI-MS spectra are then searched against the NIST 12 MS/EI library and subsequently subjected to a high resolution filtering (HRF) technique as described elsewhere. EI-MS spectra that were not identified were assigned a numeric identifier. Feature intensity, which was normalized using internal standards and total metabolite signal, was used to estimate metabolite abundance.

Targeted HPLC-EC Quantification of CoQ 9 and CoQ 10 Homogenates (5%, w/v) of various organs from 5-and 32-week-old Coq8a -/-and WT mice were prepared on ice with an Ultra-Turrax in Tris-HCl 50 mM (pH 7.5) containing 50 mM KCl, 10% glycerol, 1 mM EDTA and 0.2% Triton-X 100. Aliquots were adjusted to 0.5 mL with 0.15 M KCl and extracted with 4.5 mL methanol (MeOH) and 3 mL hexane with vigorous shaking after each addition. Following phase separation, the upper hexane phase was collected and evaporated under Ar (g) . The lipid residue was dissolved in ethanol (EtOH) and loaded on an Ultimate 3000 HPLC system (Dionex) at a flow rate of 1 mL/min. Separation was achieved on a Thermo Betabasic-18 column (4.6×150 mm, 5 µm particle size) after oxidization of the sample with an ESA 5020 guard cell (E; +700 mV). The linear gradient started at 25% isopropanol (IPA), 20% MeOH, 55% acetonitrile (ACN) and 10% solvent D (200 mM LiClO 4 in IPA:H 2 O (85:15, v/v) and ended 20 min later at 30% IPA and 15% MeOH with ACN and solvent D unchanged. Detection was performed with a diode array detector and a Coulochem III detector with an ESA 5011A analytical cell (E1; -700mV E2; +700 mV). CoQ 8 was used as internal standard and calibrated at 275 nm in EtOH. Protein was measured with a BCA kit (Sigma).

Mass Spectrometry-Based Lipidomics

Mouse Tissue Homogenization. Mouse cerebellum and quadriceps tissues (4 biological replicates of Coq8a -/-mice and 4 biological replicates of WT mice, 8-month-old) were homogenized in Lipidomics Homogenization Buffer [phosphate (11.8 mM), NaCl (137 mM), KCl (2.7 mM), pH 7.2, phosphatase inhibitors (PhosSTOP, Roche), protease inhibitors (cOmplete, Mini, Roche)] at 4 °C (in a cold room) as quickly as possible (< 5 min).

Cerebellum Lipid Extractions. Mouse cerebellum homogenate (0.65 mg protein, 280 µL) was spiked with an internal standard (CoQ 6 , 20 µL, 10 µM) and mixed by vortexing (30 s). CHCl 3 /MeOH (1:1, v/v) (900 µL) was added and vortexed (2 × 30 s). HCl (1 M, 100 µL, 4 °C) was added and vortexed (2 × 30 s). The samples were centrifuged (3,000 g, 3 min, 4 °C) to complete phase separation. 500 µL of the lower organic phase was transferred to a clean tube and dried under Ar (g) . The organic residue was reconstituted in ACN/IPA/H 2 O (65:30:5, v/v/v) (100 µL) by vortexing (2 × 30 s).

Quadriceps Lipid Extractions. Mouse quadriceps homogenate (1 mg protein, 250 µL) was spiked with an internal standard (CoQ 6 , 20 µL, 10 µM) and mixed by vortexing (30 s). CHCl 3 /MeOH (1:1, v/v) (900 µL) was added and vortexed (2 × 30 s). HCl (1 M, 100 µL, 4 °C) was added and vortexed (2 × 30 s). The samples were centrifuged (3,000 g, 3 min, 4 °C) to complete phase separation. 500 µL of the lower organic phase was transferred to a clean tube and dried under Ar (g) . The organic residue was reconstituted in ACN/IPA/H 2 O (65:30:5, v/v/v) (100 µL) by vortexing (2 × 30 s).

Serum Lipid Extractions. Mouse serum (90 µL) was spiked with an internal standard (CoQ 6 , 20 µL, 10 µM) and mixed by vortexing (30 s). CHCl 3 /MeOH (1:1, v/v) (900 µL) was added and vortexed (2 × 30 s). HCl (1 M, 100 µL, 4 °C) was added and vortexed (2 × 30 s). The samples were centrifuged (3,000 g, 3 min, 4 °C) to complete phase separation. 700 µL of the lower organic phase was transferred to a clean tube and dried under Ar (g) . The organic residue was reconstituted in ACN/IPA/H 2 O (65:30:5, v/v/v) (100 µL) by vortexing (2 × 30 s).

LC-MS/MS. LC-MS/MS analysis was performed on an Acquity CSH C18 column held at 50 °C (2.1 × 100 mm × 1.7 µm particle size; Waters) using an Ultimate 3000 RSLC Binary Pump (400 µL/min; Thermo Scientific). Mobile phase A consisted of 10 mM ammonium acetate in ACN/H 2 O (70:30, v/v) containing 250 µL/L acetic acid. Mobile phase B consisted of 10 mM ammonium acetate in IPA/ACN (90:10, v/v) with the same additives. Initially, mobile phase B was held at 2% for 2 min and then increased to 30% over 3 min. Mobile phase B was then further increased to 85% over 14 min and then raised to 99% over 1 min and held for 7 min. The column was then reequilibrated for 5 min before the next injection. Ten microliters of lipid extract were injected by an Ultimate 3000 RSLC autosampler (Thermo Scientific). The LC system was coupled to a Q Exactive Focus mass spectrometer by a HESI II heated ESI source (Thermo). The MS was operated in polarity switching mode acquiring positive and negative mode MS 1 and MS 2 spectra (Top2) during the same separation. MS acquisition parameters were 17,500 resolving power, 1×10 6 automatic gain control (AGC) target for MS 1 and 1×10 5 AGC target for MS 2 scans, 25 units of sheath gas and 10 units of auxiliary gas, 300 °C HESI II and inlet capillary temperature, 100 ms MS1 and 50 ms MS2 ion accumulation time, 200-1,600 Th MS1 scan range, 1 Th isolation width for fragmentation, stepped HCD collision energy (20, 30, 40 units), 1.0% under fill ratio, and 10 s dynamic exclusion.

Data Analysis. Individual lipid species were identified by searching the discovery LC-MS/MS data against the LipidBlast in-silico lipid spectral library [START_REF] Kind | LipidBlast in silico tandem mass spectrometry database for lipid identification[END_REF] with a precursor and product ion tolerance of 0.1 Th. Spectral matches with dot products below 500 were not considered. Matching spectra were manually inspected to ensure proper identification. Lipid quantitation was performed by normalizing the apex MS 1 signal for each identified lipid species to the total identified lipid content.

Yeast LC-MS/MS Lipidomics. Yeast lysates (5 mg protein as quantified by BCA assay, 560 µL) (4 biological replicates of Δcoq8 yeast and 4 biological replicates of WT yeast; post-diauxic shift cultures) were mixed with CHCl 3 /MeOH (1:1, v/v) (5 mL) and vortexed (2 × 60 s). HCl (1 M, 560 µL, 4 °C) was added and vortexed (30 s). The samples were centrifuged (1,000 g, 5 min, 4 °C) to complete phase separation. 2 mL of the lower organic phase was transferred to a clean tube and dried under N 2(g) . The organic residue was reconstituted in ACN/IPA/H 2 O (65:30:5, v/v/v) (100 µL) by vortexing (2×30 s). Yeast LC-MS/MS and data analysis were conducted essentially as described above for the mouse lipidomics analysis.

Mouse Proteomics and Phosphoproteomics

Sample preparation. Mouse tissues (cerebellum, quadriceps, heart, and kidney) (4 biological replicates of Coq8a -/- mice and 4 biological replicates of WT mice, 8-month-old) were homogenized in Proteomics Lysis Buffer [urea (8 M), tris, pH 8 (40 mM), NaCl (30 mM), CaCl 2 (1 mM), phosphatase inhibitors (PhosSTOP, Roche), protease inhibitors (cOmplete, Mini, Roche)] at 4 °C (in a cold room) as quickly as possible (< 5 min). Homogenates were lysed on ice using probe sonication. Protein content was evaluated using a BCA assay (Thermo). Proteins were reduced with 5 mM dithiothreitol (DTT) (58 °C, 30 min) and alkylated with 15 mM iodoacetamide (incubation in the dark, ~20 °C, 30 min). Alkylation was quenched by adding additional 5 mM DTT (~20 °C, 15 minutes). Proteins were enzymatically digested in a two-step process. First, proteinase LysC (Wako Chemicals, Richmond, VA) was added to each sample at a ratio of 1:100 (enzyme:protein) and the resulting mixtures were incubated (37 °C, 3 h). Next, samples were diluted to a final concentration of 1.5 M urea (pH 8) with a solution of 50 mM Tris and 5 mM CaCl 2 . Sequencing-grade trypsin (Promega, Madison, WI) was added to each sample at a ratio of 1:50 (enzyme:protein) and the resulting mixtures were incubated (~20 °C, overnight). The following morning each sample was incubated with an additional aliquot of sequencing-grade trypsin at ratio of 1:100 (enzyme:protein) (~1.5 h). Digests were quenched by bringing the pH ~2 with trifluoroacetic acid and immediately desalted using C18 solid-phase extraction columns (SepPak, Waters).

Desalted material was labeled with TMT 8-plex isobaric labels (Thermo). Prior to quenching the TMT reactions, ~5 µg of material from each TMT channel was combined into a test mix and analyzed by LC-MS/MS to evaluate labeling efficiency and obtain optimal ratios for sample recombination. Following quenching, tagged peptides were combined in equal amounts by mass (~1000 µg per channel for phosphorylation analyses, ~500 µg per channel for protein analyses) and desalted. All experiments had ≥ 98% labeling efficiency, calculated by the number Nterminal labeled peptides divided by the total number of peptide identifications.

Sample fractionation. Labeled peptides were fractionated by strong cation exchange (SCX) using a polysulfoethylaspartamide column (9.4×200 mm; PolyLC) on a Surveyor LC quaternary pump (Thermo). Each dried and mixed TMT sample was re-suspended in buffer A, injected onto the column, and subjected to the following gradient for separation: 100% buffer A from 0-2 min, 0-15% buffer from 2-5 min, and 15-100% buffer B from 5-35 min. Buffer B was held at 100% for 10 minutes and then the column was washed extensively with buffer C and water prior to recalibration. Flow rate was held at 3.0 mL/min throughout the separation. Buffer compositions were as follows: buffer A [5 mM KH 2 PO 4 , 30% ACN (pH 2.65)], buffer B [5 mM KH 2 PO 4 , 350 mM KCl, 30% ACN (pH 2.65)] buffer C [50 mM KH 2 PO 4 , 500 mM KCl (pH 7.5)]. Twelve fractions were collected over the first 50 minute elution period and were immediately frozen, lyophilized, and desalted. A small portion of each, 5%, was extracted and used for protein analysis. The remaining material was retained for phosphopeptide enrichment.

Phosphopeptide Enrichment. Phosphopeptides were enriched using immobilized metal affinity chromatography (IMAC) with magnetic beads (Qiagen). Following equilibration with water, the magnetic beads were incubated with 40 mM EDTA (pH 8.0) for 1 hour, with shaking. Next, the beads were washed four times with water and incubated with 30 mM FeCl 3 for 1 hour, with shaking. Beads were then washed four times with 80% acetonitrile/0.15% TFA. Each of the 12 fractions were re-suspended in 80% acetonitrile/0.15% TFA and incubated with the magnetic beads for 45 minutes, with shaking. Bound peptides were washed three times with 80% acetonitrile/0.15% TFA and eluted with 50% acetonitrile, 0.7% NH 4 OH. Eluted peptides were immediately acidified with 4% FA, frozen, and lyophilized. Each phospho-peptide fraction was re-suspended in 20 µL 0.2% FA for LC-MS/MS analysis.

LC-MS/MS analysis. All experiments were performed using a NanoAcquity UPLC system (Waters) coupled to an Orbitrap Elite mass spectrometer (Thermo). Reverse-phase columns were made in-house by packing a fused silica capillary (75 µm i.d., 360 µm o.d, with a laser-pulled electrospray tip) with 1.7 µm diameter, 130 Å pore size Bridged Ethylene Hybrid C18 particles (Waters) to a final length of 30 cm. The column was heated to 60 °C for all experiments. Samples were loaded onto the column for 12 minutes in 95:5 buffer A [water, 0.2% formic acid, and 5% DMSO]:buffer B [acetonitrile, 0.2% formic acid, and 5% DMSO] at a flow-rate of 0.30 µL/min. Peptides were eluted using the following gradient: an increase to 7% B over 1 min, followed by a 42 min linear gradient from 7% to 18% B, followed by a 28 min linear gradient from 18% to 27% B, followed by a final 1 min ramp to 75% B which was held for 3 min. The column was equilibrated with 5% buffer B for an additional 25 min. Precursor peptide cations were generated from the eluent through the utilization of a nanoESI source.

Mass spectrometry instrument methods consisted of MS 1 survey scans (1e6 target value; 60,000 resolution; 300 Th -1500 Th) that were used to guide fifteen subsequent data-dependent MS/MS scans (3 Th isolation window, HCD fragmentation, normalized collision energy of 35; 5e4 target value, 30,000 resolution). Dynamic exclusion duration was set to 30 s, with a maximum exclusion list of 500 and an exclusion width of 0.55 Th below and 2.55 Th above the selected average mass. Maximum injection times were set to 50 ms for all MS 1 scans, 150 ms for MS/MS scans in whole protein analyses, and 200 ms for MS/MS scans in phospho enrichment analyses.

Data Analysis. Data was processed using the in-house software suite COMPASS [START_REF] Wenger | COMPASS: a suite of pre-and postsearch proteomics software tools for OMSSA[END_REF]. OMSSA [START_REF] Geer | Open mass spectrometry search algorithm[END_REF]) (version 2.1.8) searches were performed against a target-decoy database (UniProt (mouse), www.uniprot.org, August 7 th , 2013). Searches were conducted using a 150 ppm precursor mass tolerance and a 0.015 Da product mass tolerance. A maximum of 3 missed tryptic cleavages were allowed. The fixed modifications specified were carbamidomethylation of cysteine residues, TMT 8-plex on peptide N-termini, and TMT 8-plex on lysine residues. The variable modifications specified were oxidation of methionine and TMT 8-plex on tyrosine residues. Additional variable modifications were specified for phospho-peptide analyses (phosphorylation of threonine, serine, and tyrosine residues). TMT quantification of identified peptides was performed within COMPASS as described previously [START_REF] Phanstiel | Proteomic and phosphoproteomic comparison of human ES and iPS cells[END_REF]. Peptides identified within each of 12 fractions were grouped into proteins according to previously reported rules [START_REF] Nesvizhskii | Interpretation of shotgun proteomic data: the protein inference problem[END_REF] using COMPASS. Phosphopeptide localization was performed using Phosphinator software within COMPASS, as described previously [START_REF] Phanstiel | Proteomic and phosphoproteomic comparison of human ES and iPS cells[END_REF]. This program both localized phosphorylation sites and combined quantitative data for phospho-isoforms across all 12 fractions. All phosphosites had to be localized for a given phospho-peptide to be included in subsequent quantitative analysis. Protein quantification was performed by summing all of the reporter ion intensities within each channel for all peptides uniquely mapping back to a given protein. All quantitative data was normalized at the protein level, log 2 transformed and mean normalized. Fold-changes were then calculated by averaging protein-normalized values for each condition and calculating the difference of averages. For each comparison, a p-value was calculated using Student's t-test (assuming equal variance) and then correcting for multiple hypotheses (Storey method).

Yeast Proteomics and Phosphoproteomics by LC-MS/MS with Isobaric Tags

Yeast cultures and sample harvests were conducted as described above in the yeast culture methods section (diauxic shift cultures). Yeast proteomics and phosphoproteomics were conducted essentially as described above for the mouse proteomics and phosphoproteomics except 6-plex TMT was used instead of 8-plex TMT. Three sets of 6-plex TMT runs were conducted, each with a biological replicate of the 6 conditions (each 6-plex TMT set contained samples from WT and Δcoq8 yeast across the three time points).

Yeast Proteomics by Label Free Quantitation LC-MS/MS

Sample preparation. Yeast cultures and sample harvests were conducted as described above in the yeast culture methods section (4 biological replicates of each Coq8p point mutant strain, and 4 biological replicates of WT yeast). Yeast pellets were reconstituted in lysis buffer (8 M urea, 100 mM Tris, pH 8). Proteins were extracted with 90% MeOH and centrifuged (14,000 g, 5 min). Pellets were reconstituted in lysis buffer containing 40 mM chloroacetamide and 10 mM tris(2-carboxyethyl)phosphine, and incubated (10 min, ~20 °C). Samples were diluted to a final concentration of 1.5 M urea (pH 8) with 50 mM Tris pH 8. Sequencing-grade trypsin (Promega, Madison, WI) was added to each sample at a ratio of 1:50 (enzyme:protein) and the resulting mixtures were incubated (~12 h, ~20 °C). Digests were quenched by bringing the pH to ~2 with trifluoroacetic acid and immediately desalted using Strata-X polymeric reversed phase solid phase extraction (SPE) columns (Phenomenex). SPE eluants were dried down under vacuum and reconstituted in 0.2% formic acid. Peptide content was determined using a colorimetric assay (Thermo).

LC-MS/MS analysis. All experiments were performed using a NanoAcquity UPLC system (Waters) coupled to an Orbitrap Fusion Tribrid mass spectrometer (Thermo). Reverse-phase columns were made in-house as described above in the section on mouse proteomics. The column was heated to 55 °C using a home-built column heater. Mobile phase solvent A was composed of 0.2% formic acid in water. Mobile phase B was composed of 70% ACN, 0.2% formic acid, and 5% DMSO. For each sample, 2 µg of peptides were loaded on-column and separated over a 120 minute gradient, including time for column re-equilibration. Flow rates were set at 350 µL/min. Precursor scans were performed from 300 to 1,500 m/z at 60K resolution (at 400 m/z) using a 5 x 10 5 AGC target. Precursors selected for tandem MS were isolated at 0.7 Th in the quadrupole and fragments were analyzed using turbo scan in the ion trap. Fragmentation method was based on m/z: precursors above 500 m/z were fragmented by HCD with a normalized collision energy of 27.5, and precursors below 500 m/z were fragmented by CAD with a normalized collision energy of 30. The maximum injection time for MS 2 analysis was 25 ms, with an AGC target of 10 4 . Precursors with a charge state of 2-8 were sampled for MS 2 . Dynamic exclusion time was set at 15 seconds, with a 25 ppm tolerance around the selected precursor and its isotopes. Monoisotopic precursor selection was turned on. Analyses were performed in top speed mode with 3 second cycles.

Database searching and LFQ analysis. The raw data was processed using MaxQuant (Version 1.5.2.8) [START_REF] Cox | MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification[END_REF]. Searches were performed against a target-decoy database of reviewed yeast proteins plus isoforms (UniProt, downloaded January 20, 2013) using the Andromeda search algorithm [START_REF] Cox | Andromeda: a peptide search engine integrated into the MaxQuant environment[END_REF]. Searches were performed using a precursor search tolerance of 4.5 ppm and a product mass tolerance of 0.35 Da. Specified search parameters included fixed modification for carbamidomethylation of cysteine residues, variable modifications for the oxidation of methionine and protein N-terminal acetylation, and a maximum of 2 missed tryptic cleavages. A 1% peptide spectrum match false discovery rate (FDR) and a 1% protein FDR were applied according to the target-decoy method. Proteins were identified using at least one peptide (razor + unique). Proteins were quantified using MaxLFQ with an LFQ minimum ratio count of 2. LFQ intensities were calculated using the match between runs feature, and MS/MS spectra were not required for LFQ comparisons [START_REF] Cox | Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ[END_REF].

Recombinant Protein Expression and Purification

Yeast Coq8 NΔ41 . Coq8 NΔ41 plasmid constructs were transformed into RIPL competent E. coli cells for protein expression. 8His-MBP-[TEV]-Coq8 NΔ41 was overexpressed in E. coli by autoinduction [START_REF] Fox | Autoinduction of protein expression[END_REF]. Cells were isolated by centrifugation, frozen in N 2(l) , and stored at -80 °C until further use. For protein purification, cells were thawed on ice, resuspended in Lysis Buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, 1 mM BME, 0.25 mM PMSF, 1 mg/mL lysozyme, pH 7.5) and incubated (1 h, 4 °C). The cells were lysed by sonication (4 °C, 6 V, 60 s × 4). The lysate was clarified by centrifugation (15,000 g, 30 min, 4 °C). The cleared lysate was mixed with cobalt IMAC resin (Talon resin) and incubated (4 °C, 1 h). The resin was pelleted by centrifugation (700 g, 5 min, 4 °C) and washed four times with Wash Buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, 1 mM BME, 0.25 mM PMSF, 10 mM imidazole, pH 7.5) (10 resin bed volumes). His-tagged protein was eluted with Elution Buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, 1 mM BME, 100 mM imidazole, pH 7.5). The eluted protein was concentrated with a MW-cutoff spin filter (50 kDa MWCO) and exchanged into storage buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, 1 mM BME, pH 7.5). The concentration of 8His-MBP-[TEV]-Coq8 NΔ41 was determined by its absorbance at 280 nm (ε = 109,210 M -1 cm -1 ) (MW = 96.2 kDa). The fusion protein was incubated with Δ238TEV protease (1:50, TEV/fusion protein, mass/mass) (1 h, 20 °C). The TEV protease reaction mixture was mixed with cobalt IMAC resin (Talon resin) and incubated (4 °C, 1 h). The unbound Coq8 NΔ41 was isolated and concentrated with a MW-cutoff spin filter (30 kDa MWCO) and exchanged into storage buffer. The concentration of Coq8 NΔ41 was determined by its absorbance at 280 nm (ε = 41,370 M -1 cm -1 ) (MW = 52 kDa). The protein was aliquoted, frozen in N 2(l) , and stored at -80 °C. Fractions from the protein preparation were analyzed by SDS-PAGE.

Mouse PKA. 8-His-MBP-PKA and PKA (mouse PKA, Prkaca) were isolated as described above for Coq8 NΔ41 . The concentration of 8His-MBP-[TEV]-PKA was determined by its absorbance at 280 nm (ε = 121,700 M -1 cm -1 ) (MW = 84.8 kDa). The concentration of PKA was determined by its absorbance at 280 nm (ε = 53,860 M -1 cm -1 ) (MW = 40.5 kDa).

Nucleotide Binding

The general differential scanning fluorimetry (DSF) method (thermal shift assay) has been described previously [START_REF] Niesen | The use of differential scanning fluorimetry to detect ligand interactions that promote protein stability[END_REF]. Mixtures (20 µL total volume) of Coq8 NΔ41 (2 µM) or PKA (1 µM) were prepared with SYPRO Orange dye (Life Tech.) (2×), NaCl (150 mM), HEPES (100 mM, pH 7.5), and ligands (e.g. MgATP). Otherwise, the general DSF method, ligand screen, and dissociation constant experiments were conducted as described for COQ8A NΔ250 (Stefely et al., 2015).

In Vitro Kinase Activity

In Vitro Autophosphorylation. Unless otherwise indicated, Coq8 NΔ41 (4 µM), MBP-Coq8 NΔ41 (4 µM), or PKA (4 µM) was mixed with [γ-32 P]ATP (0.25 µCi/µL, 100 µM [ATP] total ) and MgCl 2 (20 mM) in an aqueous buffer (100 mM HEPES, 150 mM NaCl, 0.1 mg/mL BSA, 0.5 mM DTT, pH 7.5) and incubated (30 °C, 60 min, 500 rpm) (final concentrations for reaction components). For the divalent cation screen, MgCl 2 and CaCl 2 were used at 20 mM. Reactions were quenched with 4×LDS buffer (106 mM TrisHCl, 141 mM Tris base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.175 mM Phenol Red, 0.22 mM Coomassie Brilliant Blue G-250, pH 8.5). [γ-32 P]ATP was separated from Coq8 NΔ41 by SDS-PAGE (10% Bis-Tris gel, MES buffer, 150 V, 1.5 h). The gel was stained with Coomassie Brilliant Blue, dried under vacuum, and imaged by digital photography. A storage phosphor screen was exposed to the gel (~5 days) and then imaged with a Typhoon (GE) to generate the phosphorimages. COQ8A NΔ250 autophosphorylation assays were conducted as described previously (Stefely et al., 2015).

LC-MS/MS of Autophosphorylation Sites. Coq8 NΔ41 (WT, A197G, D365N, or A197G,K134H) (20 µM) was mixed with nucleotide (ATP, ADP, or none) (1 mM) in an aqueous buffer (100 mM HEPES, 150 mM NaCl, 20 mM MgCl 2 , 0.1 mg/mL BSA, 0.5 mM DTT, pH 7.5) and incubated (30 °C, 60 min, 500 rpm). All 12 reactions were conducted in parallel. Reactions were flash frozen in N 2(l) after completion. A sample of each autophosphorylation reaction (100 µL) was mixed with lysis buffer (300 µL) (8 M urea, 40 mM Tris (pH = 8.0), 30 mM NaCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 1 × phosphatase inhibitor cocktail tablet, and 1 × protease inhibitor tablet). DTT was added (to 2 mM) and incubated (37 °C, 30 min) to reduce disulfide bonds. Alkylation of cysteines was achieved by adding iodoacetimide (to 7 mM) and incubating in the dark (~20 °C, 30 min). The alkylation reaction was quenched by adding DTT (to 7 mM) and incubating (~20 °C, 15 min). Protein was digested with lys-C (37 °C, 4 hours) (1:100, enzyme:protein mass ratio). The sample was diluted to 1.5 M urea with 50 mM Tris (pH = 8.0) and 1 mM CaCl 2 solution. Trypsin (1:100, enzyme:protein) was added to further digest the proteins. After overnight incubation at 37 °C, another aliquot of trypsin (1:100, enzyme:protein mass ratio) was added and incubated (1 hour). The digestion was quenched by adding 10% trifluoroacetic acid to bring the pH below 2. The peptides were desalted with Sep-Pak Vac 1cc tC18 cartridges (Waters). Immobilized metal affinity chromatography (IMAC) with magnetic agarose beads (Qiagen) was used to enrich for phosphopeptides [START_REF] Phanstiel | Proteomic and phosphoproteomic comparison of human ES and iPS cells[END_REF]. Both non-phospho and phospho fractions were analyzed by reverse phase nano LC coupled to an Orbitrap Elite (Thermo). All MS raw data were analyzed with COMPASS [START_REF] Wenger | COMPASS: a suite of pre-and postsearch proteomics software tools for OMSSA[END_REF]. A precursor mass tolerance of 150 ppm and a product ion mass tolerance of 0.01 Da, and up to 3 missed cleavages with trypsin were applied to searching. Carbamidomethylation of cysteines was set as fixed modification, while oxidation of methionines, phosphorylation with neutral loss on serine and threonine residues, and intact phosphorylation on tyrosine residues were set as variable modifications. Peptides were grouped into parsimonious protein groups by Protein Hoarder at 1% FDR at the unique protein group level.

Protein Kinase Activity. PKA (4 µM) or Coq8 NΔ41 (4 µM) and protein substrates [myelin basic protein (Millipore 13-104, 6 µM), none, or a mixture of COQ proteins] were mixed with [γ-32 P]ATP (0.3 µCi/µL, 100 µM [ATP] total ) in an aqueous buffer (100 mM HEPES, 150 mM NaCl, 20 mM MgCl 2 , 0.1 mg/mL BSA, 0.5 mM DTT, pH 7.5) and incubated (30 °C, 40 min, 500 rpm) (final concentrations for reaction components). The mixture of COQ proteins (COQ3-COQ7 and COQ9) was prepared using a cell-free expression system as described (Floyd et al., 2016, this issue). Reactions were quenched with 4×LDS buffer (106 mM TrisHCl, 141 mM Tris base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.175 mM Phenol Red, 0.22 mM Coomassie Brilliant Blue G-250, pH 8.5). [γ-32 P]ATP was separated from phosphorylated proteins by SDS-PAGE (10% Bis-Tris gel, MES buffer, 150 V, 1.5 h). The gel was stained with Coomassie Brilliant Blue, dried under vacuum, and imaged by digital photography. A storage phosphor screen was exposed to the gel (~5 days) and then imaged with a Typhoon (GE) to generate the phosphorimages.

In Vitro ATPase Activity ELIPA (Cytoskeleton) assays were carried out according to the manufacturer's instructions with the following modifications. 135 µL of ELIPA mix (75 µL ELIPA Reagent 2, 6 mL of reaction buffer (100 mM HEPES [pH 7.5], 150 mM NaCl, 20 mM MgCl 2 , 0.5 mM DTT, 0.1 mg/mL Bovine Serum Albumin), 1440 µL ELIPA Reagent 1) was mixed with Coq8 NΔ41 (2 µM) (final concentrations). 10 µL of ATP (0-2 mM) (final concentrations) was added to start the reactions (final reaction volume 160 µL), and reactions were incubated (~22 °C). The absorbance at 360 nm was read immediately after adding ATP every minute for 20 minutes. A standard curve was constructed using concentration of inorganic phosphate from 0-25 nmol (0, 0.5, 1, 2.5, 5, 12.5, and 25 nmol). The no enzyme reaction was subtracted from each condition prior to calculation of kinetic constants using SigmaPlot v13.0.

Sub-Cellular Fractionation

Mitochondria were purified from the hearts of 11 C57BL/6 female mice (26-week-old) as previously described [START_REF] Frezza | Organelle isolation: functional mitochondria from mouse liver, muscle and cultured fibroblasts[END_REF]. Sodium carbonate treatment and subsequent centrifugation were used separate soluble (supernatant) and membrane-anchored (pellet) proteins. First, pure mitochondria were exposed to sodium carbonate (0.1 M, pH 11.5) (30 min, on ice), and then ultracentrifuged (100,000 g, 1 h, 4 °C). The soluble and peripheral membrane proteins in the supernatant were TCA-precipitated and then solubilized in sample buffer (10 min, ~20 °C). Ultracentrifuged pellets (integral membrane proteins) were resuspended in sample buffer. Mitochondria were subfractionated using mitochondrial swelling. Mitochondria were resuspended in SEM Buffer (250 mM sucrose, 1 mM EDTA, and 10 mM HEPES-KOH, pH 7.4) and treated with nine volumes of 10 mM HEPES-KOH, pH 7.4 for 15 min on ice, or as a control, kept intact in an equivalent volume of SEM Buffer. Accessible proteins were removed by proteinase K treatment (25 µg/mL) or left untreated as control. PMSF was subsequently added at a concentration of 2 mM to inhibit proteinase K activity. The mitochondria or mitoplasts were then pelleted by centrifugation, washed in SEM Buffer and resuspended in sample buffer. Western blot analyses were conducted as described above in the antibody and WB method section.

Liposome-Protein Co-Floatation

Lipids were extracted from ΔubiE E. coli (~1.2 g wet pellet) with CHCl 3 /MeOH (1:1, v/v), reduced with excess NaBH 4 , quenched with AcOH, and re-extracted with CHCl 3 /MeOH (1:1, v/v). The lipids were dried under Ar (g) to afford 12 mg of dry lipid mass. The lipids were reconstituted in CHCl 3 /MeOH (1:1, v/v, 1 mL) and stored under Ar (g) . To form the E. coli extract liposomes, 2.2 mg of E. coli lipids were mixed with NBD-PC (17.4 µL, 1 mM), dried under Ar (g) , and reconstituted in an aqueous buffer (20 mM Tris, 150 mM NaCl, 1 mM DTT). Liposomes were formed by sonication (22 °C, 30 min, bath sonicator). Coq8 NΔ41 (1 µM), COQ8A NΔ250 (1 µM), or COQ9 NΔ79 (1 µM) (10 µL protein mixture) was mixed with liposomes (135 µL) and incubated (30 °C, 20 min, 230 rpm). After incubation, the reactions were moved onto ice and mixed with 75% (w/v) sucrose buffer (100 µL) (all sucrose buffers in 20 mM Tris, 150 mM NaCl, 1 mM DTT). Onto this mixture, overlaid 25% sucrose (200 µL) and 0% sucrose (50 µL) in a micro ultracentrifuge tube. Centrifuged (240,000 g, 4 °C, 1 h), and isolated 150 µL from the top of the gradient and 150 µL from the bottom of the gradient. Both the top and the bottom fractions were analyzed by SDS-PAGE with sliver staining. Flotation of the liposomes was assessed by tracking NBD-PC fluorescence.

LC-MS/MS of Lipids Co-Purifying with Coq8p

His 8 -MBP-Coq8 NΔ41 and co-purifying lipids were isolated by cobalt IMAC as described above for protein purification of His 8 -MBP-Coq8 NΔ41 . The elution from the first IMAC was isolated directly without further concentration and snap frozen in N 2(l) . A sample of His 8 -MBP-tagged protein (40 nmol, 310 µL, 129 µM) in "Elution Buffer" (50 mM HEPES, 150 mM NaCl, 5% glycerol, 1 mM BME, 100 mM imidazole, pH 7.5) was mixed with CoQ 6 (internal standard, 0.1 nmol, 10 µL, 10 µM) by vortexing (30 s, 4 °C). CHCl 3 /MeOH (1:1, v/v) (5 mL) was added and vortexed (2 × 30 s). HCl (1 M, 400 µL) was added and vortexed (30 s). NaCl (aq) (saturated, 1 mL) was added and vortexed (30 s). The samples were centrifuged (1,800 g, 4 min, 4 °C) to complete phase separation. The lower organic phase was transferred to a clean tube and dried under Ar (g) . The organic residue was reconstituted in ACN/IPA/H 2 O (65:30:5, v/v/v) (200 µL) by vortexing (60 s) and transferred to a glass autosampler vial.

Lipids from 10 µL of extract were separated by LC on an Ascentis Express C18 column (150 mm × 2.1 mm × 2.7 µm particle size, Supelco, Bellefonte, PA) using an Accela HPLC pump (Thermo Scientific, San Jose, CA) at a flow-rate of 0.4 mL/min. Mobile phase A was 70/30 acetonitrile/water containing 10 mM ammonium acetate and 0.025% acetic acid and B was 90/10 isopropanol/acetonitrile containing the same additives. At the beginning of the gradient, the flow was maintained at 20% B for 1 min, then ramped to 30% at 4 min, to 50% at 5 min, to 85% at 20 min, to 99% at 21 min, held there until 25 min, returned to 20% B at 25.5 min, and finally the column was re-equilibrated to 30 min before beginning the next injection sequence. The auto sampler (HTC PAL, Thermo Scientific) vigorously mixed each sample before injection to ensure homogeneity.

The MS conditions were as follows: a Q Exactive mass spectrometer (Thermo Scientific, Build 2.5) was operated in fast polarity switching mode, acquiring both positive and negative mode MS and MS/MS spectra. The mass ranges were 300-1600 Th in positive mode and 200-1600 Th in negative ion mode. Tandem MS acquisition was data dependent, fragmenting the two most abundant precursors from each MS scan with a 10 s exclusion duration. The MS was equipped with a HESI II spray source kept at 350 °C and ± 4 kV. The inlet capillary was kept at 350 °C and sheath and auxiliary gases were set to 35 and 15 units. Resolving power was 17,500 for all scans, AGC target was 1x10 6 for MS scans and 1x10 5 for MS/MS scans, the isolation width was 1 Th for MS/MS scans, normalized collision energy was stepped at 20, 30, and 40 units, and maximum injection time was set to 100 ms for MS scans and 50 ms for MS/MS scans. Quantitation was performed by integrating MS 1 elution profiles of lipids using the Xcalibur software suite (Thermo Scientific, Version 3.0).

Protein Co-Expression-Co-Purification

COS cells were transiently transfected with pcDNA3.1 constructs encoding murine COQ8A-FLAG (C-terminal FLAG tag) and COQ3-HA (C-terminal HA tag) or COQ5-HA or COQ9-HA using FuGene 6 according to the manufacturer's instructions. Cells were harvested 24 h after transfection, lysed in a digitonin buffer (50 mM Tris, pH 7.4, 10% glycerol, 100 mM KCl, 0.014% digitonin and 1× Complete Protease Inhibitor Cocktail (Roche)), and a mitochondria-enriched pellet was isolated by centrifugation (10,000 g, 10 min, 4 °C). Proteins were extracted from the mitochondria-enriched pellet in a Triton X-100 buffer (10 mM Tris, pH 7.4, 10% glycerol, 100 mM NaCl, 50 mM KCl, 0.2% Triton X-100 and 1× Protease Inhibitors). The protein extract was incubated with anti-FLAG M2 affinity beads (Sigma) (2 h, 4 °C) and eluted with 0.2 M Glycine, pH 2.8.

COQ8A-FLAG Co-Immunoprecipitation-Mass Spectrometry

COQ8A-FLAG Expression in HEK293 Cells. 5 million HEK293 cells were plated into a 15 cm dish with HGDMEM+FBS+P/S (37 °C, 25 mL) and incubated (37 °C, 5% CO 2 ) until the cultures were ~65-75% confluent (~12-24 h). Cells were transfected by dropwise addition of an OptiMEM+DNA+PEI mixture [900 µL OptiMEM (Thermo) warmed to 37 °C, 20 µg plasmid DNA (pcDNA3.1 COQ8A-FLAG plasmid), 72 µg PEI (72 µL, 1 µg/µL, linear polyethylenimine MW 25,000)] and incubated (37 °C, 5% CO 2 , 1 day). After the 1 day of transfection had passed, the media was gently aspirated and replaced with glucose-free DMEM+FBS+P/S with 10 mM galactose (37 °C, 25 mL) and incubated (37 °C, 5% CO 2 , 24 h). Immediately prior to cell harvest, the media was aspirated and the cells were gently washed with PBS (~7 mL, ~20 °C). The PBS wash was aspirated, PBS with 1× protease inhibitor cocktail (700 µL, 4 °C) was added, and the cells were harvested by gently scraping and transferring the resuspended cells into a 1.5 mL tube on ice. The cells were isolated by centrifugation (2000 g, 1 min, 4 °C). The supernatant was aspirated, and the cell pellets were snap frozen in N 2(l) and stored at -80 °C.

Co-Immunoprecipitation. The transfected HEK293 cells were resuspended in Lysis Buffer (200 µL, 4 °C) [20 mM HEPES, pH 7.4, 100 mM NaCl, 10% (w/v) glycerol, 3% (w/v) digitonin (Sigma), 1 mM DTT, protease inhibitors (10 µM benzamidine, 1 µg/mL 1,10-phenanthroline and 0.5 µg/mL each of pepstatin A, chymostatin, antipain, leupeptin, aprotinin; Sigma), phosphatase inhibitors (500 µM imidazole, 250 µM NaF, 300 µM sodium molybdate, 250 µM sodium orthovanadate, 1 mM sodium tartrate; Sigma)]. The cells were vortexed (~15 s) and incubated (10 min, on ice) to lyse the cells. Soluble proteins were isolated by centrifuging (16,000 g, 10 min, 4 °C) the lysate to pellet insoluble materials and transferring the supernatant to a clean tube on ice. Anti-FLAG M2 magnetic beads were pre-equilibrated with Final Wash Buffer (20 mM HEPES, pH 7.4, 100 mM NaCl). The soluble protein mixture (equal total masses of protein, 200 µL) was loaded onto the anti-FLAG beads and incubated (60 min, 4 °C, end-over-end agitation). The beads were washed four times with Wash Buffer (170 µL, 4 °C) [20 mM HEPES, pH 7.4, 100 mM NaCl, 0.05% (w/v) digitonin, 10% (w/v) glycerol] and once with Final Wash Buffer (170 µL, 4 °C). Proteins were eluted with Elution Buffer (80 µL, ~21 °C) (20 mM HEPES, pH 7.4, 100 mM NaCl, 0.2 mg/mL 1×FLAG-peptide) (30 min incubation, ~21 °C, 500 rpm shaking) for LC-MS/MS analysis.

Protein digestion. coIP elutions were mixed 1:2 (v/v) with 3 M Urea, 100 mM Tris (pH 8). Protein was reduced with DTT (5 mM, 37 °C, 45 min), alkylated with iodoacetamide (15 mM, in the dark, ~20 °C, 45 min), and alkylation was quenched with an additional 5 mM DTT (~20 °C, 15 min). Protein was enzymatically digested with 0.01 µg/µL of sequencing-grade trypsin (Promega, Madison, WI) (agitation with rocker, ~20 °C, overnight). An additional 0.005 µg/µL of trypsin was added to each sample the next morning and incubated (~20 °C, 1 h). Digests were quenched by bringing the pH below 2 with 10% trifluoroacetic acid and immediately desalted using C18 solidphase extraction columns (SepPak, Waters, Milford, MA). Peptides were washed with 1 mL of 5% acetonitrile/0.1% TFA solution on the C18 columns to reduce the abundance of the 1×FLAG peptide from each mixture prior to washing the peptides with 3 mL of 0.1% TFA.

LC-MS/MS analysis. Samples were analyzed on a Dionex UPLC system (Thermo Fisher Scientific, San Jose, CA) coupled to an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A reverse-phase column was made in-house by packing a fused silica capillary (75 µm i.d., 360 µm o.d., with a laser-pulled electrospray tip) with 3.5 µm diameter, 130 Å pore size Bridged Ethylene Hybrid C18 particles (Waters) to a final length of 30 cm. The column was heated to 55 °C. Samples were re-suspended in 0.2% formic acid and loaded onto the column in 92:8 buffer A [water, 0.2% formic acid, and 5% DMSO] : buffer B [acetonitrile, 0.2% formic acid, and 5% DMSO] at a flow-rate of 0.45 µL/min. Peptides were eluted using the following gradient: an increase to 22% B over 36 min, followed by a 5 min linear gradient from 22% to 28% B, followed by a 3 min linear gradient from 28% to 70% B which was held for 3 minutes. The column was equilibrated with 5% buffer B for an additional 15 min. Precursor peptide cations were generated from the eluent through the utilization of a nanoESI source. To minimize carryover, a 3 run wash sequence was used between samples sets. The first and second washes injected 4.5 µL acetonitrile. The first wash was a short run to trap acetonitrile and the second consisted of a 45 min high organic gradient. A pre-blank wash was run by injecting 4.5 µL 0.2% formic acid using the 60 min gradient described above to allow the identification of carryover proteins. Mass spectrometry instrument methods consisted of MS 1 survey scans (1x10 6 target value; 60,000 resolution; 300-1500 Th) that were used to guide fifteen subsequent data-dependent MS/MS scans (2 Th isolation window, HCD fragmentation, normalized collision energy of 30; 5x10 4 target value, 15,000 resolution). Dynamic exclusion duration was set to 45 s, with a maximum exclusion list of 500 and an exclusion width of ±10 ppm around the selected average mass. Maximum injection times were set to 50 ms for all MS 1 scans and 200 ms for MS/MS scans.

Data analysis. Data was processed using the MaxQuant software suite, version 1.5.2.8 [START_REF] Cox | MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification[END_REF]. Searches were performed against a target-decoy database (UniProt (human) database, www.uniprot.org, April 4, 2014, canonical). A maximum of 2 missed tryptic cleavages were allowed. The FTMS MS/MS tolerance was set to 0.015 with the rest of the settings set to the default. Modifications were specified as carbamidomethylation of cysteine residues for fixed and oxidation of methionine for variable. Results grouped into proteins within MaxQuant were filtered to 1% FDR. Proteins were quantified across all samples using MaxLFQ [START_REF] Cox | Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ[END_REF] with matching between runs within a retention time window of 1 min.

Fluorescence Microscopy 100,000 HEK293 cells were plated onto a poly-D-lysine-coated coverslip in a 6-well dish with HGDMEM+FBS+P/S (37 °C, 2.5 mL) and incubated (37 °C, 5% CO 2 ) until the culture was ~50% confluent (~24 h). Cells were transfected by dropwise addition of an OptiMEM+DNA+PEI mixture [200 µL OptiMEM (Thermo) warmed to 37 °C, 1 µg pcDNA3.1 COQ8A-FLAG, 0.5 µg plasmid encoding green fluorescent protein with an N-terminal mitochondrial localization sequence (MLS-GFP) (Hanson et al., 2004), and 4.5 µg PEI (4.5 µL, 1 µg/µL, linear polyethylenimine MW 25,000)] and incubated (37 °C, 5% CO 2 , 1 day). After 24 hours, the cells were fixed (4% formaldehyde in PBS), permeabilized (0.2% Triton X-100 in PBS), blocked (1% BSA in PBS), and probed with mouse anti-FLAG M2 1° antibody (F1804, Sigma, 1:2000 (v/v) in 0.1% BSA in PBS) and Alexa Fluor 594-conjugated goat anti-mouse 2° antibody (Thermo A-11005, 1:2000 (v/v) in 0.1% BSA in PBS). Cells were stained with Hoechst 33342 dye (1 µg/mL) to label nuclear DNA and placed in mounting medium (1:1, v/v, glycerol/PBS). Microscopy was performed on a Keyence BZ-9000 microscope using 100X oil immersion optics at room temp.

Protein Crystallization and X-Ray Structure

Crystals of selenomethionine-labeled COQ8A NΔ254 R611K were obtained by applying the high throughput screening and optimization platform developed at the Center for Eukaryotic Structural Genomics [START_REF] Markley | The Center for Eukaryotic Structural Genomics[END_REF]. Crystallization screens were set with a TTP Labtech Mosquito robot, and a Tecan Genesis was used for optimization solutions. The best crystals were obtained by hanging drop vapor diffusion using 2 µL of 0.2 mM COQ8A, 2 mM AMPPNP, 4 mM MgCl 2 mixed with 2 µL of reservoir solution, 26% sodium acrylate 5100, 20 mM MgCl 2 , and 100 mM NaHEPES pH 7.5. Crystals were cryopreserved by increasing the sodium acrylate 5100 concentration to 30%. All operations were tracked using SESAME LIMS [START_REF] Zolnai | Project management system for structural and functional proteomics: Sesame[END_REF]. Samples were screened for diffraction quality at the LS-CAT and GM/CA beamlines at the Advanced Photon Source. Molecular replacement with the apoprotein structure of wild type COQ8A (ADCK3) 4PED proved difficult, so single-wavelength anomalous diffraction data at 0.9786Ā was collected on a MAR300 CCD detector at GM/CA beamline 23-ID-B. Diffraction data was collected at 100 K, and was reduced with XDS [START_REF] Kabsch | Xds[END_REF]. The selenium substructure was determined with HySS (Grosse-Kunstleve and Adams, 2003) and phased using Phenix Autosolve [START_REF] Terwilliger | Decision-making in structure solution using Bayesian estimates of map quality: the PHENIX AutoSol wizard[END_REF]. The model was iteratively improved using ARP/wARP [START_REF] Langer | Automated macromolecular model building for X-ray crystallography using ARP/wARP version 7[END_REF]-Refmac [START_REF] Murshudov | Refinement of macromolecular structures by the maximumlikelihood method[END_REF], Phenix [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF] refinement and Coot [START_REF] Emsley | Features and development of Coot[END_REF] with 5% of reflections consistently held in a crossvalidation set. Traditional 2mFo-DFc, mFo-DFc and composite simulated annealing omit maps were calculated throughout the refinement procedure. The final model was continuous from residues 261-644. Electron density for AMPPNP unambiguously places the ADP portion of the ligand, with some ambiguity and potential partial hydrolysis of the terminal imidophosphate group. Electron density for residues 281-298 is relatively poor, probably indicating multiple unresolvable conformations for this portion of the protein. 94% of the residues are in favored backbone conformations and four residues are in disallowed space [START_REF] Chen | MolProbity: all-atom structure validation for macromolecular crystallography[END_REF].

Identification of Hydrophobic Binding Pockets

The X-ray structures of apo COQ8A (PDB 4PED) and nucleotide-bound COQ8A were subjected to the standard protein preparation procedure implemented in Maestro (Maestro version 9.8, Schrödinger, LLC). The SiteMap module [START_REF] Halgren | New method for fast and accurate binding-site identification and analysis[END_REF] was used with its default settings to identify the top 5 ranked binding sites on the two structures. Briefly, SiteMap first locates binding sites by grouping site points that are in spatial proximity to the protein and have favorable interaction energies with the protein. For each site identified, it constructs hydrophilic (further divided into donor and acceptor) and hydrophobic maps, and evaluates pockets through their physicochemical properties. The top two ranking pockets found on nucleotide-bound COQ8A are associated with the signature KxGQ domain of COQ8A, and were thus named KxGQ Pocket 1 and KxGQ Pocket 2. The corresponding pockets on apo COQ8A ranked as the first and the fourth, respectively. Overall, due to its different conformation, apo COQ8A encompasses pockets that are less favorable (based on the key evaluation criteria of SiteMap) and less hydrophobic in nature.

Molecular Dynamics (MD) Analysis of COQ8A Structure

PDB structure 4PED was used to model the apo state of COQ8A (residues 261-644) (Stefely et al., 2015). The ADP and ATP bound forms were modeled by replacing AMPPNP in the AMPPNP-COQ8A R611K structure reported here (PDB 5I35) using the homology modeling routine of MODELLER version 9.12 [START_REF] Fiser | Modeling of loops in protein structures[END_REF]. MSE residues in the crystal structure were substituted to MET in our MD simulations. For these MD simulations, we also replaced K611 with R611, as observed in WT COQ8A sequence. Mg 2+ ions were placed based on the crystal structure of protein kinase A (PDB 1ATP) (Knighton et al., 1991;[START_REF] Zheng | 2.2 A refined crystal structure of the catalytic subunit of cAMP-dependent protein kinase complexed with MnATP and a peptide inhibitor[END_REF]. The modeled structures were manually checked for steric clashes before simulation.

MD simulations were performed using GROMACS 5.0.4 [START_REF] Pronk | GROMACS 4.5: a high-throughput and highly parallel open source molecular simulation toolkit[END_REF]. AMBER ff99SB-ildn force field (Lindorff-Larsen et al., 2010) was used with parameters for ATP/ADP adopted from previous quantum mechanics calculations [START_REF] Meagher | Development of polyphosphate parameters for use with the AMBER force field[END_REF]. The protein was solvated with TIP3P water in a dodecahedron periodic box that was at least 1 nm larger than the protein on all sides. Energy minimization was carried out by coupling steepest descent and conjugate gradient algorithms so that Fmax was less than 50 kcal/mol. Temperature equilibrium was achieved by NVP ensemble in 200 ps at 310 K with a berendsen thermostat. NPT ensemble was done for 200 ps using berendsen thermostat and berendsenbarostat. The positions of the ligand and magnesium ions were restrained in the NVT and NPT equilibration step. The unrestrained MD productions were run for 200 ns using a time step of 2 fs after NPT ensemble for apo/ADP•Mg2+-bound/ATP•Mg2+-bound forms. Root mean square deviation (RMSD) of each simulation was checked to be stable before additional analysis. Torsion angle dynamics were calculated by g_chi programs in the GROMACS package. Kullback-Leibler divergence analysis was performed using mutinf package [START_REF] Mcclendon | Quantifying Correlations Between Allosteric Sites in Thermodynamic Ensembles[END_REF][START_REF] Mcclendon | Comparing Conformational Ensembles Using the Kullback-Leibler Divergence Expansion[END_REF]. All protein visualization was done using PyMOL.
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III.

Interactions

COQ8A was suggested, in the literature, as regulating the CoQ biosynthesis, notably in regards to its homology with the yeast protein Coq8p and bacterial protein UbiB (Lagier-Tourenne et al., 2008;Mollet et al., 2008). Moreover, published data showed that COQ8A (ADCK3) was partially able to restore yeast Coq3p, Coq5p and Coq7p phosphorylation state, although it is not clear yet whether this is a direct or indirect mechanism (Xie et al., 2011). Furthermore, in yeast, most COQ proteins act in a multi-subunit complex, called the CoQ biosynthesis complex and Coq8p stabilizes this complex (He et al., 2014).

Proteomic analysis of 30 weeks old Coq8a -/-mice tissues (cerebellum, heart, kidney and muscle), showed decreased levels of some COQ proteins (Table 5 and Stefely et al., 2016 Figure 2C). In the kidney of 30 weeks old mutant's mice, COQ3-7 and COQ9 were found to be under expressed, and the same proteins, except for COQ4, were also down in the heart. Lower levels of COQ3, 5, 7 and 9 were measured in quadriceps muscle, and COQ 5, 7 and 9 in cerebellum, of Coq8a -/-mice. These data show that there might be some tissue specificity, even though downregulations of COQ5, 7 and 9 were observed in all tissues for which proteomic analysis was done. These downregulations suggest that COQ8A interact with the CoQ biosynthesis complex. 

Cerebellum

- - - - 1,17 2,80E-01 - - DPS1 - - - - - - - - DPL1 - - - - - - - - COQ10B 0,94 5,79E-01 1,17 3,30E-01 1,00 9,99E-01 - - ADCK1 0,86 4,60E-01 1,06 5,42E-01 - - - - ADCK2 - - - - - - - - COQ8B 0,95 7,12E-01 - - - - - -
Table 5 : Results of proteomic analysis of using 30 weeks old Coq8a -/-and WT mice.

Data obtained by proteomic analysis in Dr. David Pagliarini's laboratory using 30 weeks old Coq8a -/-and WT mice. Fold change: Coq8a -/-protein expression divided by WT expression obtained. n=3.

-: not identified : COQ proteins downregulated in all assessed tissues Results
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By proteomic analysis, peptides of COQ8A were detected in Coq8a -/-mice tissues (heat, kidney and muscle, Table 5). These peptides were significantly decreased in mutant mice and only represented non-deleted parts of the protein (the knock-out mice model was generated by an in-frame deletion of exons 9 to 14). These results provide evidence that the remaining part of COQ8A in Coq8a -/-mice is transcribed and translated, and might not be completely degraded in heart, kidney and muscle of Coq8a -/-mice.

In regards to the proteomic data and the knowledge on the CoQ biosynthesis complex, the goals were to determine how early the COQ proteins downregulations occur and to see if COQ8A directly interacts with some of the COQ proteins.

COQ proteins downregulations

If COQ8A loss destabilizes the CoQ biosynthesis complex, the downregulations of certain COQ proteins should arise as early as the complex formation, so early during development. To test this hypothesis, COQ7 levels were assessed by Western blot. Downregulation, observed by proteomic studies, had first been confirmed in 10 weeks old KO mice (Stefely et al., 2016, Figure 2D). COQ7 deregulation was then assessed in cerebellum and quadriceps of 2,5 weeks old mice, as well as in myoblasts, where it was also found to be decreased (Stefely et al., 2016, Figure S2C and 2E). Finally, to see if this downregulation indeed happened as early as during development, proteins were extracted from whole embryos between embryonic day 17,5 and 18,5. Already at that stage COQ8A is expressed and COQ7 was found to be decreased (Figure 12). Actually, COQ7 downregulation appears early on, demonstrating that it is a very early phenotype, starting during embryogenesis. 

COQ8A interactors

We were then interested in further uncovering the interacting partners of COQ8A. This was particularly interesting in regards to the reduced levels of CoQ and COQ proteins in certain organs of the Coq8a -/- mice (Stefely et al., 2016). Previous immunoprecipitation studies, performed by Leïla Laredj, pointed towards direct interactions between COQ8A and other proteins of the CoQ biosynthetic complex (Stefely et al., 2016, Figure 3A). Moreover, our collaborators had found, by mass spectrometry, an increased interactions of COQ8A with other COQ proteins when HEK293 cells were grown in galactose (Floyd et al., 2016), and they showed that COQ8A preferentially binds ADP (Stefely et al., 2015). To confirm these results and get a better understanding of COQ8A interactors, and the influence of sugar (glucose/galactose) or substrate (ADP/ATP) on these interactions, immunoprecipitations assays were performed in different conditions. These experiments were performed by overexpressing FLAG and HA tagged proteins (COQ8A-FLAG and COQ3, 4, 5, 6, 7 or 9-HA) in COS cells. Shortly, COS cells were transfected with the COQ8A-FLAG and one of the COQ-HA plasmids, and the cells were grown either in medium containing glucose or medium with galactose. Expression of COQ8A-FLAG or COQ-HA alone, in the same conditions, were used as controls. The next day, cells were harvested and pellets snap frozen before processing further with an immunoprecipitation assay. Overexpressed COQ8A-FLAG proteins were then isolated using FLAG beads and interaction was assessed by Western blot using anti-FLAG and -HA antibodies.

First, immunoprecipitations were carried out with extracts of COS cells, grown in glucose conditions, and transfected with COQ8A-FLAG and COQ3-HA or COQ4-HA or COQ5-HA or COQ6-HA or COQ7-HA or COQ9-HA, to check interaction. For all immunoprecipitations experiments, the expected proteins came up at elevated molecular weight in the immuno-precipitated (IP) fractions by Western blot.

Despite optimizations (sample dilution, change of elution buffer) proteins remained shifted in the IP fractions (Figure 13). Nevertheless, these experiments enabled to confirm that COQ8A interacts with COQ5 (Figure 13A) but not with COQ9 (Figure 13B) when cells are grown in glucose conditions. In these glucose conditions, COQ4 also precipitated with COQ8A (Figure 13B) in COS cells, as previously observed in HEK293 cells (Stefely et al., 2016). Concerning interactions with other COQ proteins, expression was either too low to detect an interaction by western blot (COQ3-HA and COQ6-HA) or, like for COQ7-HA, the tagged protein could not be expressed.
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Then, COS cells were grown in galactose conditions and transfected with COQ8A-FLAG and COQ5-HA.

In these conditions, when cells are grown in a medium with galactose instead of glucose, no conclusion can be drawn yet regarding the interactions, as the expression of COQ8A-FLAG with COQ5-HA were too low (data not shown). Further optimizations, such as changing the quantities or ratios of the plasmids, or transfecting the cells longer before harvesting them, would be needed to obtain higher expression and be able to proceed to the immunoprecipitation.

Figure 13 : COQ8A interacts with COQ5 and COQ4, and the interaction with COQ5 increases in presence of ADP.

Western blots showing immunoprecipitation of COQ8A-FLAG with COQ-HA transfected in COS cells and immunoprecipitated using anti-FLAG beads. Detection was performed using antibodies against the FLAG and HA tags. IN: input, SN: supernatant, IP: immunoprecipitation. A) COQ8A-FLAG and COQ5-HA transfected in COS cells grown in medium with glucose. COQ8A-FLAG alone, as well as COQ5-HA and mock (only addition of Fugene) serve as controls for the immunoprecipitation. B) COQ8A-FLAG and COQ4 or COQ9-HA transfected in COS cells grown in medium with glucose. C) COQ8A-FLAG and COQ5-HA transfected in COS cells grow in medium with glucose. ADP or ATP were added to the lysates before and during immunoprecipitation (H2O taken as a control), left: pure samples, right: samples diluted before loaded on the gel.

A B C

Results

62

COQ8A was shown to be stabilized by adenine nucleotides and preferentially bind ADP (Stefely et al., 2015). So finally, to assess if COQ8A selectivity for ADP could influence its interactions with COQ proteins, ATP, ADP or water (as a control) were added as soon as proteins were extracted from cell pellets and during all the steps of the immunoprecipitations. For this assay, COS cells were grown in medium with glucose and transfected with COQ8A-FLAG and COQ5-HA plasmids. COQ5 was previously shown to interact with COQ8A without addition of any nucleotides (Figure 13A), accordingly, COQ8A interacts with COQ5 in presence of ADP, ATP or in their absence (Figure 13C). Still, when the different fractions are diluted before being loaded on a gel, the interaction, between COQ8A and COQ5, seems to be stronger in presence of ADP compared to the conditions without nucleotides or with ATP (Figure 13C right panel).

These data therefore enabled to confirm that COQ4 and COQ5 interact with COQ8A (Stefely et al., 2016), and that ADP seems to stabilize these interactions.

Nevertheless, it has to be noted that all the immunoprecipitation assays were performed with overexpressed tagged proteins. Most, or all of the COQ8A-FLAG proteins were precipitated during immunoprecipitation assays but this is not the case for the other COQ proteins. Even though COQ4-HA and COQ5-HA precipitated with COQ8A-FLAG, part of these proteins were also found in the supernatant fractions (SN), as seen in Figure 13. This shows that part of the overexpressed COQ4-HA and COQ5-HA do not interact with COQ8A-FLAG. Whether this is due to overexpression, overflowing COQ8A interacting capacity or reflects the need of interaction within the entire CoQ complex for part of these proteins remains to be elucidated. Furthermore, the experiments were performed with exogeneous proteins carrying a tag, which could have slightly different behaviors as the endogenous proteins.
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IV. Mitochondrial respiration

COQ8A deficiency downregulates the level of certain COQ proteins (Table 5) and induces a slight CoQ decrease in certain tissues like kidney, liver and muscle (Licitra, 2013;Stefely et al., 2016 Figure 2A and B). Furthermore, abnormal mitochondria were observed, by electron microscopy in quadriceps of Coq8a -/-mice, at late stages (Licitra, 2013;Stefely et al., 2016). As CoQ is required for electron transport from complex I and II to complex III in the respiratory chain [START_REF] Green | The Mitochondrial Electron Transfer Chain[END_REF], we hypothesized that the mitochondrial respiration might be affected in Coq8a -/-mice, in particular in cells with a high energy demand, like neurons and muscle cells. If mitochondrial respiration is altered, we speculate that this phenotype should arise early on, since low levels of COQ7 were observed in embryos and in 2,5 weeks old Coq8a -/-mice. To test this hypothesis, primary myoblasts were derived from control and mutant mice hind limbs muscles (around postnatal day 8).

Establishment of myoblast primary cultures

First, in order to confirm that the downregulation of certain COQ proteins, observed in embryos and 2,5 weeks old mutant's quadriceps, also occur in COQ8a -/-primary myoblasts, the levels of some COQ proteins were assessed in this cell type. In mutant primary myoblasts COQ5 and COQ7 levels were decreased (Figure 14). While the primary muscle cells were in culture, it appeared that Coq8a -/-myoblasts divided faster and appeared to fuse more rapidly or to form bigger myotubes networks when differentiated (Figure 15). Therefore, further characterization was performed, with a proliferation and a differentiation assay. In the proliferation test, no significant difference between KO and WT myoblasts doubling time could be observed (Figure 16). Coq8a -/-myoblasts divide at the same rate as the WT. Proliferation assay performed by counting cells each day for 6 days, expressed as a ratio of the counted cells over to number of cells counted at day 1. Error bars: SD. n=6.

Next, differentiation was assessed. During myogenic differentiation, specific genes are expressed (Figure 17A) [START_REF] Douillard-Guilloux | Immortalization of murine muscle cells from lysosomal a-glucosidase deficient mice: A new tool to study pathophysiology and assess therapeutic strategies for Pompe disease[END_REF]. Pax7 is majorly expressed in myoblasts and its transcript levels diminish during differentiation [START_REF] Zammit | Pax7 and myogenic progression in skeletal muscle satellite cells[END_REF]. MyoD expression is transient during and MyoG start to be expressed when myoblasts fuse to form myotubes and their transcript levels increase while going towards muscle fibers [START_REF] Li | Regulation of the mouse desmin gene: Transactivation by MyoD, myogenin, MRF4 and Myf5[END_REF][START_REF] Montarras | Developmental patterns in the expression of Myf5, MyoD, myogenin, and MRF4 during myogenesis[END_REF][START_REF] Trouche | Repression of c-fos promoter by MyoD on muscle cell differentiation[END_REF]. Hence primary myoblasts (D0) were differentiated during 9 days and cells were harvested every 2 days for this analysis. The transcripts levels, of the 5 genes differentially expressed during differentiation, were assessed by RT-qPCR. Results for Pax7 expression are only showed until day 7 (D7) as the expression levels were too low to be assessed at day 9 (D9). It would have been interesting to assess the decreased expression of Pax7 and the increase expression of MyoD, Des, Myf5 and MyoG, to confirm that differentiation occurred. Unfortunately, β-actin was not a good control gene to normalize the data of such an experiment, as its expression varied during myoblast to myotube differentiation. If these results were to be repeated, another control gene should be used, which has ubiquitous and constant expression at the different steps of differentiation. Genes expressions were therefore expressed as percentage compared to WT for each time point. No significant transcriptional difference could be observed in Coq8a -/-primary cells compared to WT for all of the tested genes, that is to say for Pax7, MyoD, Des, Myf5 and MyoG, and at all time points, from D0 to D9 (Figure 17B). These results indicate that Coq8a -/-myoblasts differentiate at the same rate than WT. This suggests that the phenotype observed by microscopy in Figure 15 is most likely due to disparate cells densities at the beginning of the differentiation experiment.

Since Coq8a -/-primary myoblasts morphologies were similar to WT, as well as the proliferation and differentiation rate, these cells could be used for further experiments.

Measurements of mitochondrial respiration

In consideration of reduced CoQ levels in muscles and decreased COQ5 and COQ7 levels in Coq8a -/- primary myoblasts, mitochondrial respiration was evaluated in these myoblasts. For this purpose, oxygen consumption rates were measured with a Seahorse apparatus, which contains an oxygen biosensor (Agilent Seahorse XF Technology). At the beginning of the assay, basal respiration is measured. Then oligomycin is added to inhibit ATP synthase (complex V), which enables to assess ATP production. Afterwards, addition of FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), a mitochondrial oxidative phosphorylation uncoupling agent, leads to proton leak and allow measurement of mitochondrial maximum respiration. At last, rotenone (an inhibitor of electron transport from complex I to CoQ) and antimycin A (an inhibitor of CoQ oxidation in complex III) completely shuts down mitochondrial respiration and make it possible to measure non-mitochondrial oxygen consumption (Figure 18, Seahorse Agilent).

First, optimization was necessary in order to define the proper seeding density as well as the best concentration of the drugs to add (Table 6). The cell seeding density influences the basal respiration, which has to be within a fixed threshold for a proper measurement with the Seahorse XF apparatus. If the basal oxygen consumption rate is lower than 20 pmol/min or higher than 160 pmol/min, the Results 67 measured values might be aberrant, and this phenomenon will be amplified after addition of FCCP.

Furthermore, proper oligomycin and FCCP concentrations must be defined to be able to measure the ATP production, the maximal respiration and the spare respiratory capacity.

Figure 18 : Scheme of the measurements performed with a Seahorse apparatus.

Agilent Seahorse scheme of the different parameters assessed. Blue: basal respiration, pink: ATP production, light green: maximal respiration, dark green: spare respiratory capacity, purple: proton leak, red: nonmitochondrial oxygen consumption.

Optimization

Cell density (cells per well)

12 000 15 000 18 750 20 000

Oligomycin concentration (µM) 1,5 2,0 FCCP concentration (µM) 0,125 0,25 0,50 0,75 1,00 1,50

Table 6 : Optimizations for Seahorse assays on primary myoblasts

In basal conditions, when myoblasts are grown in medium with glucose, Coq8a -/-cells respired as well as the WT cells in all replicates performed, even after addition of oligomycin or FCCP (Figure 19A). To challenge the cells, and force them to use their oxidative phosphorylation, glucose was removed and replaced by galactose, since galactose was shown to enhance oxidative metabolism in human primary muscle cells [START_REF] Aguer | Galactose enhances oxidative metabolism and reveals mitochondrial dysfunction in human primary muscle cells[END_REF]. Even under these galactose conditions, mutant myoblasts had a similar basal respiration, ATP production and maximal respiration as WT (Figure 19B). When assessing basal respiration or the spare respiratory capacity of the mitochondria, both in glucose and in galactose medium, no significant change could be measured (Figure 19C), in accordance with the observations on the oxygen consumption graphs (Figure 19 A and B). A trend towards lower basal respiration when cells are cultured in galactose can be observed for some Coq8a -/-myoblasts cell lines (each point corresponding to the mean value of the replicates of a specific cell line) but this is not significant considering the variability between the different cell lines (Figure 19C). This variability can be explained by the fact that each myoblast cell line is being extracted from a single pup. Results
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When primary myoblasts were grown in galactose conditions, respiration was indeed increased compared to glucose conditions, but only slightly. Considering data published on C2C12 murine myoblasts, showing that low glucose and not galactose would improve usage of mitochondrial respiration [START_REF] Elkalaf | Low Glucose but Not Galactose Enhances Oxidative Mitochondrial Metabolism in C2C12 Myoblasts and Myotubes[END_REF], this new parameter was tested. Primary myoblasts were cultured in medium with 5 mM glucose instead of 25 mM. This lowering of glucose did not exacerbate any phenotype as Coq8a -/-myoblasts still respired as WT (Figure 20). Albeit lower glucose was shown to increase mitochondrial respiration in immortalized myoblasts, this did not seem to be the case for WT and Coq8a -/-mouse primary myoblasts. While comparing the data for 5 mM glucose with previous experiments with 25 mM glucose and the same number of cells, basal oxygen consumption rates appeared similar, however these were two distinct experiments. Oxygen consumption rate (OCR) measured with a Seahorse apparatus, in pmol/min. Data normalized over the cell number. Errors bars: SD, n=6. Cells grown in 10 mM glucose media (with oligomycin (OligoA) injection to a final concentration of 2 µM, FCCP 1 µM and Rotenone/Antimycin A (Rot/Ant) 0,5 µM).

Finally, it is known that Coq8a -/-mice have a higher basal circulating blood glucose level compared to WT (Licitra, 2013). Moreover, some patients show elevated levels of lactate (Lagier-Tourenne et al., 2008), which can be a sign of glycolysis usage to produce energy. It could be that the mutant cells favor glycolysis to produce energy and compensate for a mitochondrial defect. Accordingly, glycolysis was measured by assessing the extracellular acidification rates (ECAR, in mpH/min), with to a pH biosensor, in the Agilent Seahorse XF Technology. The principle is the following: glucose addition at first, enables to evaluate glycolysis. Oligomycin A, then blocks ATPase, forcing the cells to produce energy only through glycolysis. At last, 2-DG (2-Deoxy-D-glucose), a glucose analog, restrains glycolysis, to evaluate the non-glycolytic acidification (Figure 22A). Mutant and WT myoblasts were therefore seeded in medium without glucose prior to the assay, and the proton levels were measured at the different steps.

The acidification of the medium occurred as much for Coq8 -/-myoblasts as for WT, even after addition of glucose and oligomycin (Figure 22B). Glycolysis and the other glycolytic parameters: glycolytic capacity and reserve, were unaffected (Figure 22 B andC). Results for glycolysis were consistent, whereas for glycolytic capacity and glycolytic reserve, the different cells lines behaved differently, inducing large variability in between samples (Figure 22C). These variabilities were found both for WT and mutant's myoblasts cell lines. 

C

Muscles cells have a high-energy demand, but this is also the case for neurons. Since Coq8a -/-cerebellar primary cultures were healthy and no phenotype could be observed, different parameters were optimized to assess mitochondrial respiration in cerebellar cells. Attempts to measure oxidative phosphorylation with the Seahorse technology in these cultures were so far not conclusive. Basal respiration could be measured but hitherto spare respiratory capacity could not be determined.

Although proper seeding density was found, the other parameters, and notably FCCP concentration, are not optimal yet. Indeed, the concentrations of FCCP assessed so far do not allow the measurement of the maximal respiration and the spare respiratory capacity. Regarding basal respiration, it is unchanged in Coq8a -/-cerebellar cultures compared to WT (Figure 23). Additional optimizations might be performed, in particular regarding initial glucose and pyruvate levels added in the media prior to the assay, in order to uncover a phenotype. In view of unchanged mitochondrial respiration in myoblasts and the unaltered cerebellar basal respiration, this aspect was left aside for the time being. 
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In conclusions, Coq8a -/-myoblasts do not show any oxidative phosphorylation nor glycolysis defect, although COQ5 and COQ7 levels are decreased. Measurement of CoQ in myoblasts and myotubes would therefore be needed to get a clearer picture. Interestingly, similar results were obtained by measurement of mitochondrial respiration, in muscles fibers extracted from 10 months old mice, using

Clark electrodes (Stefely et al., 2016). Despite lower levels of CoQ and stress by exhaustion, mitochondrial respiration was similar in WT and Coq8a -/-mice muscles fibers. Putting cells in culture should induce a stress, and could have exacerbated a phenotype. This was not the case but confirms that mitochondrial respiration is not affected in the Coq8a -/-mouse model generated. Furthermore, a strong reduction of CoQ, was shown to induce only a mild reduction of respiratory capacity, in liver conditional Mclk1 KO mouse (COQ7 deficient mice in the liver) (Wang and Hekimi, 2013b). Low levels of CoQ might therefore be enough to sustain mitochondrial respiration, and CoQ deficiency pathogenesis would then arise as the defect of another role of CoQ.

COQ8A might have a role at another level and not necessarily affecting mitochondria, even if it is majorly located in this compartment (Stefely et al., 2016). CoQ also acts as an antioxidant, and a CoQ deficiency can induce increased levels of reactive oxygen species (ROS). Floriana Licitra had previously shown that ROS were not increased in Coq8a -/-mice, and that these ROS were even reduced in quadriceps of mutant mice (Licitra, 2013). Additional experiments are needed, first to assess if CoQ levels are decreased early on or if this reduction only happens later, and if it happens early, which functions of CoQ are affected.
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V. Epilepsy

Two different neuronal phenotypes have been observed in Coq8a -/-mice: epilepsy and ataxia (Stefely et al., 2016). In addition to cerebellar ataxia, some ARCA2 patients present epileptic seizures and mild mental retardation (Horvath et al., 2012;Lagier-Tourenne et al., 2008;Mignot et al., 2013;Mollet et al., 2008). Coq8a -/-mice mimic these phenotypes with an increased susceptibility to epilepsy (at 6 months of age when treated with PTZ) and a mild spatial learning memory defect (Stefely et al., 2016).

As hippocampus is necessary for spatial memory and is implicated in certain types of epilepsy, we wanted to address if this brain structure was affected in Coq8a -/-mice.

Morphometric analysis

To address the question whether hippocampus was affected, histology and primary cultures were performed. Initially a morphometric analysis was launched to determine if any of the hippocampal cell layer was affected more specifically. This assay was performed thanks to a standard operating procedure available in Dr. Binnaz Yalcin laboratory (IGBMC). Different parameters, on the whole brain section, were assessed. This included different areas and length of the hippocampus, but also of other surrounding regions like the cortex, the corpus callosum or the ventricles (Figure 24). The overall morphology of mutant brains was similar to WT (Figure 25), which could be confirmed by the measurement of the total brain area (Figure 26A). Neither the areas, nor the length of any of the measured parameters were significantly different between WT and Coq8a -/-brains (Figure 26B andC).

The areas, height, length and width of the different part of the cortex (retrosplenial granular: RSGc, piriform: Pir, motor: M1, and secondary somatosensory: S2 cortex) were similar for both genotypes.

The same was true for the corpus callosum (cc), the internal capsule (ic), the habenular nucleus (Hb), the amygdala nuclei (AM), the mammillothalamic tract (mt) and the optic tract (opt). Regarding the ventricles, the Coq8a -/-dorsal third ventricle (D3V) surface was comparable to WT, whereas for lateral ventricles (LV), the surface was found to be reduced in KO compared to WT, although there is variability in between WT. The tendency of reduced areas of the mutant lateral ventricles are most probably due to different cutting angles when performing brain slices, or slices not taken at the exact same position.

Finally, none of the areas, height and length of the different parts of the hippocampus were either affected in Coq8a -/-mice. These parameters included the areas of the dorsal hippocampal commissure (dhc), the fimbria hippocampus (fi), and the total area of the hippocampus (HP) but also the length of the hippocampal stratum radiatum layer (Rad), of the hippocampal oriens layer (Or), of the dentate gyrus (DG), and of the total internal hippocampal pyramidal cell layer (TILpy), as well as the height of the molecular layer of the hippocampus (Mol).

To conclude, in this region of the brain, all structures appeared normal, meaning that no morphological changes could be observed, in particular in the hippocampus, our region of interest. The limit of the morphometric analysis was, at that time, that only overall structures were measured, enabling to decipher only major cell loss or agenesis. No affection of a particular cell layer of the hippocampus was observed in Coq8a -/-mice. The questions remains whether seizures come from an affection of the hippocampus, due to specific cell death or cellular abnormalities or if it is rather another brain region such as the cortex which is implicated [START_REF] Biagini | Perirhinal cortex and temporal lobe epilepsy[END_REF]. Brain sections of 25 weeks old mice stained with cresyl violet and luxol blue, at the level of the hippocampus (in a critical section).

A B Figure 26 : Similar brain morphologies of Coq8a -/-mice compared to WT, observed by morphometric analysis of brain critical sections at the level of the hippocampus.

Measurement performed with Fiji on 30 weeks old mice brain sections stained with cresyl violet and luxol blue. Mean ± SD, n=4. A) Total brain area (TBA), in cm 2 B) Areas measured in cm 2 : LV (lateral ventricles), D3V (dorsal 3rd ventricle), RSGc (retrosplenial granular cortex), Pir (piriform cortex), cc (corpus callosum), ic (internal capsule), hb (habenular nucleus), AM (amygdala nuclei), mt (mammillothalamic tract), opt (optic tract), dhc (dorsal hippocampal commissure), fi (fimbria hippocampus), HP (hippocampus area). C) Length measured in cm: RSGc Width (retrosplenial granular cortex width), RSGc Height (retrosplenial granular cortex height), M1 (height of the primary motor cortex), S2 (length of the secondary somatosensory cortex), cc Width (corpus callosum width), cc Height (corpus callosum height), Rad (length of the stratum radiatum layer of the hippocampus), Or (length of the oriens layer of the hippocampus), DG (length of the dentate gyrus), TILpy (total internal length of the hippocampal pyramidal cell layer), Mol (height of the molecular layer of the hippocampus). ** = p<0.005 

Ultrastructural analysis

Since no gross morphological abnormality was observed in the hippocampus, we were interested in knowing if ultrastructural defects could be seen upon Coq8a -/-deficiency. So, to further this study, the ultrastructure of 30 weeks old hippocampal neurons was explored by transmission electron microscopy, as at this age spontaneous epilepsy is supposed to have occurred. Some neurons had signs of degeneration both in WT and mutant hippocampus (Figure 27A). These results are not surprising in regards to published data, showing that, in the hippocampus, programmed cell death appear to regulate the total number of neuronal cells, as new neurons are constantly being generated [START_REF] Biebl | Analysis of neurogenesis and programmed cell death reveals a self-renewing capacity in the adult rat brain[END_REF][START_REF] Sun | Programmed Cell Death of Adult-Generated Hippocampal Neurons Is Mediated by the Proapoptotic Gene Bax[END_REF]. Mitochondria, Golgi and endoplasmic reticulum appeared normal, in both WT and Coq8a -/-sections. Axons were preserved and myelin sheets correctly formed (Figure 28 A and B). The only striking phenotype in this region was the increased length and number of nuclear invagination in Coq8a -/-neurons, observed in two different mutant animals (Figure 27B). Whether these invaginations are physiological, reflecting a zone with more transcriptionally active neurons [START_REF] Malhas | The nucleoplasmic reticulum: form and function[END_REF], or whether these invaginations are part of the pathology remains to be determined. It might be that the sections of WT and KO were not cut at the exact same place of the hippocampus. Two mutant and two WT were used for the experiment and a section of each was observed. Sections from other mice or different sections of the same hippocampus should be looked at to be able to judge if this is significant or not, and quantify the number of invaginations and their length. Considering that no hypothesis could be found at that time to explain these invaginations, these results were left aside. Since then, further bibliographic search lead us to a new hypothesis that these invaginations might be due to an affected calcium signaling [START_REF] Mauger | Role of the nuclear envelope in calcium signalling[END_REF]Wittmann et al., 2009). Calcium imaging would help elucidating if calcium signaling is indeed affected in the hippocampus upon COQ8A loss. 

Hippocampal primary cultures

In parallel, hippocampal primary cultures were set up to be able to test hypothesis like a potential affected vesicular trafficking. The cultures are derived from littermate's embryos at embryonic day 18,5. It has been determined, that already at that age, in whole embryos extract, COQ7 levels are down (Figure 12). None of the data showed that heterozygous mice had a phenotype, so cultures derived from heterozygous embryos were taken as control. The cultures are healthy when derived either from mutant or from heterozygous embryos. The neurons developed well and no gross defect could be observed when staining for βIII-tubulin (a neuronal marker) and GFAP (a protein expressed in glial cells) (Figure 29). Immunostaining of βIII-tubulin: staining neurons (in green), and GFAP: staining glial cells (in red). In the merge image: DAPI (in blue, staining nuclei). Left panels: heterozygous (Coq8a +/-) and right panels: mutant (Coq8a -/-) hippocampal cells. Scale bars represent 50 µm.
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Excitotoxicity

Epilepsy is often induced by excitotoxicity, and some proteins are known to be deregulated in these cases. NR2B, a NMDA (N-methyl-D-aspartate) glutamate receptor, was described as upregulated upon seizures [START_REF] Di Maio | Pilocapine alters NMDA receptor expression and function in hippocampal neurons: NADPH oxidase and ERK1/2 mechanisms[END_REF]. Deregulation of GAD65 and 67 also occurs in epilepsy. GAD65 and 67 are two isoforms of the glutamic acid decarboxylase, involved in the production of the GABA neurotransmitter [START_REF] Esclapez | Up-regulation of GAD65 and GAD67 in remaining hippocampal GABA neurons in a model of temporal lobe epilepsy[END_REF]. Finally, in some cases of epilepsy, vGLUT2, a transporter mediating the uptake of glutamate in synaptic vesicles, was found to be decreased [START_REF] Van Liefferinge | Altered vesicular glutamate transporter expression in human temporal lobe epilepsy with hippocampal sclerosis[END_REF]. Hence, the level of these proteins was assessed in Coq8a -/-mice hippocampus, to determine if seizures and epilepsy are due to excitotoxicity, in this mouse model.

Beforehand, the level of some COQ proteins was checked in the hippocampus. We wanted to ensure that deregulations previously observed also occur in this tissue. Hippocampi of 30 weeks old mice were taken, as epilepsy induced by PTZ was tested in 6 month old mice (Stefely et al., 2016). As in other tissues, COQ5 and COQ7 decrease was confirmed in Coq8a -/-adult hippocampus (Figure 30). COQ9 levels diverge between the mice and no significant downregulation could be seen (Figure 30). In a first attempt to determine NR2B and GAD65/67 levels in 2,5 weeks (pre-symptomatic) and 30 weeks old (post-symptomatic) mice hippocampi, NR2B was found to be decreased in mutants at 2,5

weeks but increased at 30 weeks, whereas GAD65/67 levels were similar to WT, in hippocampus at both ages (Figure 31A). As a trend towards elevated levels of NR2B at 30 weeks and decreased levels at 2,5 weeks were observed, the blots were quantified to get a clearer answer, and indeed NR2B levels are significantly up at 30 weeks and down at 2,5 weeks in mutant's hippocampus (Figure 31B). The elevated levels of NR2B at 30 weeks are in accordance with an excitotoxicity mechanism [START_REF] Yang | Neuroprotective Effects of Daphnetin against NMDA Receptor-Mediated Excitotoxicity[END_REF], indicating that epilepsy might indeed arise from deregulations in the hippocampus. An experiment with a new cohort of 30 weeks old mice revealed different results, with NR2B levels being similar to WT, while GAD65/67 was increased in Coq8a -/-mice hippocampus (Figure 32). NR2B levels appear similar and are not significantly elevated in mutant mice hippocampus, but this could be due to the expression variability in between WT. The elevated levels of GAD65/67 are in agreement with the hypothesis of seizures emanating from the hippocampus, according to previous published data where, in case of seizures, GAD65 synthesis was increased [START_REF] Patel | Evidence that GAD65 mediates increased GABA synthesis during intense neuronal activity in vivo[END_REF]. Regarding vGLUT2, no difference could be seen, although there is a trend towards decreased levels in mutant mice hippocampus, but this is not significant (Figure 32). These results can be explained by the weak signal in Western blot. Furthermore, COX4 might not be the best loading control to quantify vGLUT2, as COX4 is a mitochondrial protein and vGLUT2 a plasma membrane protein. Nevertheless, if vGLUT2 protein levels are indeed lower in mutant mice compared to WT, this could reflect excitotoxicity in Coq8a -/- mice hippocampus [START_REF] Lobo | Cleavage of the vesicular glutamate transporters under excitotoxic conditions[END_REF]. New cohorts would be needed to confirm these different results

and another loading control, like vinculin, a membrane-cytoskeletal protein, should be used.

So far, no conclusion can be drawn in regards to glutamatergic receptors, nor the production of GABA, as different results were obtained in two independent experiments. Regarding elevated levels of NR2B and GAD65/67, and decreased levels of vGLUT2, epilepsy might still be due to excitotoxicity in the hippocampus, but it remains to be confirmed. Moreover, no spontaneous seizures were observed in Coq8a -/-mice during the last four years. An analysis after induction of epilepsy by PTZ could give a more consistent answer, although WT mice might also have deregulated levels of certain proteins. By electron microscopy degenerating neurons were observed both in Coq8a -/-and WT hippocampus further refraining a clearer picture of possible excitotoxicity. The only consistent phenotype was increase in the number and size of nuclear invaginations in mutant hippocampal neurons at 30 weeks, although this feature was not quantified. This last observation, of nuclear invaginations, could point towards a deregulated calcium signaling [START_REF] Mauger | Role of the nuclear envelope in calcium signalling[END_REF]. Finally, hippocampal neuronal cultures were healthy with glial cells and branched neurons which made us think that this cellular model is not appropriate to study what happens in older mice. For this cellular model, cells are taken from embryos, so too early in regards to the phenotype.

All in all, further experiments are needed to get a clearer idea of the implication, or not, of the hippocampus, in seizures observed in Coq8a -/-mice but also in some patients. A hint, dropped during a discussion with clinicians, indicated that epilepsy in ARCA2 patients is most probably emanating from cortex. Lastly some studies also show that affection of the cerebellum could lead to seizures [START_REF] Lascano | Tracking the source of cerebellar epilepsy: Hemifacial seizures associated with cerebellar cortical dysplasia[END_REF]. Precise epilepsy foci should therefore be determined to be able to dig further into the mechanisms inducing the seizures.
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VI. Ataxia

The ARCA2 disease is characterized by the ataxic phenotype, which is due to an atrophy of the cerebellum in humans. The cerebellar affection, is also found in Coq8a -/-mice especially with degenerating Purkinje neurons, as well as ultrastructural and electrophysiological defects (Stefely et al., 2016) but without cerebellar atrophy.

Deregulated ions channels?

As part of my thesis project, I decided to try and identify the causes for the ataxia and see if it can be explained by the misregulation of specific molecular pathways, or of certain ion channels, like in other types of ataxias. Initially, regarding the Purkinje cells abnormal firing, observed in Coq8a -/-mice cerebellum, by electrophysiology (Stefely et al., 2016), it was thought that a specific transporter could be defective. By a candidate approach, ion channels already know to be responsible for ataxia and inducing a similar pattern in electrophysiology were studied. The list included: a calcium channel (CACNA1A, Ca v 2.1 calcium channel voltage-dependent, P/Q type, implicated in EA2), a receptor for glutamate (GRM1, mGluR1α metabotropic receptor of glutamate, implicated in SCAR13), a receptor for inositol phosphate (ITPR1, inositol 1,4,5-triphosphate receptor, implicated in SCA16 and 29), a potassium channel (KCNC3, Kv3.3 voltage-gated potassium channel, implicated in SCA13) and an amino-acid transmembrane transporter (SLC7A5, under-expressed in RNA-sequencing and proteomic analysis of Coq8a -/-mice). The assays were performed on 25 to 30 weeks old mice cerebellum, when it is known that Purkinje neurons degenerate (Stefely et al., 2016).

Immuno-staining was performed but did not yield any exploitable results. Even calbindin staining, successfully performed in other teams, and done with a broadly used anti-calbindin antibody [START_REF] Sadakata | Impaired cerebellar development and function in mice lacking CAPS2, a protein involved in neurotrophin release[END_REF][START_REF] Shakkottai | Early changes in cerebellar physiology accompany motor dysfunction in the polyglutamine disease spinocerebellar ataxia type 3[END_REF], did not work. A lot of optimization (with different blocking solutions and antibodies dilutions) and various attempts of demasking (basic, acidic and with heat)

were tested but none were conclusive. These results remain puzzling and the only hypothesis so far is that there was an issue with the paraffin embedding or formaldehyde fixation which prevented antibodies binding onto the brain sections. Cryo-sections and perhaps EM-grade paraformaldehyde should alleviate these issues.
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Nonetheless, the protein levels were assessed and none were found to be significantly deregulated at any tested age. The levels of CACNA1A, GRM1, ITPR1 and KCNC3 were similar in Coq8a -/-cerebellum compared to WT, in 10, 20 and 30 weeks old mice (Figure 33). The antibody for SLC7A5 did not show a band at the proper molecular weight (data not shown). Yet it was not known if the Purkinje neurons degeneration phenomenon could be observed in the entire cerebellum or was restricted to certain zones (lobules, vermis, hemispheres…). Furthermore, it was shown that in certain cerebellar pathologies, degeneration follows defined motifs, corresponding to zebrin-II positive or negative bands [START_REF] Sarna | Patterned Purkinje cell degeneration in mouse models of Niemann-Pick type C disease[END_REF]. The goal was to elucidate if Purkinje neurons degenerate in a specific patterned manner. Unfortunately, like for the ion channels, a big effort was put to try and optimize immunohistochemistry in the slices but was unfruitful (as discussed above), so this part was abandoned at that time, to focus on more promising perspectives.

A B C D
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Cellular models of cerebellum

To assess cerebellum early on and have in vitro models, organotypic and cerebellar primary cultures were derived from WT and KO mice. Organotypic cultures were derived from post-natal day 7 to 12 (P7-P12) pups whereas primary cultures needed to be derived at birth (P0 pups).

a. Cerebellar organotypic cultures

Characterization

The goal, when setting up the cerebellar organotypic cultures, was to be able to assess specific deregulated mechanisms. In particular, this in vitro system would have allowed to assess the affection of a specific ion channel, by blocking it and recoding Purkinje neurons firing by electrophysiology.

Unfortunately, no affected ion channel was found at that time. Organotypic slices of cerebellum have the advantage to retain the lobulated structures and are more physiological as the layers, so the environment around neurons, are preserved. Organotypic cultures are not suited for all experiments.

It is hard to have cultures of the same sections of the cerebellum, and with similar Purkinje neurons orientation, for all the different pups (depending on the sections that detached well and were preserved during slicing). Nevertheless, these cultures are adapted for immunofluorescence staining and enabled the assessment of the ion channels for which histology, on 25 weeks old cerebellar sections, did not work.
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In the cerebellum, Calbindin (CALB) is specifically expressed in Purkinje neurons. Thus, calbindin staining allowed us to determine that Purkinje neurons are present with a nice arborization. Purkinje cells appeared healthy and branched properly both in wild-type and Coq8a -/-slices and the lobules were preserved (Figure 34). These cultures could be maintained for at least six weeks. The dendrites of Purkinje neurons developed well in organotypic cultures, or were at least maintained (Figure 35 and Figure 36). Interestingly, the Golgi apparatus seemed to form a bigger network in these neurons. Golgi staining was more pronounced in Purkinje cells bodies then in other cells, but this is probably due to the bigger cell soma of these neurons (Figure 35 and Figure 36). Purkinje neurons Results
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arborization was not measured as it varied depending on the slices, and dendrites of different Purkinje neurons overlapped. Golgi apparatus staining (with GM130) worked well on organotypic slices and enabled to observe that it was well organized in cultures, and in mutant slices (Figure 36). Immunostaining of organotypic cultures derived from P10 pups and kept 6 weeks in culture. GM130 (staining Golgi apparatus, red), calbindin (staining Purkinje neurons, green) and DAPI (blue). Left panels: WT and right panels: Coq8a -/-organotypic cultures. Scale bars represent 50 µm.
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To further characterize these organotypic cultures, electron microscopy was then performed. It enabled to assess a potential ultrastructural defect, such as Golgi dilatation, which would have been difficult to assess by immunostaining. It appeared that some Purkinje neurons degenerate, both in Coq8a -/-and WT cultures, whereas some others have a normal shape (Figure 37A). Granules cells had classical structures in mutant and WT organotypic cultures (Figure 37A). Regarding the Golgi apparatus, it was observed as swollen in some Purkinje neurons, in particular in the ones degenerating, in mutant and WT organotypic cultures (Figure 37B). The other structures, such as mitochondria or endoplasmic reticulum were well preserved and vesicles could be observed in axons, next to synapses (Figure 38A and B), indicating healthy cultures and active neurons. No defects in myelin sheets could be seen (Figure 38B). Some empty axons could be found in Coq8a -/-and WT cultures but result, most probably, from the sectioning of slices. Finally, abnormal structures, which could be lipids, were found in neuronal bodies, in cultures of both genotypes (Figure 38A). All in all, no ultrastructural defect, different from the ones also observed in WT, could be seen for Coq8a -/-cultures. Whether cerebellar organotypic cultures are a good model to study ARCA2 is not sure yet. It might be too early to have the appearance of a phenotype. Further characterization, like with electrophysiology to assess Purkinje neuronal firing, would be needed. 

A B
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Ion channels

As immunohistochemistry on 30 weeks old cerebellum did not work, the selected ions channels were assessed in organotypic cultures. The quantity of CACNA1A, ITPR1 and KCNC3, as seen by western blot, and the localization of these proteins and SLC7A5 appeared equivalent in Coq8a -/-and WT organotypic cultures. As expected, all proteins seemed to have a membranous localization (Figure 39, Figure 40, Figure 41, Figure 42). Calbindin was used for counterstaining to check the localization in Purkinje neurons of each of these ion channels. ITPR1 and KCNC3 appeared to be localized specifically in Purkinje neurons, whereas SLC7A5 was also present in other neighboring cells (Figure 40, Figure 41 and Figure 42). CACNA1A seemed majorly present in Purkinje neurons, with a punctuated pattern but might also be expressed in surrounding cells (Figure 39). KCNC3 is known to be expressed on the plasma membrane surface [START_REF] Mcmahon | Alleledependent changes of olivocerebellar circuit properties in the absence of the voltage-gated potassium channels Kv3.1 and Kv3.3[END_REF], which is coherent with the observed localization, at the periphery of Purkinje neuronal bodies (Figure 41).

Ion channels localization could have been evaluated more in details, to look for subtle changes between Coq8a -/-and WT mice, but it was unsure if cerebellar organotypic cultures were a good model for this assessment. No obvious phenotype had been observed in this in vitro model. Electrophysiology assessment of spontaneous Purkinje cells firing would be needed in order to decipher if organotypic cultures reproduce the phenotype observed in 3 months old mice (Stefely et al., 2016). Nor the quantity, observed by Western blot for CACNA1A, GRM1, ITPR1 and KCNC3 on 10, 20 and 30 weeks old mice cerebellar extracts, nor the overall localization, observed for CACNA1A, ITPR1, KCNC3 and SLC7A5 on cerebellar organotypic cultures were affected. Immunostaining of organotypic cultures derived from P12 pups and kept 24 days in culture. SLC7A5 (red), calbindin (green), DAPI (blue). Left panels: WT and right panels Coq8a -/-organotypic cultures. Scale bars represent 10 µm.
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b. Cerebellar primary cultures

Characterization

To further our study of cerebellum, dissociated cultures were set up. These cerebellar primary cultures were established especially in order to measure mitochondrial respiration and try to understand if altered oxidative phosphorylation could be a cause for the degeneration of Purkinje neurons. As for the organotypic cultures, Coq8a -/-Purkinje neurons developed well and the dendrites and axons extended normally (Figure 44). The number and branching of cerebellar neurons (stained with β-III tubulin) in theses cultures was similar for both genotypes (Figure 43). A precise quantification could not be performed as neurons formed a network and overlapped. Regarding the neurons, they were mostly forming networks with cells bodies concentrated at specific places and with dendrites and axons joining the different places where the neuronal bodies were (Figure 43). Purkinje neurons tended to be close or in these dense neuronal bodies zones (Figure 43). For glial cells (stained with GFAP), as for neurons, the amount was similar between Coq8a -/-and WT cerebellar primary cultures (Figure 45). Glial cells were spread on the whole coverslips but the amount was more important around Purkinje neurons (Figure 45), so probably where neurons gather in a dense network. Purkinje neurons appeared with different shape so measuring the arborization would have given variable results (Figure 43, Figure 44, Figure 45 and Figure 46). Next, the network of the Golgi apparatus was looked at in these primary cultures, and like in organotypic cultures, it had a similar organization in mutant and WT cultures (Figure 46). It therefore seems that loss of COQ8A does not alter the development of these neurons in mouse, and that the degeneration phenotype appears later. Still it remains unknow if Coq8a -/-neurons, and Purkinje cells especially, are functional or not and if some deregulations can already be observed. Immunostaining of cerebellar primary cultures derived from P1 pups and kept 14 days in culture. GM130 (staining Golgi apparatus, red), calbindin (staining Purkinje neurons, green) and DAPI (blue). Left panels: WT and right panels Coq8a -/-cultures. Scale bars represent 30 µm.
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3. CoQ levels in cerebellum COQ7 was diminished in all previously tested tissues, thus a similar pattern was awaited in the cerebellum. This could be confirmed in cerebellar extracts of 5 and 10 weeks old mice, with COQ7 levels in Coq8a -/-mice cerebellum being less than half of the amount observed in WT in 10 weeks old mice and less than one tenth in 5 weeks old mice (Figure 47). The variability of COQ7 expression between 5 and 10 weeks old mice is probably due to a problem with the Western blot or reflect a nonhomogeneous expression between mice. Furthermore, for 10 weeks old mice levels were only assessed in three mice compared to the six mice at 5 weeks. Although this difference does not seem to be biologically relevant, if it was confirmed it would indicate a regulatory mechanism, to compensate and increase COQ7 expression over time. Organotypic and primary cerebellar cultures are derived from young pups. It was known that COQ7 levels were already deregulated in embryos, but on whole embryos extract. To make sure this was also the case in cerebellum at the time when the cultures are performed, the experiment was repeated with 6 to 8 days' cerebellar extracts. Surprisingly, COQ7 levels are similar to WT in Coq8a -/-cerebellum of 1 week old mice (Figure 48). Further experiments are needed to assess the levels of this protein when cerebellum is in culture. This will enable to determine if organotypic and primary cerebellar cultures are good models to study ARCA2 or not. A question that arose during my thesis was whether the genetic background of the animals could influence the phenotype. Indeed, it was previously shown that some phenotypes are more pronounced in some strains, and varies depending on the genetic background [START_REF] Crawley | Behavioral phenotypes of inbred mouse strains: Implications and recommendations for molecular studies[END_REF][START_REF] Doetschman | Influence of genetic background on genetically engineered mouse phenotypes[END_REF][START_REF] Lalouette | Neurobiological effects of a null mutation depend on genetic context: Comparison between two hotfoot alleles of the delta-2 ionotropic glutamate receptor[END_REF]. Initially, the Coq8a -/-mice generated had a mixed background (C57/BL6J 53.13%, C57/BL6N 34.37%, 129S2/svPas 12.5%). The mouse line was progressively backcrossed to generate pure C57/BL6J Coq8a -/-mice and their WT littermates. Coq8a -/-mice were characterized while in a mixed background. To determine if the ataxic phenotype was retained in the pure background, to which we got to, behavioral analyses were repeated. On the one hand, results of the beam test were not clear as WT mice also did a lot of mistakes, misplacing their hindlimbs on the beam (Figure 49A). Previously, when Floriana Licitra had performed the beam test in 20 weeks old mice, Coq8a -/-mice did approximately 4 mistakes and WT 1 (Licitra, 2013;Stefely et al., 2016), whereas in this recent trial, around 5 mistakes were counted for 25 weeks old mice of both genotypes (Figure 49A). A new cohort with more mice is needed to get a clearer answer (the recent study was performed with 4 mice per sex and genotype whereas it had previously been done with 8 to 12 mice). On the other hand, retention time on the accelerating rotarod yielded similar results as previously described (Stefely et al., 2016). Knock-out mouse were less able to remain on the accelerating rod compared to WT (Figure 49B). This rotarod test evaluates the general coordination of the mice, and cerebellum is implicated in this task, so a cerebellar affection can be depicted by a diminished retention time. The ataxic phenotype seems to be preserved even in the pure background, but further analysis would be needed for confirmation. Validation could be performed by analyzing the mouse gait with footprint for example. As behavioral analyses were repeated, we also repeated electron microscopy in 30 weeks old mice cerebellum. As previously (Stefely et al., 2016), shrunken Purkinje neurons were observed only in mutant cerebellum (Figure 50 and Figure 51). Granule cells had a normal structure (Figure 50) and some Purkinje neurons had lobulated nuclei (Figure 51A) in both Coq8a -/-and WT cerebellum. Dilated Golgi apparatus appeared in Coq8a -/-Purkinje neurons, and was also detected in WT Purkinje neurons but to a lesser extent (Figure 51 B and D). Still, this dilatation seemed more pronounced in degenerating, shrunken neurons. It is not known whether this dilation is induced by the degeneration of cells, being a consequence, or if it is more the cause for degeneration. In conclusion, the ARCA2 phenotype characterized by the degeneration of Purkinje neurons in adult mice, with Golgi dilatation, could be observed and confirmed the preserved phenotype in the Coq8a -/-mice with a pure C57/BL6J background. Previously, in order to uncover molecular pathways implicated in the pathology, RNA-sequencing was performed by Floriana Licitra, in muscle and cerebellum of 30 weeks old Coq8a -/-and WT mice (Licitra, 2013). A few hundred genes appeared as significantly deregulated. We were hence interested in knowing which deregulated molecular pathways, in the cerebellum, can lead to ataxia, and how early these deregulations arise. The analysis was thus pursued with an Ingenuity Pathway Analysis (IPA, Quiagen) of cerebellum RNA-sequencing data. No clear pathways came out of in this IPA analysis, due

to the low number of transcripts deregulated. Indeed, in 30 weeks old Coq8a -/-mice cerebellum, 38 transcripts were found to be significantly down-regulated and 36 upregulated (considering the adjusted p-value), by RNA-sequencing. Still, when the diseases and functions predicted to be affected by the IPA software were examined, glucose metabolism and neuronal functions came out (Table 7).

When studying the RNA-sequencing list of genes, in light of the IPA results, it appeared that a number of genes were implicated in ion transport or lipid metabolism. In regards to COQ8A function, and the phenotypes observed in mutant mice (Stefely et al., 2016), these functions were interesting to explore.

Validation of selected genes was first performed by qRT-PCR in cerebellum of 30 weeks old mice. If transcriptional deregulation could be confirmed at 30 weeks, the transcriptional levels were progressively assessed in younger mice up to 1 week (30, 20, 10, 5 and 1 week).
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Categories

Diseases or functions annotation

Predicted activation state and activation z-score

Genes

Nb of genes

Cancer, organismal injury and abnormalities tumorigenesis of tissue Increased 2,508 Ache,Apoa2,Atf4,Atp1a3,B3galt2,Cars,Copa,Dusp12,Grin2d,Hsd17b7,Kcnab3,Kcnh2,Kcnj10,Kcnk2,Lrp1b,Mthfd2,Myoc,Pcp4,Plch1,Plcl2,Ppargc1a,Ret,Sccpdh,Sesn2,Slc24a3,Slc6a7,Slc7a3,Slc7a5,Syt17,Tmem25,Trpm2 Metabolic disease glucose metabolism disorder -1,829

Ache, Apoa2, Atf4, Cars, Ifi202b, Kcnab3, Kcnh2, Lrp1b, Plin2, Ppargc1a, Rsad2

Neurological or muscular disorders neuromuscular disease -1,387

Ache, Atf4, Gas5, Grin2d, Hpca, Kcnh2, Kcnk2, Ppargc1a, Ret, Slc24a3, Vamp1 For a clear picture, redundant functions or diseases were omitted and only genes deregulated by RNAsequencing were kept in the gene column. The predicted activation score and the activation z-score correspond to the probability of the specified pathway to be up or down-regulated. The number of genes corresponds to all the genes described as being implicated in this pathway.

Endocrine system insulin-dependent diabetes

Out of the fifty genes already tested (see ANNEX Table 10), twenty-seven are deregulated as early as 5 weeks in the cerebellum of knock-out mouse. Furthermore, two genes even have reduced expression at 1 week. ApoAII (encoding an apolipoprotein found in high density lipoprotein lipoparticles), and Copa (a gene coding for a protein mediating the retrograde transport of dilysine motifs from Golgi to ER) are two genes for which expression is consistently deregulated in Coq8a -/-cerebellum from 1 to 30 weeks (Figure 52, Figure 53). These deregulations are maintained over time, but it is still unknown how early they appear. These two transcripts levels must yet be assessed in the in vitro models and will Results 110 enable to judge if the cultures are useful for further experiment and reproduce these phenotypes or not.

Figure 52 : Coq8a -/-mice have reduced levels of ApoAII from 1 to 30 weeks in cerebellum.

Relative expression of ApoAII in cerebellum of 30, 20, 10, 5 and 1 week old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars : SD, ** = p<0.005, ***=p<0.0005 ****=p<0.00005.

Figure 53 : Coq8a -/-mice have reduced levels of COPA from 1 to 30 weeks in cerebellum.

Relative expression of Copa in cerebellum of 30, 20, 10, 5 and 1 week old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, *=p<0.05, ** = p<0.005, ***=p<0.0005 ****=p<0.00005.

The decrease in ApoAII transcription in Coq8a -/-mice cerebellum is striking, with around 80% reduction (Figure 52), although it is a gene which is not well expressed in the cerebellum. This low expression might be due to an expression restricted to a specific cell type. So far ApoAII was only reported as being present in high density lipoproteins and in liver [START_REF] Maïga | Apolipoprotein A-II is a key regulatory factor of HDL metabolism as appears from studies with transgenic animals and clinical outcomes[END_REF]. It will be seen (in section VII on Dyslipidemia, in Figure 63C) that ApoAII levels are not altered in Coq8a -/-liver. It therefore seems that this deregulation is specific to cerebellum. Deregulation of some potassium channels were revealed to induce ataxia, and in some cases led to abnormal firing of Purkinje neurons [START_REF] Bockenhauer | Epilepsy, ataxia, sensorineural deafness, tubulopathy, and KCNJ10 mutations[END_REF][START_REF] Duarri | Mutations in potassium channel KCND3 cause spinocerebellar ataxia type 19[END_REF][START_REF] Irie | Kv3.3 channels harbouring a mutation of spinocerebellar ataxia type 13 alter excitability and induce cell death in cultured cerebellar Purkinje cells[END_REF].

Regarding the altered pacemaker activity in the ARCA2 mouse model (Stefely et al., 2016), potassium channels found to be significantly deregulated by RNA-sequencing were tested. Two, out of the four were deregulated in cerebellum of 5 weeks old mice, namely Kcnab3 and Kcnj10, being upregulated (Figure 54). Kcnab3 encodes a regulatory subunit of a potassium channel: it modulates the activity of Kv1.5 which is a voltage gated channel implicated during action potential, by inducing a faster inactivation of this pore [START_REF] Leicher | Coexpression of the KCNA3B gene product with Kv1.5 leads to a novel A-type potassium channel[END_REF]. Kcnj10 is described to be mainly expressed in glial cells (Kir4.1 channel) where it has a role in buffering extracellular potassium, and in cerebellum it is expressed in the deep cerebellar nuclei as well as in the Purkinje cell layer in Bergmann glia [START_REF] Poopalasundaram | Glial heterogeneity in expression of the inwardly rectifying K+ channel, Kir4.1, in adult rat CNS[END_REF][START_REF] Takumi | A novel ATP-dependent inward rectifier potassium channel expressed predominantly in glial cells[END_REF]. Transporters and channels also contribute to neuronal functions. Thus, the ones found to be deregulated by RNA-sequencing were assessed. The transcript levels of three solute carriers were found to be significantly deregulated (Figure 55). These three gene are: Slc6a7, encoding a synaptic protein, implicated in L-proline (a GABA-mimetic) uptake, most probably having a regulatory role in presynaptic excitatory transmission [START_REF] Crabtree | Cytosolic Accumulation of L-Proline Disrupts GABA-Ergic Transmission through GAD Blockade[END_REF][START_REF] Velaz-Faircloth | Mammalian brainspecific L-proline transporter. Neuronal localization of mRNA and enrichment of transporter protein in synaptic plasma membranes[END_REF]; Slc7a3, encoding a cationic L-amino acid transporter expressed in the granular and Purkinje cell layer neurons, which has high affinity for L-arginine, an amino acid that could have a regulatory role in nitric oxide synthesis [START_REF] Hosokawa | Neuron-specific expression of cationic amino acid transporter 3 in the adult rat brain[END_REF][START_REF] Ito | A new member of the cationic amino acid transporter family is preferentially expressed in adult mouse brain[END_REF]; and Slc24a3, encoding a sodium/calcium exchanger, useful for calcium homeostasis, and expressed in cerebellar granule cells [START_REF] Kiedrowski | Preferential expression of plasmalemmal Kdependent Na+/Ca2+ exchangers in neurons versus astrocytes[END_REF][START_REF] Kraev | Molecular cloning of a third member of the potassium-dependent sodiumcalcium exchanger gene family, NCKX3[END_REF]. Furthermore, other gene implicated in neuronal function or neurotransmitter modulation were also found to be upregulated as early as 5 weeks in cerebellum of Coq8a -/-mice (Figure 56). Ache inactivates acetylcholine esterase neurotransmitter to terminate signal transmission and is mostly expressed in mossy fibers during adulthood in mouse [START_REF] Olschowka | Postnatal development of cholinergic neurotransmitter enzymes in the mouse cerebellum. Biochemical, light microscopic and electron microscopic cytochemical investigations[END_REF]. Cplx1, is mainly expressed in deep cerebellar nuclei, and in Purkinje cells, where it acts as a regulator of neurotransmitter release depending on calcium concentration [START_REF] Freeman | Differential messenger RNA expression of complexins in mouse brain[END_REF][START_REF] Xue | Distinct domains of complexin I differentially regulate neurotransmitter release[END_REF]. Grin2d codes for a subunit of a NMDA glutamatergic receptor (NMDAR2D) involved in neuronal excitation, and is expressed in Purkinje as well as in granule, Golgi, basket and stellate cells [START_REF] Hess | Functional characterization of human N-methyl-D-aspartate subtype 1A/2D receptors[END_REF][START_REF] Scheeff | Cellular distribution of NMDA glutamate receptor subunit mRNAs in the human cerebellum[END_REF]. Hpca product is a neuronal calcium sensor implicated in neuronal plasticity and is expressed in Purkinje neurons [START_REF] Kobayashi | Hippocalcin-deficient mice display a defect in cAMP response elementbinding protein activation associated with impaired spatial and associative memory[END_REF][START_REF] Saitoh | Distribution of hippocalcin mRNA and immunoreactivity in rat brain[END_REF]. Expression in Purkinje neurons was also found for Nrsn1, which is necessary for neurite outgrowth and axonal regeneration [START_REF] Kiyonaga-Endou | Localization of Neurensin1 in cerebellar Purkinje cells of the developing chick and its possible function in dendrite formation[END_REF][START_REF] Suzuki | Regulatory expression of Neurensin-1 in the spinal motor neurons after mouse sciatic nerve injury[END_REF]. Syt17 encodes a synaptotagmin: a protein that should regulate membrane fusion or trafficking in axons [START_REF] Dean | Axonal and dendritic synaptotagmin isoforms revealed by a pHluorin-syt functional screen[END_REF]. Lastly, Trpm2 is widely expressed (in neurons and glial cells) and functions as a non-selective calcium channel which was described to be activated by multiple pathways such as oxidative stress or adenine second messengers [START_REF] Xie | TRPM2, calcium and neurodegenerative diseases[END_REF]. Relative expression of Ache, Cplx1, Grin2d, Hpca, Nrsn1, Syt17 and Trpm2 in cerebellum of 5 weeks old Coq8a -/- and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, *=p<0.05, ****=p<0.00005.

COQ8A link with neuronal functions remains puzzling, whereas its implication in metabolism, in particular lipid metabolism, seems more obvious in regards to its functions described so far, as an unorthodox protein kinase like (Stefely et al., 2016). Therefore, some gene were selected for validation of transcriptional deregulation. Eleven were found to be deregulated as early as 5 weeks in Coq8a -/- mouse cerebellum (Figure 57). This list includes Asns, Atf4, βIII-GalT2, Cars, Faim2, Nudt3, Plch1, Ret, Sccpdh, Sesn2 and Snhg11.

Gene Functions Atf4

Transcriptional regulator implicated in a variety of stress responses, including amino acid deprivation, unfolded protein response, ER and oxidative stress [START_REF] Ameri | Activating transcription factor 4[END_REF]. Mostly shown to be upregulated in metabolic stress conditions [START_REF] Siu | ATF4 is a mediator of the nutrient-sensing response pathway that activates the human asparagine synthetase gene[END_REF] Asns Enzyme converting glutamine, ATP and aspartate to asparagine [START_REF] Richards | Mechanistic issues in asparagine synthetase catalysis[END_REF]. Its mRNA levels were described to be increased in case of amino acid starvation and ER stress, under the control of Atf4, as upregulation of its transcripts levels follow Atf4 transcriptional upregulation [START_REF] Chen | Amino acid deprivation induces the transcription rate of the human asparagine synthetase gene through a timed program of expression and promoter binding of nutrient-responsive basic region/leucine zipper transcription factors as well as localized histone[END_REF][START_REF] Hutson | Cloning of rat asparagine synthetase and specificity of the amino acid-dependent control of its mRNA content[END_REF].

Sesn2

Expressed under the control of Atf4 [START_REF] Brüning | Nelfinavir and bortezomib inhibit mTOR activity via ATF4-mediated sestrin-2 regulation[END_REF], in particular in the context of amino acid starvation when eIF2α upregulates Atf4 which in turns upregulates Sesn2 transcript levels [START_REF] Ye | GCN2 sustains mTORC1 suppression upon amino acid deprivation by inducing Sestrin2[END_REF]. SESN2 also regulates various other stress responses such as responses to hypoxia, low glucose, excessive fatty acid or oxidative stress, each time under the control of a specific transcription factor [START_REF] Garaeva | Mitochondrial dysfunction induces SESN2 gene expression through activating transcription factor 4[END_REF].

β3-Gal-T2 Galactosyltransferases, which specifically catalyzes glycosylation of saccharide with a beta-N-acetylglucosamine (βGlcNAc) terminal residue [START_REF] Amado | A family of human beta3-galactosyltransferases. Characterization of four members of a UDP-galactose:beta-N-acetyl-glucosamine/beta-nacetylgalactosamine beta-1,3-galactosyltransferase family[END_REF][START_REF] Kolbinger | Cloning of a Human UDP-galactose:2-Acetamido-2deoxy-D-glucose 3␤-Galactosyltransferase Catalyzing the Formation of Type 1 Chains[END_REF].

Cars

Involved in protein synthesis by its gene product cysteinyl-tRNA synthetase, and was shown to inhibit certain lipid oxidation and induce transcription of some serine biosynthesis and transsulfuration genes when knocked-down [START_REF] Davidson | Isolation of two cDNAs encoding functional human cytoplasmic cysteinyl-tRNA synthetase[END_REF][START_REF] Hayano | Loss of cysteinyl-tRNA synthetase (CARS) induces the transsulfuration pathway and inhibits ferroptosis induced by cystine deprivation[END_REF].

Faim2

Also named Lfg, is expressed in the neurons of the Purkinje and granule cell layers in cerebellum [START_REF] Schweitzer | Neural membrane protein 35/Lifeguard is localized at postsynaptic sites and in dendrites[END_REF]. It encodes a protein specifically protecting cells from Fas-induced apoptosis, localized in plasma lipid rafts [START_REF] Fernández | Lifeguard/neuronal membrane protein 35 regulates Fas ligand-mediated apoptosis in neurons via microdomain recruitment[END_REF][START_REF] Somia | LFG: an anti-apoptotic gene that provides protection from Fas-mediated cell death[END_REF]. Transcriptional regulation of this gene seems to be regulated by phosphatidylinositol-3-kinase/Akt/protein kinase B, and its upregulation was shown to protect neurons from apoptosis [START_REF] Beier | FasL (CD95L/APO-1L) Resistance of Neurons Mediated by Phosphatidylinositol 3-Kinase-Akt/Protein Kinase B-Dependent Expression of Lifeguard/Neuronal Membrane Protein 35[END_REF].

Nudt3

High transcripts levels found in mouse brain, including in the cerebellum [START_REF] Williams | The Obesity-Linked Gene Nudt3 Drosophila Homolog Aps Is Associated With Insulin Signaling[END_REF]. NUDT3, also named DIPP, is a RNA decapping enzyme, involved in regulation of mRNA decay, which controls cell migration and it hydrolyzes diphosphoinositol polyphosphates [START_REF] Grudzien-Nogalska | Nudt3 is an mRNA decapping enzyme that modulates cell migration[END_REF].

Plch1

Phospholipase, hydrolyzing phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) to convert it to the secondary messenger inositol [START_REF]-/et de nouveaux résultats obtenus au laboratoire et par des collaborateurs, qui semblaient plus prometteurs, je me suis ensuite orienté vers l'identification des interacteurs de COQ8A[END_REF]4,5)-trisphosphate (Ins(1,4,5)P3) [START_REF] Kim | Phospholipase C-η1 is activated by intracellular Ca2+ mobilization and enhances GPCRs/PLC/Ca2+ signaling[END_REF]. This enzyme has a role in calcium signaling mediated by G-protein-coupled receptor and is activated by ER calcium release [START_REF] Kim | Phospholipase C-η1 is activated by intracellular Ca2+ mobilization and enhances GPCRs/PLC/Ca2+ signaling[END_REF]. Its transcripts are expressed throughout the brain including in the cerebellar Purkinje cell layer [START_REF] Hwang | Molecular cloning and characterization of a novel phospholipase C , PLC-η[END_REF].

Ret

Found in the Purkinje cell layer and to a lesser extend in the granule cell layer of the cerebellum [START_REF] Burazin | Localization of GDNF/neurturin receptor (c-ret, GFR??-1 and ??-2) mRNAs in postnatal rat brain: Differential regional and temporal expression in hippocampus, cortex and cerebellum[END_REF]. RET is recruited to lipid rafts (Tansey et al., 2000). This protein acts as a receptor tyrosine kinase, activated by glial cell line derived neurotrophic factor (GDNF), and is implicated in dopaminergic neurons maintenance and regeneration, as well as dendrites development [START_REF] Kowsky | RET signaling does not modulate MPTP toxicity but is required for regeneration of dopaminergic axon terminals[END_REF][START_REF] Colucci-D 'amato | Presence of Physiologically Stimulated RET in Adult Rat Brain: Induction of RET Expression during Nerve Regeneration1[END_REF][START_REF] Soba | The ret receptor regulates sensory neuron dendrite growth and integrin mediated adhesion[END_REF]. Ret overexpression was found to rescue mitochondrial impairment and bioenergetics, in case of PINK1 knock-down [START_REF] Klein | Ret rescues mitochondrial morphology and muscle degeneration of Drosophila Pink1 mutants[END_REF]. When Ret was conditionally deleted, increase apoptosis could be observed in the cerebellar molecular layer interneurons, which led to Purkinje neurons increased firing frequencies but no motor or coordination defective activity [START_REF] Sergaki | Compromised Survival of Cerebellar Molecular Layer Interneurons Lacking GDNF Receptors GFRα1 or RET Impairs Normal Cerebellar Motor Learning[END_REF])

Sccpdh

Putative saccharopine dehydrogenase-like oxidoreductase which is supposed to act in lysine catabolism by converting L-lysine to L-saccharopine or further to L-glutamate or α-ketoglutarate in presence of NAD + or NADP + as oxidant [START_REF] De Mello Serrano | Lysine degradation through the saccharopine pathway in bacteria: LKR and SDH in bacteria and its relationship to the plant and animal enzymes[END_REF][START_REF] Pink | Lysine α-ketoglutarate reductase, but not saccharopine dehydrogenase, is subject to substrate inhibition in pig liver[END_REF]. These ascribed functions are based on homology, and it seems that in mammals the saccharopine pathway occurs only in mitochondria [START_REF] Hallen | Lysine metabolism in mammalian brain: An update on the importance of recent discoveries[END_REF].

Snhg11

Non-protein-coding small nucleolar RNA (C20orf198), which might cause obesity [START_REF] Naukkarinen | Use of genome-wide expression data to mine the "gray zone" of GWA studies leads to novel candidate obesity genes[END_REF].
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According to the gene regulations described in the table above, it could be that the decrease in Atf4 expression leads to the decrease of Asns expression [START_REF] Chen | Amino acid deprivation induces the transcription rate of the human asparagine synthetase gene through a timed program of expression and promoter binding of nutrient-responsive basic region/leucine zipper transcription factors as well as localized histone[END_REF][START_REF] Hutson | Cloning of rat asparagine synthetase and specificity of the amino acid-dependent control of its mRNA content[END_REF]. The same could be true for Sesn2, which was shown to be expressed under the control of Atf4 [START_REF] Brüning | Nelfinavir and bortezomib inhibit mTOR activity via ATF4-mediated sestrin-2 regulation[END_REF]. Relative expression of Asns, Atf4, βIII-GalT2, Cars, Faim2, Nudt3, Plch1, Ret, Sccpdh, Sesn2 and Snhg11 in cerebellum of 5 weeks old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, *=p<0.05, **=p<0.005, ***=p<0.0005.

Finally regarding the transcriptional deregulations, sixteen genes, not deregulated in RNA-sequencing data of 30 weeks old mice, were assessed to gain insight in the possibly deregulated mechanisms.

ApoAII was found to be significantly deregulated, so we were wondering if this was specific to this apolipoprotein or if others would also have decreased expression. APOE and APOJ are known to be well expressed in the brain and were described to be misregulated notably in Alzheimer's disease [START_REF] Stukas | High-density lipoproteins and cerebrovascular integrity in Alzheimer's disease[END_REF]. Moreover, APOAII was mostly described as a component of HDL, and so was APOAI [START_REF] Alexander | Influence of apolipoprotein A-I and apolipoprotein A-II availability on nascent HDL heterogeneity[END_REF]. Out of these genes only ApoAII (as previously described) and

ApoAI were significantly downregulated in Coq8a -/-mice cerebellum at 5 weeks (Figure 58 A). ApoE and ApoJ levels remained unchanged (Figure 58 A). SREBP, sterol regulatory element-binding proteins, are transcription factors which regulate cholesterol and fatty acid biosynthesis. SREBP1C primarily induces fatty acid genes synthesis, SREBP2: cholesterol genes, whereas SREBP1a activates both cholesterol, fatty acids and triglycerides genes [START_REF] Horton | SREBPs: Activators of the complete program of cholesterol and fatty acid synthesis in the liver[END_REF]. As APOA1 in implicated in cholesterol efflux in HDL particles, we were wondering if one of these transcription factor was deregulated. Indeed, in Coq8a -/-cerebellum of 5 weeks old mice, Srebp1c was deregulated but not week old mice but unlike ApoAII, their transcript levels were similar to WT at this age. It therefore seems that ApoAII decreased expression is a specific event which appears early, during cerebellum development, and that it is followed by ApoAI deregulation. These results are still intriguing because the only ApoA levels found in the brain so far were assigned as coming from the peripheral circulation [START_REF] Karten | Expression of ABCG1, but not ABCA1, correlates with cholesterol release by cerebellar astroglia[END_REF]. 

b. Translational level

Different mechanisms might influence the deregulation of these transcripts. It might be that some common transcriptional regulators are implicated, but they were not found yet, except for Atf4 which might account for the deregulation of two genes: Asns and Sesn2. Moreover Kcnj10 transcription was described to be correlated with the DNA methylation status [START_REF] Nwaobi | DNA methylation functions as a critical regulator of Kir4.1 expression during CNS development[END_REF], which could also be the case for other genes. We started by assessing protein levels of the first transcripts found to be deregulated. For these, antibodies were ordered to be able to determine if the proteins levels were also affected or if it was restricted to transcripts levels. APOAII, COPA, KCNAB3, PLCH1 and SYT17 expression were therefore assessed. Unfortunately, antibodies for APOAII and KCNAB3 did not work in western blot or need further optimization. Nevertheless, only SYT17 was found to be significantly upregulated in the cerebellum of 5 weeks old Coq8a -/-mice (Figure 59). PLCH1 was found to be 
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Results 117 significantly decreased but only in Coq8a -/-females, which is surprising regarding the elevated levels of transcripts measured but might reflect further regulatory mechanisms (Figure 59C). COPA had similar expression in mutant and WT mice, even when males and females were assessed separately, due to high variability in between samples. For confirmation, these results should be repeated and performed in a new cohort of mice. To further this study, the histological analysis is ongoing. KCNAB3

was already found to localize mostly in Purkinje cells soma and its levels and localization seemed similar in Coq8a -/-cerebellum compared to WT at 5 weeks (Figure 60). Additional experiments are now needed to explore deregulated metabolic pathways that might be of interest and linked to the ARCA2 phenotypes. [START_REF] Luna-Sánchez | CoQ deficiency causes disruption of mitochondrial sulfide oxidation, a new pathomechanism associated with this syndrome[END_REF][START_REF] Ziosi | Coenzyme Q deficiency causes impairment of the sulfide oxidation pathway[END_REF], the question was raised if this was also the case in the Coq8a -/-mouse model. Unfortunately, antibodies against SUOX and SQRDL need further optimization to get nice signal at the right molecular weight. Nevertheless, TST could be assessed and its expression was increased but only in 5 weeks old Coq8a -/-female's cerebellum (Figure 61). This protein is a thiosulfate sulfur-transferase, also named rhodanese, localized in the mitochondria, which is implicated in cyanide conversion to thiocyanate, sulfide detoxification, as well as in 5 S rRNA mitochondrial import [START_REF] Aminlari | Cyanide-metabolizing enzyme rhodanese in human tissues: Comparison with domestic animals[END_REF][START_REF] Ogata | Mitochondrial rhodanese: membrane-bound and complexed activity[END_REF][START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF]).

An increased expression was shown to decrease cells sensitivity to H 2 S toxicity [START_REF] Ramasamy | Sulfide-detoxifying enzymes in the human colon are decreased in cancer and upregulated in differentiation[END_REF]. 

VII. Dyslipidemia

At 25 weeks, Coq8a -/-mice show deregulated levels of lipids in the blood (such as cholesterol, HDL, LDL, and free fatty acids) as well as CoQ deficiency in the liver (Stefely et al., 2016: Figure S1C and Figure 2A). Liver is one of the major organ involved in lipid metabolism, therefore it was decided to concentrate on this tissue, to assess the molecular dysregulation leading to dyslipidemia. First, the focus was put on the mevalonate pathway, as this biosynthesis route is common for both the synthesis of cholesterol and CoQ. This raised the question whether these two parameters could be linked, explaining the high blood cholesterol levels. Indeed, an upregulation of the overall mevalonate pathway, to compensate for the lower levels of CoQ, could lead to a higher production of cholesterol.

The reverse mechanisms was already described, with the blockage of the mevalonate pathway with statins (drugs to treat hypercholesterolemia) resulting in lower cholesterol but also lower CoQ levels in the blood [START_REF] De Pinieux | Lipid-lowering drugs and mitochondrial function: effects of HMG-CoA reductase inhibitors on serum ubiquinone and blood lactate/pyruvate ratio[END_REF]. Key enzymes of different pathways, which are implicated in lipid regulation and synthesis in the liver, and known to be deregulated at the transcriptional level in case of dyslipidemia, were also assessed. As the phenotype was more pronounced in males, hence males were primarily used for this experiment.

To assess the potential deregulation of the mevalonate pathway, Hmgcr (3-Hydroxy-3-Méthyl-Glutaryl-CoA reductase) and Fdft1 (Farnesyl-Diphosphate Farnesyltransferase) were tested. Hmgcr is the rate controlling enzyme of the mevalonate pathway, therefore it is highly regulated at the transcriptional level. Its transcript levels are inhibited notably by cholesterol itself when the levels are high, and HMGCR is the target of drugs like statins used against hypercholesterolemia [START_REF] Goldstein | Regulation of the mevalonate pathway[END_REF]. Fdft1 acts downstream by catalyzing the first reaction of the sterol metabolic pathway branch, when synthesis of cholesterol and ubiquinone diverge (Figure 62). This enzyme is also regulated by cholesterol levels [START_REF] Tansey | Structure and regulation of mammalian squalene synthase[END_REF].

In parallel, enzymes implicated in the synthesis of fatty acid and β-oxidation were also assessed as it is known that there is a common regulation of fatty acid and cholesterol synthesis. Furthermore, free fatty acids levels in the blood are also elevated. Acc1 (acetyl-coenzyme A carboxylase, encoded by the Acaca gene) is a regulator of the fatty acid metabolism and catalyzes the rate limiting reaction in long chain fatty acids biogenesis. Its gene expression is regulated by two transcription factors, in response to the nutritional status: SREBP (sterol regulatory element binding proteins, which also regulates Hmgcr, as it is a master regulator at the transcriptional level of both fatty acid and cholesterol synthesis) and ChREBP (carbo-hydrate response element binding protein) [START_REF] Ishii | Carbohydrate response element binding protein directly promotes lipogenic enzyme gene transcription[END_REF]Tong, Results 121 2005). Fasn (fatty acid synthase) acts downstream of Acc1 and is also regulated by SREBP [START_REF] Latasa | Occupancy and function of the -150 sterol regulatory element and -65 E-box in nutritional regulation of the fatty acid synthase gene in living animals[END_REF]. It catalyzes the formation of long chain fatty acids from Acetyl-CoA, malonyl-CoA and NADPH.

A mitochondrial enzyme was also assessed: Cpt1 (carnitine palmitoyl transferase I), the fatty acid oxidation rate-limiting enzyme, which has an important role in triglycerides metabolism and is regulated by the transcription factor PGC1α [START_REF] Louet | The coactivator PGC-1 is involved in the regulation of the liver carnitine palmitoyltransferase I gene expression by cAMP in combination with HNF4?? and cAMP-response element-binding protein (CREB)[END_REF]. PGC1α, a transcriptional coactivator, regulates genes involved in lipid metabolism and may regulate cholesterol homeostasis. Mcad (medium-chain acyl coenzyme A dehydrogenase) encoded by Acadm is also transcriptionally regulated by PGC1 α [START_REF] Vega | The Coactivator PGC-1 Cooperates with Peroxisome Proliferator-Activated Receptor alpha in Transcriptional Control of Nuclear Genes Encoding Mitochondrial Fatty Acid Oxidation Enzymes[END_REF]. This enzyme catalyzes the initial step in mitochondrial fatty acid betaoxidation of medium chain fatty acids (C4 to C12-acylCoA) whereas Lcad (long-chain acyl coenzyme A dehydrogenase, encoded by Acadl) does it for long chains (C12 and C16-acylCoA). The mRNA levels of both enzymes appeared to change in case of certain lipid deficiency [START_REF] Tucci | Tissue-Specific Strategies of the Very-Long Chain Acyl-CoA Dehydrogenase-Deficient (VLCAD-/-) Mouse to Compensate a Defective Fatty Acid ??-Oxidation[END_REF], therefore a deregulation might also arise in case of lipids elevation. 
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Finally, the levels of Lpl, ApoAII and ApoE were assessed as ApoAII was found to be deregulated in the cerebellum of 30 weeks old Coq8a -/-mice compared to WT, by an RNA-sequencing approach. APOAII and APOE are two apolipoproteins that are required for sterol efflux in high density lipoprotein (HDL) particles [START_REF] Chang | Cellular Cholesterol Homeostasis and Alzheimer's Disease[END_REF]. A dysregulation of these enzymes could therefore also lead to changes in the blood cholesterol level. In the blood stream, cholesterol is also transported in VLDL and IDL (Very Low Density Lipoprotein and Intermediate Density Lipoprotein respectively), and Lpl (lipoprotein lipase) enables to convert VLDL into IDL. Additionally this enzyme hydrolyzes triglycerides in free fatty acids and is involved in lipid transport in different organs [START_REF] Mead | Lipoprotein lipase: Structure, function, regulation, and role in disease[END_REF]. The levels of expression of each gene were measured by qRT-PCR in liver samples and normalized over the expression levels of Tbp (Tata binding protein). None of the eight genes tested (Hmgcr,Fdft1,Acaca,Fasn,Pgc1α,Cpt1,Acadl,Acadm) showed a significant dysregulation of their transcript levels in liver of 27 weeks old mice (Figure 63A). For most of the assessed genes, and in particular for Hmgcr, Acaca and Fasn, the variability between the transcript levels in between mice of each cohort was high, giving insignificant results. Thus, clear conclusion cannot be drawn, at least for the genes with a high variability of expression. For Lpl, the gene expression was first assessed in mice under a normal diet, and a trend towards decreased levels in Coq8a -/-mice liver was observed, although again these results

were not significant due to the high variability of expression within the two cohorts (Figure 63B). In fed conditions, variability might arise between the mice due to unequal food absorption before the dissection (difference in quantities of food ingested and duration between absorption and dissection time). Therefore, the assessment was repeated in fasted mice, to ensure a similar feeding state of all the mice. Under fasted conditions, the opposite results were obtained with a trend towards elevated

Lpl transcripts levels in Coq8a -/-mice liver, but still not significant, with a high variability between the different mutant mice only (Figure 63B). As before, no clear conclusion can be settled although Lpl levels do not seem to be affected. Regarding the apolipoproteins tested, neither ApoAII, nor ApoE showed any dysregulation in liver of mutant mice (Figure 63C). These last results, for the apolipoproteins, are more convincing, as the expression levels in between mice of the same cohort are within the same range. Testing proteins levels would probably not have been better as most of these enzymes are also regulated by phosphorylation which would increase the number of assays to perform.

Consequently, the candidate approach did not seem to be adapted to get insight into a potential alteration in the liver. RNA sequencing, proteomic or phosphoproteomic analysis might be more suited, although it is not sure that liver is really the organ inducing dyslipidemia. To further determine the effect of COQ8A deficiency in liver , other than the decreased level of CoQ (Stefely et al., 2016), electron microscopy was performed. No structural or ultra-structural defects could be observed in mutant mice. Both in WT and Coq8a -/-liver, the shape of mitochondria and other cell compartments seemed normal (Figure 64). This project was therefore left aside. However, since then, a post-doctoral fellow has been working on the project, and seems to have uncovered a general lipid dysregulation, not only in the blood, but also in different tissues.

A B

Discussion and perspectives

During this thesis, I was able to show: that the mevalonate pathway does not seem to be deregulated, and therefore would not explain the Coq8a -/-mice dyslipidemia; that COQ8A interacts with COQ4 and COQ5, reinforcing the hypothesis that COQ8A is part of the CoQ biosynthesis pathway; that neither mitochondrial respiration, nor glycolysis are affected early in skeletal muscles despite COQ5 and COQ7 downregulation; and finally, that molecular deregulations appear early on in mutant mice cerebellum.

I. Dyslipidemia

As Coq8a -/-mice, and particularly males, presented with reduced levels of CoQ in their liver and elevated levels of blood lipids, including cholesterol, a hypothesis was that the mevalonate pathway, synthetizing both cholesterol and CoQ, might be upregulated to compensate for the reduced levels of CoQ (Stefely et al., 2016). The assessed transcripts levels of genes involved in the mevalonate pathway or β-oxidation were not found to be deregulated in the liver of Coq8a -/-mice. The mevalonate pathway does not seem to be majorly affected in the liver, at least through transcriptional regulation of two key regulatory enzymes, Hmgcr and Fdft1. As neither the levels nor the potential phosphorylation status of proteins were checked, a deregulation of the mevalonate pathway cannot be totally excluded.

Cholesterol levels were only measured in the blood and not in organs. It could therefore be that the hypercholesterolemia arose from the excretion of cholesterol from another organ than liver or by a combination of excretion by different tissues. For further assessment, levels of lipids in different organs needed to be measured.

No blood dyslipidemia was reported so far in any of the ARCA2 patients described in the literature (Horvath et al., 2012;Lagier-Tourenne et al., 2008;Mignot et al., 2013;Mollet et al., 2008). Still, in certain patients, lipid accumulation was revealed by muscle histology (Horvath et al., 2012;Mollet et al., 2008), pointing towards a potential role of lipids in the pathophysiology of ARCA2.

Currently, Pankaj Kumar Singh, is trying to uncover a lipid deregulation in Coq8a -/-mice. He was able to show that total cholesterol as well as free cholesterol levels are unchanged in liver, muscle, white adipose tissue and brown adipose tissue, whereas cholesteryl ester is increased in liver and brown Discussion and perspectives 127 adipose tissue but not in muscle, nor in white adipose tissue of Coq8a -/-mice. In high density lipoproteins in plasma of the mutant mice, the three forms of cholesterol were found to be elevated (total and free cholesterol, and cholesteryl ester). Regarding triacylglycerol, higher levels were measured in white and brown adipose tissues of the Coq8a -/-mice. The link between the increase of these lipid species and COQ8A deficiency needs to be uncovered, but might point toward an implication of COQ8A in lipid metabolism.

COQ8A has been found to be highly expressed in brown adipose tissue (Figure 65A). Furthermore, upon cold exposure (mice put at 4°C during 4 hours), COQ8A expression in brown adipocytes was increased compared to room temperature conditions (Figure 65B). Under cold conditions, animals need to increase their heat production to maintain their body temperatures. This heat production is performed through thermogenesis by mitochondrial uncoupling [START_REF] Klingenberg | Structure and function of the uncoupling protein from brown adipose tissue[END_REF][START_REF] Nedergaard | UCP1: The only protein able to mediate adaptive non-shivering thermogenesis and metabolic inefficiency[END_REF]. CoQ is a cofactor, enabling the transport of protons from the intermembrane space to the matrix of the mitochondria by uncoupling proteins, for the generation of heat [START_REF] Echtay | Coenzyme Q is an obligatory cofactor for uncoupling protein function[END_REF]. The increase in COQ8A content could therefore reflect the need for higher CoQ levels during thermogenesis. Exploration of BAT in Coq8a -/-mice seems of interest to better understand COQ8A function. A B

II. Epilepsy

The causes of epilepsy can be diverse ranging from genetic mutations to trauma, or infections to hypoxia, furthermore different brain regions can be involved. The only consistent feature is the electrical hyperactivity (Biagini et al., 2013b;[START_REF] Koeleman | What do genetic studies tell us about the heritable basis of common epilepsy? Polygenic or complex epilepsy?[END_REF][START_REF] Mazarati | Neurobehavioral comorbidities of epilepsy: Role of inflammation[END_REF][START_REF] Pitkänen | Development of epilepsy after ischaemic stroke[END_REF][START_REF] Sarnat | Neuropathology of pediatric epilepsy[END_REF]).

Coq8a -/-mice presented with spontaneous seizures, were found to be more susceptible to epileptic crisis (after PTZ injection) and had a delayed spatial memory (Stefely et al., 2016). In an attempt to determine if the hippocampus was the affected brain region, responsible for the delayed spatial memory and the focus of epilepsy in Coq8a -/-mice, histology and electron microscopy were performed, and levels of three neurotransmitter's receptors were assessed, in 30 weeks old mice. The overall structure of the brain and of specific regions, in a defined critical section, were unaltered in Coq8a -/- mice compared to WT. When the ultrastructure of the hippocampus was analyzed, the only striking phenotype, which appeared in mutant sections, was an increased number and size of nuclear invaginations in Coq8a -/-hippocampal neurons.

A study on isolated hippocampal neurons and on organotypic hippocampal slices, revealed that the geometry of hippocampal neuron's nuclei was controlled by synaptic activity and NMDA receptor activation. Upon synaptic activity (burst of action potential) and calcium entry, the researchers observed an increase in the formation of nuclear invaginations (Wittmann et al., 2009). Furthermore, nuclear invaginations increase the surface of exchange with the cytoplasm and the endoplasmic reticulum, and could affect calcium signaling and in turn transcriptional activity [START_REF] Mauger | Role of the nuclear envelope in calcium signalling[END_REF]. The increase of nuclear invaginations in Coq8a -/-hippocampal neurons could therefore be due to activation by glutamate or glycine neurotransmitters and in turn be more transcriptionally active. The increased expression of NR2B (an NMDA receptor) and GAD65/67 (an enzyme converting glutamate to GABA) could be in line with this hypothesis. More excitation might be found in mutant hippocampus, but this hypothesis remains to be tested. Nuclear invaginations were found to be a reversible process, it is therefore unsure whether this phenomenon was part of the phenotype or simply reflects a region of more excited neurons (Wittmann et al., 2009). Quantification of invaginations on different mutant and WT hippocampal slices would enable to answer this question. Finally, epilepsy seems to arise from cortex in patients (Dr. Anheim personal communication), leading us to think that hippocampus might not be the best brain structure to look at. Two common features, found in patients, are the ataxia and the cerebellar atrophy. Moreover studies have shown that affection of the cerebellum could also induce seizures [START_REF] Lascano | Tracking the source of cerebellar epilepsy: Hemifacial seizures associated with cerebellar cortical dysplasia[END_REF]. The focus should therefore be put on cerebellar affection to try and better understand ARCA pathophysiology.

Nevertheless, morphometric analysis should be repeated on a new cohort of mice, as the standard operating procedure in the laboratory of Binnaz Yalcin as evolved. This method is used in routine in her laboratory, measurement would therefore be more accurate. One defined brain section was analysed, whereas if ARCA2 mice enter their pipeline, three brain sections, including one at the level of the cerebellum, would be assessed. The new standard operating procedure also enables the measurement of additional parameters, including cell densities in precise regions, which should help us refining our knowledge on Coq8a -/-mice.

III. Ataxia

Coq8a -/-mice were shown to develop ataxia and have abnormal firing and degeneration of Purkinje neurons (Stefely et al., 2016). To assess the causes of these phenotypes, two approaches were undertaken: a candidate approach, with ions channels known to be involved in other ataxias, and an analysis of deregulated transcript levels.

No deregulation of the levels of four ions channels, mutated in the case of other ataxias, was observed by the candidate approach. Histology did not yield results at the time it was performed, but recent trials on cerebellum fixed with electron microscopy grade paraformaldehyde and embedded in cryopreservation medium enabled immunohistochemistry staining. Further analysis can therefore be done.

In cerebellum, certain proteins, like zebrin II (also called aldolase C), PLCβ3 (phospholipase Cβ3), or GABABR2 (GABA B receptor subtype 2), were found to be expressed in Purkinje neurons, but only in a subset of them. Their expression is restricted to certain zones of the cerebellum, forming bands or stripes, and the pattern is conserved in between individuals of a species. Purkinje neurons in which zebrin II is expressed are called zebrin II positive cells and the others zebrin II negative [START_REF] Cerminara | Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits[END_REF][START_REF] Gravel | Parasagittal organization of the rat cerebellar cortex: Direct comparison of purkinje cell compartments and the organization of the spinocerebellar projection[END_REF][START_REF] Scott | A unique pattern of localization within the cerebellum of the mouse[END_REF]. Different mouse models in which Purkinje neurons degenerate, show a pattern of degeneration with either zebrin II positive Purkinje neurons degenerating or zebrin II negative neurons degenerating [START_REF] Cerminara | Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits[END_REF]. This pattern can, for example, be seen in a mouse model for Niemann Pick type C disease, in which only zebrin II negative Discussion and perspectives 130 neurons degenerate [START_REF] Sarna | Patterned Purkinje cell degeneration in mouse models of Niemann-Pick type C disease[END_REF]. Hence, zebrin II (aldolase C) staining should be optimized, in order to decipher if the degeneration of Purkinje neurons in the Coq8a -/-mouse model occurs in a patterned way or not. This information could help us gain more insight in the pathomechanism, as zebrin II positive and zebrin II negative neurons express specific subsets of genes.

Hitherto the two cerebellar in vitro model generated, organotypic and primary cultures, do not show any phenotype. It might be that cultures are performed too early, and that a phenotype would only appear later on. Electrophysiology could be performed to assess if the spontaneous firing activity of Purkinje neurons is maintained or if in cultures an increased interspike interval can also be measured, as in 13 weeks old mice (Stefely et al., 2016). To try and exacerbate a phenotype, we could consider to stress cerebellar cultures, with H 2 O 2 for example, and monitor cellular and mitochondrial ROS production with fluorescent dyes (CM-H2-DCFDA and mitoSOX respectively).

Degeneration of Purkinje neurons is observed upon loss or mutations of different genes, implying that Purkinje neurons might be sensitive to deregulations [START_REF] Cerminara | Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits[END_REF]. We were wondering if degeneration of Purkinje neurons in Coq8a -/-mice, observed at 30 weeks, is due to an intrinsic molecular deregulation in this type of cell, or extrinsic, due to deregulated spiking of other neurons which synapses onto Purkinje cells or perturbed signaling by another type of cell, like Bergmann glia.

To answer this question, a Purkinje specific conditional knock-out mouse model was generated. Coq8a conditional mice were crossed with transgenic mice expressing Cre-recombinase driven by the Purkinje cell-specific Pcp2 promoter [START_REF] Todorov | Purkinje cell-specific ablation of CaV2.1 Channels is sufficient to cause cerebellar ataxia in mice[END_REF]. Unfortunately, the expression of the crerecombinase was not only expressed in cerebellum, but also broadly in the mice tissues. Generation of a new mouse line should be achieved if a mouse with specific expression of Pcp2-Cre is found.

Therefore, the question remains whether some Purkinje neurons degenerate due to the loss of COQ8A in their cell bodies (in a cell autonomous way) or if this phenotype is due to a specific affection, for example of the inferior olivary nucleus if the deregulation would occur through firing by the climbing fibers.

Laser capture microdissection of Purkinje neurons and of the three layers of the cerebellar cortex could be performed in order to assess the deregulated molecular mechanisms in each of these regions and in Purkinje neurons. Regarding Purkinje neurons, only the neuronal body can be microdissected, and not the axons or the dendritic tree if one wants to separate Purkinje neurons from the other cerebellar cell types. Still, the analysis of RNA and proteins specifically misregulated in Purkinje neurons soma will help to better understand the mechanism possibly implicated in the degeneration of this type of Discussion and perspectives 131 neuron. A comparative analysis of the molecular, granular and Purkinje cell layer might also give new clues about the pathophysiology. Regarding the unchanged CoQ levels measured in the cerebellum of Coq8a -/-mice, but the appearance of the ataxic phenotype, it could be that COQ8A is expressed specifically in a cell types or in a restrained number of cells in this tissue. Microdissection, followed by protein analysis, should give an answer to this question. If COQ8A expression is not restricted to certain cells, compensatory mechanism might come into action to produce CoQ or COQ8A would have another function in this type of cells.

RNA-sequencing of 30 weeks old mice's cerebellum had been performed in an attempt to better understand the deregulated mechanisms inducing ataxia. The transcript level of part of the genes found to be deregulated by RNA sequencing, have been assessed by qRT-PCR in 5 weeks old mice.

Twenty-seven genes were found to be differentially transcribed in Coq8a -/-mice compared to WT.

Whether these deregulations are inducing ataxia or ensue from compensatory mechanism remains to be elucidated.

ApoAII transcripts were found to be highly decreased (80% decrease) already in 1 week old Coq8a -/- mice cerebellum and the decrease was stable over time. As the expression level is low in this tissue, the question remained whether this could be a false positive. Hints that this deregulation is most probably relevant came from the proteomic analysis which revealed that APOAII protein levels were significantly decreased in the cerebellum of 30 weeks old Coq8a -/-mice (65% decrease, ANNEX Table 11). ApoAII is an apolipoprotein described as a major constituent of the high-density lipoproteins (HDL) particles which are found in the plasma. The expression and excretion of ApoAII are well recognized in hepatic cells [START_REF] Maïga | Apolipoprotein A-II is a key regulatory factor of HDL metabolism as appears from studies with transgenic animals and clinical outcomes[END_REF]. Nonetheless, ApoAII transcripts levels were not found to be deregulated in the liver of 30 weeks old Coq8a -/-mice, arguing towards a specific deregulation in the cerebellum. ApoAII knock-out mouse were only reported has having lower levels of total cholesterol, HDL-cholesterol, free fatty acid and insulin in their plasma [START_REF] Weng | Dramatically decreased high density lipoprotein cholesterol, increased remnant clearance, and insulin hypersensitivity in apolipoprotein A-II knockout mice suggest a complex role for apolipoprotein A-II in atherosclerosis susceptibility[END_REF]. ApoAII seems to be implicated in cholesterol and free fatty acid metabolism, but it remains to be determined to which extend [START_REF] Blanco-Vaca | Role of apoA-II in lipid metabolism and atherosclerosis: advances in the study of an enigmatic protein[END_REF]. ApoAII transcription was described as being controlled by different regulatory elements, most regulated by lipids [START_REF] Chan | Apolipoprotein A-II: Evaluating its significance in dyslipidaemia, insulin resistance, and atherosclerosis[END_REF], it could therefore be that a lipid dysregulation occurs in cerebellum. Interestingly, in Niemann-Pick type C, a disease due to impaired lipid trafficking, including cholesterol trafficking, Purkinje neurons were shown to degenerate in a cell autonomous manner [START_REF] Elrick | Conditional Niemann-Pick C mice demonstrate cell autonomous Purkinje cell neurodegeneration[END_REF]. It would therefore be interesting to assess if the content in cholesterol or other lipids is altered in the cerebellum, and in particular in Purkinje neurons. For this assessment, immunohistochemistry using filipin to stain cholesterol could be performed for example.

If ApoAII transcriptional downregulation is also observed in cerebellar cultures, the use of dyes to stain lipids, like the BODIPY® 542/563 cholesteryl ester (Invitrogen), would enable to visualize lipids and their transport (cholesterol transport in the case of the BODIPY® 542/563 cholesteryl ester). However, the limitation of these techniques is that specific lipids have to be assessed one by one.

Copa was also found to have deregulated transcription early, in 1 week old Coq8a -/-mice, with constant deregulation over time, with a decrease of around 20%. So far, the protein levels were not found to be deregulated but these results should be confirmed, although proteomic data of 30 weeks old Coq8a -/- mice also showed no significant deregulation (ANNEX Table 10). Copa encodes the α-subunit of the coatomer complex, which is the main component of the coat protein I (COPI). This complex is implicated in retrograde transport of vesicles from the Golgi to the ER but probably also within the Golgi [START_REF] Eugster | COP I domains required for coatomer integrity, and novel interactions with ARF and ARF-GAP[END_REF][START_REF] Popoff | COPI budding within the Golgi stack[END_REF]. COPI was also shown to facilitate localization of mRNA encoding mitochondrial proteins which are nuclear-encoded [START_REF] Zabezhinsky | An Essential Role for COPI in mRNA Localization to Mitochondria and Mitochondrial Function Cell Reports Report An Essential Role for COPI in mRNA Localization to Mitochondria and Mitochondrial Function[END_REF]. Moreover, COPA was shown to move within the axons in murine motor neurons and to co-immunoprecipitate with certain RNA in neuronal cells [START_REF] Peter | The COPI vesicle complex binds and moves with survival motor neuron within axons[END_REF][START_REF] Todd | COPI transport complexes bind to specific RNAs in neuronal cells[END_REF]. The deregulation of Copa could therefore be linked to the neuronal phenotype. Copa might also lead to the generation of xenin-25, a hormone, by post-translational modification (xenin corresponds to the 25 N-terminal amino acids of COPA) [START_REF] Chow | Alpha coat protein COPA (HEP-COP): presence of an Alu repeat in cDNA and identity of the amino terminus to xenin[END_REF]. This hormone was shown to act in the gut but also in the hypothalamus and white adipose tissue and to be involved in the feeding behavior and lipid metabolism [START_REF] Bhavya | Central action of xenin affects the expression of lipid metabolism-related genes and proteins in mouse white adipose tissue[END_REF][START_REF] Kim | Xenin-induced feeding suppression is not mediated through the activation of central extracellular signal-regulated kinase signaling in mice[END_REF]. Whereas xenin-25 is produced in the cerebellum and is relevant in the case of COQ8A deficiency remains unknown but if xenin is indeed produced in the cerebellum there might be a link with Coq8a -/-mice dyslipidemia. This last hypothesis remains highly questionable and a deregulation of Copa, as a result of another mechanism, seems much more probable.

Potassium channels are important channels known to be implicated in action potentials for the repolarization of neurons, but also serve in intercellular signaling. In the cerebellum of 5 weeks old Coq8a -/-mice, genes encoding for a potassium channel and a regulatory subunit of a voltage gated potassium channel, namely Kcnj10 and Kcnab3 respectively, were found to be transcriptionally deregulated. Kcnab3 was found to induce a faster inactivation of the Kv1.5 voltage gated channel during action potential [START_REF] Leicher | Coexpression of the KCNA3B gene product with Kv1.5 leads to a novel A-type potassium channel[END_REF], whereas Kcnj10 was described as buffering the extracellular potassium [START_REF] Poopalasundaram | Glial heterogeneity in expression of the inwardly rectifying K+ channel, Kir4.1, in adult rat CNS[END_REF][START_REF] Takumi | A novel ATP-dependent inward rectifier potassium channel expressed predominantly in glial cells[END_REF]. Interestingly, in humans, mutations in the KCNJ10 gene were found to induce a syndrome with ataxia and epilepsy, the "SeSAME syndrome" (for seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance) [START_REF] Bockenhauer | Epilepsy, ataxia, sensorineural deafness, tubulopathy, and KCNJ10 mutations[END_REF][START_REF] Sala-Rabanal | Molecular mechanisms of EAST/SeSAME syndrome mutations in Kir4.1 (KCNJ10)[END_REF]. Regarding the functions of potassium Discussion and perspectives 133 channels, it is not surprising that deregulation leads to defects. KCNJ10 was found to be localized in Bergmann glia, so surrounding Purkinje neurons [START_REF] Poopalasundaram | Glial heterogeneity in expression of the inwardly rectifying K+ channel, Kir4.1, in adult rat CNS[END_REF][START_REF] Takumi | A novel ATP-dependent inward rectifier potassium channel expressed predominantly in glial cells[END_REF].

It is of interest to explore if the protein level is also affected or if only transcripts levels are elevated in cerebellum of 5 weeks old Coq8a -/-mice. Nevertheless, KCNJ10 was not found to have significant higher levels in 30 weeks old Coq8a -/-mice cerebellum compared to WT by proteomic analysis, and KCNAB3

was not reported (ANNEX Table 11). KCNAB3 is expressed in the brain, predominantly in the cerebellum, and we could detect it in Purkinje neurons by immunofluorescence [START_REF] Leicher | Coexpression of the KCNA3B gene product with Kv1.5 leads to a novel A-type potassium channel[END_REF].

Deeper analysis of KCNAB3 immunofluorescence staining is needed to gain insight in a potential altered protein level which might be slight. The protein deregulation of one or both of these potassium channels could be the cause for the abnormal firing of the Coq8a -/-Purkinje neurons measured by electrophysiology (Stefely et al., 2016). If none of these two proteins have deregulated levels, it remains to be determined why the transcripts levels show a significant increase of around 50%. In regards to the importance of the potassium channels, it could be that a control at the translational level occur to prevent overexpression of the proteins. These deregulations should therefore be assessed more in details.

Another gene, which seems of interest regarding the highly significant deregulation measured is Slc7a3. A decreased of more than 75% of the transcripts levels of Slc7a3 were observed in Coq8a -/- mice cerebellum compared to WT. This gene encodes the cationic amino acid transporters 3 (CAT-3), which is a transporter mediating L-type cationic amino acid entry in the cells, and which has high affinity for L-arginine [START_REF] Ito | A new member of the cationic amino acid transporter family is preferentially expressed in adult mouse brain[END_REF]. Slc7a3 was shown to be expressed in neurons, and particularly in the granular and Purkinje cell layer in the cerebellum in mouse [START_REF] Braissant | L-arginine uptake, the citrulline-NO cycle and arginase II in the rat brain: An in situ hybridization study[END_REF], and the protein CAT-3 was found to be internalized upon NMDA neurotransmission [START_REF] Huang | The cationic amino acid transporters CAT1 and CAT3 mediate NMDA receptor activation-dependent changes in elaboration of neuronal processes via the mammalian target of rapamycin mTOR pathway[END_REF]. CAT-3 might therefore contribute to the ataxic phenotype and the pathophysiology of Purkinje neurons. Accordingly, protein levels should be assessed, and immunohistochemistry performed to see if a protein deregulation follows the transcriptional deregulation. If the protein is mislocalized or the levels decreased, it would imply that a reduced level of arginine is probably internalized in cerebellar neurons and therefore the production of molecules requiring arginine for their synthesis might be affected. As arginine serves as a precursor for a number of molecules and proteins, including the neurotransmitter glutamate and the signaling molecule nitric oxide [START_REF] Wu | Arginine metabolism: nitric oxide and beyond[END_REF], decrease levels of CAT-3 could induce a decrease synthesis of glutamate and nitric oxide, for example, leading to altered neurotransmission and cell signaling. In humans, missense variants of SCLC7A3 were identified in five patients with autism spectrum disorders [START_REF] Nava | Hypomorphic variants of cationic amino acid transporter 3 in males with autism spectrum disorders[END_REF], reinforcing the idea that Discussion and perspectives 134 a deficiency in the CAT-3 protein is deleterious and that this gene appears to be of interest in the pathophysiology of the Coq8a -/-mice.

Syt17 transcript levels, as well as the protein levels, were found to be highly increased in 5 weeks old Coq8a -/-mice cerebellum. Syt17 encodes a synaptotagmin. Synaptotagmins are proteins suggested as regulating membrane fusion or trafficking, as half of the 17 synaptotagmins act in calcium induced exocytosis. The function of SYT17 remains unknown but it was found to be predominantly localized in vesicles in axons and might undergo exocytosis, in rat primary hippocampal cultures [START_REF] Dean | Axonal and dendritic synaptotagmin isoforms revealed by a pHluorin-syt functional screen[END_REF]. Immunohistochemistry should now be performed to see where SYT17 localizes in the cerebellum and if a differential localization can be seen in between WT and mutants. If an increase in SYT17 is also present in cerebellar neuronal cultures, exocytosis could be assessed with neurotransmitter fluorescence probes. As calcium signaling is involved in exocytosis, in addition to other signaling, calcium imaging with dyes like Fura-2 could also be performed [START_REF] Grienberger | Imaging Calcium in Neurons[END_REF].

Twenty other genes were found to have deregulated transcripts levels but for most of them this deregulation was slight and can probably not be detected at the protein level, by Western blot, if indeed it leads to a change in protein levels. The question also remains if these deregulations have a real biological significance. The data should be reproduced in a new cohort of mice to clarify the importance of these deregulations. Nevertheless, Atf4 is a transcriptional regulator so small changes might be sufficient to produce specific responses. The slight decrease of Atf4 transcripts levels might explain the decrease in AsnS and Sesn2, which are both in part regulated by this gene [START_REF] Chen | Amino acid deprivation induces the transcription rate of the human asparagine synthetase gene through a timed program of expression and promoter binding of nutrient-responsive basic region/leucine zipper transcription factors as well as localized histone[END_REF][START_REF] Ye | GCN2 sustains mTORC1 suppression upon amino acid deprivation by inducing Sestrin2[END_REF]. Regarding Faim2, Nudt3 and Snhg11, all three genes were found to be associated with human obesity, so they might have a link with lipid metabolism and the dyslipidemia observed in mice [START_REF] Naukkarinen | Use of genome-wide expression data to mine the "gray zone" of GWA studies leads to novel candidate obesity genes[END_REF][START_REF] Williams | What model organisms and interactomics can reveal about the genetics of human obesity[END_REF]. FAIM2 and RET were described as being recruited to lipid rafts (Tansey et al., 2000) and CoQ is present in all membranes. By proteomic analysis in 30 weeks old Coq8a -/-mice cerebellum, CARS, NUDT3, SCCPDH CPLX1, ASNS, FAIM2 had unaffected levels (when considering the adjusted p-value: Q-value) and the other proteins were not reported (ANNEX Table 11). For Plch1, a phospholipase, the results are puzzling, with an increase of the transcripts levels in males and female's animals but a decrease of the protein levels restricted to females in 5 weeks old Coq8a -/-mice. The Western blot should be repeated to confirm these results. A gender specificity is yet possible, for example high LDL cholesterol and free fatty acids contents were only measured in the blood of male Coq8a -/-mice whereas increase of total cholesterol and HDL cholesterol was reported for both sex (Stefely et al., 2016).
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CoQ is implicated in diverse mechanisms, including mitochondrial respiration, as described previously, but also in hydrogen sulfide (H 2 S) oxidation. Indeed, the first step of hydrogen sulfide oxidation metabolism in mammals is performed by a sulfide-quinone oxidoreductase. H 2 S although present in low amount to not be toxic for the cells, exerts cell signaling, like nitric oxide. H 2 S is synthetized and catabolized by the cells, and this last mechanism was described as occurring in the mitochondria [START_REF] Ziosi | Coenzyme Q deficiency causes impairment of the sulfide oxidation pathway[END_REF]. The levels of SQR and other enzyme of the H 2 S catabolism pathway were found to be decreased in certain CoQ deficiencies both in patient's fibroblasts and in a mouse model [START_REF] Luna-Sánchez | CoQ deficiency causes disruption of mitochondrial sulfide oxidation, a new pathomechanism associated with this syndrome[END_REF][START_REF] Ziosi | Coenzyme Q deficiency causes impairment of the sulfide oxidation pathway[END_REF]. SQR levels could not be determined so far in the Coq8a -/-mice and optimization is needed to get a specific signal. However, levels of TST, were found to be specifically increased in the cerebellum of Coq8a -/-female mice. TST is an enzyme acting downstream in the degradation of H 2 S into sulfate. By proteomic analysis of 30 weeks old Coq8a -/-mice, SQR levels were found to be increased in muscle, heart and kidney, and TST was increased only in muscle, of mutant mice, but none were found to be deregulated in cerebellum (ANNEX Table 12). The deregulation of other enzymes in this pathway remains to be explored, as well as the amount of CBS, one of the enzymes responsible for H 2 S synthesis, which is expressed in the cerebellum including in Purkinje neurons [START_REF] Robert | Expression of the cystathionine beta synthase (CBS) gene during mouse development and immunolocalization in adult brain[END_REF]. By proteomic analysis, TST levels in the cerebellum probably do not show a significant difference due to the low number of animals (n=3) and a mix of males and females. The divergence of TST expression between males and females raises the question of gender specificity. If a deregulation of the hydrogen sulfide metabolism can be observed, in particular in the cell models in which mitochondrial respiration was not shown to be affected it could imply that different pools of CoQ are used to perform different functions. At least the levels of TST and SQR should be assessed in the cerebellum, muscle and primary cultures to assess if defective hydrogen sulfide could play a role in ARCA2 pathophysiology. Quantification of the hydrogen sulfide would also be of interest to see if its signaling might be affected, which could contribute notably to degeneration of Purkinje neurons.

RNA sequencing or at least proteomic analysis of 5 weeks old Coq8a -/-mice cerebellum would be of interest in order to gain insight in the deregulated mechanisms occurring early on, as primary events, and limit the number of compensatory mechanisms observed.

The deregulated metabolic pathways remain to be explored to better understand what happens during the establishment of the phenotypes and clarify COQ8A role in the different tissues.

IV. Mitochondrial respiration

Although COQ8A precise functions have not been determined yet, this protein has, at least, a role in stabilizing the complex Q in CoQ biosynthesis (Stefely et al., 2016). Indeed COQ8A interacts with COQ4, COQ5, COQ6 and COQ7 (Stefely et al., 2016, Figure 3 A, B and C). Furthermore, COQ8A deficiency induces a decrease of different COQ proteins levels in Coq8a -/-mice, probably in all tissues, and starting early on, in embryos.

As COQ8A interacts with COQ7 within the Complex Q, a deficiency of COQ8A can explain the decrease of COQ7 observed in Coq8a -/-mice. In cerebellum of Coq8a -/-mice, lower COQ7 levels were found but the content in CoQ remained similar to WT. These results are puzzling regarding COQ7 catalytic role in the biosynthesis of CoQ (hydroxylation of demethoxyubiquinone) [START_REF] García-Corzo | Dysfunctional coq9 protein causes predominant encephalomyopathy associated with CoQ deficiency[END_REF][START_REF] Herebian | Detection of 6-demethoxyubiquinone in CoQ10 deficiency disorders: Insights into enzyme interactions and identification of potential therapeutics[END_REF].

Regarding the decrease in CoQ and abnormal mitochondria observed in muscles of 30 weeks old Coq8a -/-mice, it was of interest to assess mitochondrial function in this tissue. An in vitro model was generated and Coq8a -/-primary myoblasts were found to have reduced protein levels of COQ5 and COQ7, similarly to the reduction observed in adult muscles. As COQ5 and COQ7 are two catalytic enzymes required for CoQ biosynthesis, it was assumed that CoQ levels were decreased. These primary cultures therefore seemed adapted to assess a potential deregulation of mitochondrial respiration.

Nonetheless, oxidative phosphorylation (measured with an Agilent Seahorse XFe96 Analyzer) was not altered in Coq8a -/-myoblasts, which raises the question of an effective CoQ decrease. To answer this question and get a better insight in this muscular cell model, CoQ levels should be assessed.

Usage of the glycolysis pathway was evaluated to determine if cells would compensate for a less efficient energy production even though mitochondrial respiration was not affected. Coq8a -/- myoblasts were found to have a similar glycolysis and glycolytic capacity as WT. Results of mitochondrial respiration and glycolysis point towards an efficient energy supply in myoblasts, at least through glucose and the citric acid cycle.

To better characterize the muscle primary cultures, some experiments could be added, such as the measurement of the differentiation index (number of nuclei per myotubes at a fixed time point after differentiation). Furthermore, the differentiation of myoblasts in myotubes could be assessed by qRT-PCR with an appropriate control gene to be able to monitor the increase and decrease of the gene expressed, or by assessing the protein amounts by Western blot.

Similarly to the unaltered myoblast's oxidative phosphorylation, mitochondrial respiration of 42 weeks old Coq8a -/-mice's muscles fibers was unaffected when measured with Clark electrodes (Stefely et al., 2016), albeit that at 30 weeks, CoQ levels were found to be decreased by 30% in quadriceps of mutant mice, compared to WT. Mitochondrial respiration is therefore functional in Coq8a -/-mice's muscles.

A bias that could occur, both during Seahorse or Clark electrodes measurements, is that the initial substrate provision is different in Coq8a -/-and WT muscle cells, leading to a compensation which could explain unaltered basal respiration. To get rid of this possibility, cells could be permeabilized prior to the assay to have an equivalent media surrounding WT and mutant mitochondria [START_REF] Divakaruni | Measuring mitochondrial function in permeabilized cells using the seahorse XF analyzer or a clark-type oxygen electrode[END_REF]. This permeabilization was performed for the measurement in adult muscles fibers with the (Wang and Hekimi, 2013b). CoQ levels might therefore be preferentially used by mitochondrial respiration to sustain this function. The pathogenicity of CoQ deficiency would then arise as the defect of another role of CoQ.

With Clark electrodes on Coq8a -/-adult mouse fibers, only the respiration rate with complex I substrates (glutamate + malate) and respiration after addition of ADP, to increase complex V activity, were measured. Regarding the significant but mild CoQ deficiency in muscle of 30 weeks old Coq8a -/- mice (29% decrease in CoQ 9 and CoQ 10 content), it might be that measurement of oxygen consumption is not sensitive enough to detect a decreased activity of complex I, II or III, alone or in combination, if it is subtle, or simply reflects the non-affection of respiratory complexes activity. Assessment of enzymatic activities might not give a different result.

Regarding data obtained in muscles of ARCA patients, the data from Coq8a -/-mice remain surprising.

In muscles biopsies, CoQ levels were found to be reduced for all patients except one, with highly variable results ranging from 10 to 90% reduction compared to controls. Furthermore, in all patients in which a decrease in CoQ content was measured and for which mitochondrial respiratory chain activities were assessed, reduced activities were measured (with values and complexes activity varying Discussion and perspectives 138 from one patient to the other). The variability might be due to the type of mutation or the residues affected. Coq8a -/-mice display an ataxic phenotype, susceptibility to epilepsy and weaken endurance, similarly to ARCA patients, but without mitochondrial respiratory defects. Therefore, the question remains if the phenotype observed in patients are due to an affection of the mitochondrial respiratory chain, or the affection of another function of CoQ or COQ8A.

At 30 weeks, Coq8a -/-mice had unchanged levels of ROS in quadriceps muscles compared to WT, which is in line with the unaltered mitochondrial respiration (Licitra, 2013;[START_REF] Mclennan | The contribution of mitochondrial respiratory complexes to the production of reactive oxygen species[END_REF].

These results reinforce the question about the affection of mitochondria and the role of COQ8A.

Concerning assessment of mitochondrial respiration in cerebellar primary cultures, unfortunately no clear answer, at least regarding respiration due to complex I and III activities, could be obtained so far.

Optimizations would be need, but would possibly lead to the same results as for myoblasts, with unaltered mitochondrial respiration in Coq8a -/-cultures. Unchanged levels of CoQ in the cerebellum of 30 weeks old mice, as well as the absence of phenotype in these cultures, strengthen this hypothesis.

V. Long term perspectives

Redundancy

Deletion of Coq8 in Saccharomyces cerevisiae induces the loss of production of CoQ 6 and the impossibility to grow on non-fermentable carbon source, reflecting an altered mitochondrial respiratory chain, that is reversed upon supplementation with CoQ 6 (Do et al., 2001). A decrease of more than 90% of the CoQ content was found In Caenorhabditis elegans Coq8 knock-out animals compared to WT, and mutant animals had developmental arrest [START_REF] Asencio | Coenzyme Q supports distinct developmental processes in Caenorhabditis elegans[END_REF]. On the opposite, the CoQ reduction is slight in Coq8a -/-mice and is only present in certain tissues.

Furthermore, the phenotype is mild (Stefely et al., 2016). These results raise the question of a possible redundant role of other proteins in mammals in the biosynthesis of CoQ which would compensate for the loss of COQ8A. A good candidate would be COQ8B. Indeed, COQ8B is the closest homolog of COQ8A and is also an ortholog of Coq8 in yeast. Moreover, COQ8B was shown to interact with some of the COQ proteins forming the CoQ biosynthesis complex (Ashraf et al., 2013;Floyd et al., 2016).

COQ8A and COQ8B share 61% amino acid identity, some of their functions might therefore be redundant, although COQ8B lacks the N-terminal part found in COQ8A which is probably the Discussion and perspectives 139 membrane binding domain. So far mRNA levels of COQ8B were found to be lower than the ones of COQ8A in all mice tissues tested, and in some human tissues except in the kidney (Stefely et al., 2016).

COQ8B transcript levels were also found to be mildly decreased upon reduction of CoQ levels in ARCA2 patient's fibroblasts (Lagier-Tourenne et al., 2008). By proteomic analysis, COQ8B levels were unchanged in the cerebellum of 30 weeks old Coq8a -/-mice but could not be detected in heart, kidney and muscles of WT and mutant mice. These results are puzzling regarding the known expression of COQ8B in the kidney. The presence of COQ8B in cerebellum in which CoQ deficiency was not observed, and the absence of COQ8B in kidney and muscle in which a reduced level of CoQ was measured would be in accordance with this possible redundancy, although COQ8B protein levels should be verified as proteomic data from kidney are surprising. Furthermore, in heart COQ8B could not be detected and CoQ content was unaltered (Stefely et al., 2016). The questions remain whether a compensation occurs and if ADCK1, 2 and 5 could also play a role and display functional redundancy, at least in certain tissues. This hypothesis could be assessed by knocking-down the other Adck genes in Coq8a -/-mice by shRNA and looking if a phenotype would be exacerbated. Muscle would be an interesting tissue for this experiment, however, at least in 30 weeks old mice, none of the other ADCK proteins could be detected by proteomic analysis. The protein levels should first be assessed before taking this approach and would enable to target first the ADCK proteins which are more highly expressed in this tissue.

Tissue specificity

In cerebellum of Coq8a -/-mice, COQ7 levels are reduced but the content in CoQ remains unchanged compared to WT. Either the cells are able to produce the same amount of CoQ even though less enzymes are present or it could be that CoQ is synthetized through another route. Two enzyme have so far been described in the Golgi and in the peroxisome [START_REF] Kalen | Nonaprenyl-4-hydroxybenzoate transferase, an enzyme involved in ubiquinone biosynthesis, in the endoplasmic reticulum-Golgi system of rat liver[END_REF][START_REF] Tekle | Ubiquinone biosynthesis in rat liver peroxisomes[END_REF].

It was shown that all tissues do not contain the same amount of CoQ when normalized on the amount of proteins [START_REF] Parrado-Fernández | Calorie restriction modifies ubiquinone and COQ transcript levels in mouse tissues[END_REF]Stefely et al., 2016). Intriguingly, CoQ levels were found to be high in rat and human's heart, while in CoQ deficiencies only very few cases of heart affection were described [START_REF] Åberg | Distribution and redox state of ubiquinones in rat and human tissues[END_REF][START_REF] Quinzii | Clinical presentations of coenzyme Q10 deficiency syndrome[END_REF]. It could therefore be, that not all tissues require the same amount of CoQ and are therefore differentially affected by a loss of CoQ.

Patients with COQ8B mutations only present with nephrotic symptoms, whereas patient with COQ8A mutations were described as having cerebellar, brain and in some, muscle affection but not a kidney ANNEX Annex 143 Annex

I. Material and Methods

Mice

Coq8a -/-(Adck3 -/-) mice were generated by homologous recombination with deletion of exons 9-14, as reported in (Stefely et al., 2016).

Behavioural analysis

Accelerating rotarod: 7 Coq8a -/-and 9 WT mice were placed on an accelerating rotating rod (Panlab, Barcelona, Spain) as described previously to assess their coordination, balance and motor skill acquisition (Stefely et al., 2016). Four trials per day were performed per mice, with at least 15 minutes resting time in between trials. Mice performed the test during five days.

Beam-walking test: 7 Coq8a -/-and 9 WT mice were left to walk along a beam (2 cm wide × 90 cm long, and 30 cm above the bedding) and the number of misplacement of the paws when walking were counted. The latency to cross the beam was also evaluated.

Morphometric analysis

The evaluation was carried out using 30 weeks-old Coq8a -/-and WT mice, for which brain were dissected and fixed in 4% formaldehyde. Brains were then embedded in paraffin and 7 µm histological coronal sections were collected in a precise region of the brain. Sections were stained with cresyl violet and luxol blue for the measurement of the twenty-five parameters (areas and length) with Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Measurements were performed blind for the genotypes. The staining and analysis were performed as described [START_REF] Mikhaleva | Histomorphological Phenotyping of the Adult Mouse Brain[END_REF].
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Microscopy

Electron microscopy

Mice were intracardiacally perfused with 4% paraformaldehyde (PFA) diluted in PBS1x (phosphate buffered saline), tissues were subsequently dissected out and post-fixed in 2.5% glutaraldehyde-2.5%

PFA in cacodylate buffer. Following steps were performed as described (Stefely et al., 2016). For cerebellar organotypic cultures, fixation was immediately performed with 2.5% glutaraldehyde-2.5%

PFA in cacodylate buffer and processed further as the other samples dehydration and embedding in Epon.

Immunohistochemistry

Mice were perfused with 4% paraformaldehyde (in PBS 1X), and tissues post-fixed in the same solution overnight at 4°C. Tissues were then transferred in sucrose solutions up to 30% before being embedded in OCT. 10 µm thick sections were cut with a cryostat. Sections were blocked with 3% normal goat serum in PBS 1x and permeabilized with 0.25% Triton X-100. Samples were then incubated with primary antibodies at 4°C overnight. Secondary antibodies (goat anti-mouse or goat anti-rabbit) were then applied for 1h at RT. Staining with DAPI was performed at RT for 20 min. Slides were mounted with ProlongGold.

Immunofluorescence

Cultures were fixed in a solution of 4% formaldehyde in PBS 1x, and subsequently blocked and permeabilized with 10% NGS (Normal goat serum), 0.1% BSA (Bovine serum albumin) and 0.1% Triton X-100 in PBS. Primary antibodies were incubated overnight at 4°C in the permeabilization solution and secondary antibodies coupled to Alexa fluorophores were incubated on the cultures in the same solution but with DAPI. Slides were mounted with ProlongGold. For organotypic slices, permeabilization and incubation with the antibodies were performed for 24h at 4°C. In this case, blocking and permeabilization was performed with a solution of 10% NGS, 1% BSA and 0.1% Triton X-100 in PBS, and incubation of the antibodies was done in 5% NGS, 1% BSA and 0.1% 

Primary cell culture

Primary myoblasts

Hind limb muscles of P7 to P10 newborn mice were dissected, and kept in PBS on ice until minced.

Minced tissues were then transferred in a digestion mix (0.5 mg/mL collagenase (Sigma, C9263) and 3.5 mg/mL dispase (Invitrogen, 17105041) in IMDM) containing collagenase and dispase) and incubated for 1h30 at 37°C under agitation. Digestion was stopped by addition of dissection medium (IMDM with Glutamax (Invitrogen, 31980022), 0.1% gentamycin, 10% FBS). Suspensions were centrifuged (600rpm, 5min) and supernatant was kept for further centrifugation (1300rpm, 5 min).

Pelleted cells were then resuspended in 2-3mL dissection medium (for each cell suspension from a pup). Cell suspensions were filtered (through a 40mm cell strainer) and pre-plated for 3h at 37°C (cell culture incubator) in 6 well-plates (1 well per cells extracted from a pup). This pre-plating enables to eliminate contamination with fibroblasts. At the end of the pre-plating, supernatant was collected and centrifuged (1500rpm, 10min Proliferation assay: myoblasts were initially seeded at a density of 5 000 cells per well in 6

well-plates coated with Matrigel. Six myoblasts lines were used per genotype with each line derived from a different animal. One well for each cell line was trypsinized per day and the cell number was counted with an automated Scepter™ 2.0 Cell Counter (Merck Millipore). Trypsination and counting were reapeated for 6 days. Medium was replaced every two days. Population doubling was counted as a ratio over the number of cell counted on day 1 for each cell line.

Diffentiation assay: myoblasts were seeded to 3.0*10 4 cells per well in 6-well plates coated with Matrigel and left to grow until they reached around 80% confluence (six wells were seeded per cell line). At that point, proliferation medium was replaced by differentiation medium. The day after the switch of medium, Matrigel was added on top of the cells and Agrin incorporated into the medium.

Differentiation medium with Agrin was replaced every two days. Cells were harvested just before the switch of medium (D0), then on the next day (D1) before addition of Matrigel on top of the cells, and then every two days (D3-D9). Cells pellets were snap frozen and RNA extracted as mentioned for quantitative real time PCR.

Primary hippocampal cultures

Cultures were derived from E17.5 and E18.5 embryos. The pregnant mouse was sacrificed and embryos sampled within the uterus and kept in S1 solution (2.56 mg/ml D-glucose, 3 mg/ml BSA and 1.16 mM MgSO 4 in PBS 1x). Embryos were then taken out from the embryonic sac and dissected in S1 solution.

Hippocampus were detached and cut in small pieces before being centrifuged in S1 solution 1 min at 1000 rpm at RT. S2 solution (S1 solution with 0.25 mg/ml trypsin and 0.08 mg/ml DNase) was added on the pellet and incubated 20 min at 37°C. To stop the reaction S4 (84% S1 solution and 16% S3 solution) was added and samples centrifuged 5 min at 1000 rpm. The pellet was mechanically resuspended in S3 solution (S1 solution with 0.52 mg/ml soybean trypsin inhibitor SBTI, 0.08 mg/ml DNase and 1.5 mM MgSO 4 ) and centrifuged 5 min at 1000 rpm. Seeding medium (DMEM with 10 mM Annex 147 Hepes, 10% horse serum, 50 µg/ml gentamycin and 1 µg/ml insulin) was added to the pelleted cells and cells seeded on poly-L-lysine coated coverslips. Cultures were incubated at 37°C with 5% CO 2 . The next day, medium was replaced by neurobasal medium (Neurobasal medium with 0.5 mM glutamine, 2% B27 supplements and penicillin/streptomycin) which was changed every 3-4 days.

Primary cerebellar cultures

Cerebellum of P0 pups were dissected out in HBSS and stored on ice. Papain was added (10 units of papain latex in 1ml of a solution with 0.45 mg/ml L-cysteine, 1.982 mg/ml kynurenate, 74 mM Na 2 SO 4 , 27 mM K 2 SO 4 , 15 mM MgCl 2 , 0.2 mM CaCl 2 , 1.4 mM Hepes, and 18 mM glucose) on the cerebellum and incubated 30 min at 30°C. Cerebellum were than washed with pre-warmed HBSS and slowly triturated in a solution containing DNase (0.05% DNase in HBSS and 12 mM MgSO 4 ). Samples were than centrifuged 5 min at 800 rpm and cells were resuspended in supplemented medium with 10%

FBS before being plated on poly-L-lysine coated coverslips in a small volume and being incubated at 37°C with 5% CO 2 . After 3h, supplemented medium (DMEM/F12 with 100 µM putrescine, 30 nM sodium selenite, 1.4 mM glutamine, 40 nM progesterone, 20 µg/ml insulin, 200 µg/ml transferrin, 0.5 ng/ml T 3 supplement, 100 µg/ml BSA) with 5% FBS was added. The supplemented medium without serum was changed every 3-4 days and fluorodeoxyuridine was added.

Organotypic cerebellar cultures

Cerebella of P8 to P12 mice were dissected out and transferred to dissection medium (MEM with 25 mM Hepes (ThermoFischer scientific, 11544456) + 5g/L of D-glucose (Sigma, G8769), sterile filtered).

Cerebella were then cut sagittally with a tissue chopper (McIlwain Tissue chopper) in 350 µm thick slices. These slices were separated from one another with spatulas in dissection medium, and transferred on a Millicell membrane (Millipore, PICM03050). The Millicell insert with 8-10 isolated cerebellar slices was then put in a 6 well-plate with incubation medium (50 % MEM with 25 mM Hepes + 25% inactivated horse serum + 25% BME (ThermoFischer scientific, 41010) + 5g/L of D-glucose + 2µM L-glutamine + 1x penicillin/streptomycin, sterile filtered). Medium was changed every 2-3 days.
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Mitochondrial respiration

Myoblasts from Coq8a -/-and WT mice were seeded in Seahorse XFe-96 assay plates and cultured for 12 to 24 hours. Cellular respiration was quantified using the Seahorse Extracellular Flux Analyzer XF-96 (Seahorse Biosciences, USA). Prior to each experiment, 96-well Seahorse culture plates were precoated with Matrigel (BD Biosciences, Erembodegem, Belgium). Cells were incubated for 1 h in bicarbonate-free (unbuffered) XF Base Medium supplemented with 2 mM L-Glutamine, 1 mM pyruvate and 10 or 5 mM glucose or 10 mM galactose, prior to the experiment. The XF e Analyzer was then calibrated according to the manufacturer's instructions, and respiration of cells was quantified as the oxygen consumption rate (OCR) at baseline and following treatment with different mitochondrial modulators. In glucose conditions, 1.5 µM oligomycin, 1 µM of FCCP (carbonyl cyanide-ptrifluoromethoxyphenylhydrazone), and 0.5 µM rotenone with 0.5 µM antimycin A were progressively added. In galactose conditions, 5 mM glucose conditions and for myotubes, the concentrations remained the same except for oligomycin for which 2 µM were added. The OCR results shown are representative of 2 independent experiments with each time 6 biological replicates. Assays were performed prior to experiments to determine the optimal concentration of each compound. After measurements were completed, data was normalized to the total number of cells per well (cell nuclei stained with DAPI, counted by microscopy with an automated counting system). An ANOVA test was performed for statistical analysis, using GraphPad Prism. For cerebellar primary cultures, the settings remained the same except that the cultures were seeded in the Seahorse 96 well-plate on the day of the experiment and left to grow for at least one week prior to the assay.

Glycolysis

The glycolysis assay was similar to the mitochondrial respiration assay. Myoblasts were seeded in a Seahorse 96 well-plate coated with Matrigel, 12 to 24 h prior to the assay. 1 h before the experiment the media was changed and bicarbonate-free (unbuffered) XF Base Medium supplemented with 1 mM glutamine was added. The XF e Analyzer was then calibrated according to the manufacturer's instructions, and glycolysis of cells was quantified as the extracellular acidification rate (ECAR) at baseline and following treatment with different modulators. Progressive addition of modulators: 10 mM glucose, followed by 1 µM oligomycin and finally 50 mM 2-DG. 37°C in a humidified chamber containing 5% CO 2 . These cells were transfected with pc DNA3.1 plasmids encoding murine COQ proteins. Transfection was performed either with only the plasmid encoding COQ8A-FLAG, or COQ5-HA, or COQ4-HA, or COQ3-HA or COQ7-HA or COQ9-HA, or a combination of the COQ8A-FLAG and a COQ-HA encoding plasmid. Shortly, COS cells were plated a few days before the experiment and transfected when approximately 80% confluence was reached. Transfection was performed with FuGENE®6 Transfection Reagent (Promega) according to the manufacturer protocol.

On the day of the transfection, cells were washed with PBS and new media was added. Then FuGENE®6 Annex 152 was mixed with serum free medium: Opti-MEM (1,5ml Opti-MEM with 80µl FuGENE®6 Transfection Reagent per 20cm dishes). This solution was vortexed and left at RT for 5 minutes. After this incubation time, DNA was added in a 1:4 ratio (4µl of FuGENE®6 per µg of plasmid added). This final mix was vortexed and incubated 20 minutes at RT, before being added dropwise into the cells and gently mixed.

Cells were incubated for 24h before being washed and harvested, then the pellets were snap frozen (in NH 2 ) for immunoprecipitation assays.

Immunoprecipitation

Immunoprecipitation was performed as described for COS cells (Stefely et al., 2016). For elution, 2 solutions were assessed: 0.2M Glycine solution at pH 2.8 and 0.2mg/ml FLAG peptide in TBS (10 mM Tris HCl, 150 mM NaCl, pH 7.4). Both solutions yielded the same results. For the assays with nucleotides: 4 mM MgCl 2 and 1 mM nucleotide (ATP or ADP) were added to all immunoprecipitation solutions except to the elution buffer (so in the lysing solution with digitonin, the mitochondrial resuspension buffer with Triton X-100 and the wash buffer which is the same as the mitochondrial resuspension buffer).

Western blots

Protein were extracted with RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 0.5% Na-deoxycholate, 0.1% SDS, 1x cOmplete™ Protease Inhibitor Cocktail (Roche), 1% Triton X-100) or PEB buffer (10 mM Tris pH 7.4, 10% glycerol, 100 mM NaCl, 50 mM KCl, 1x cOmplete™ Protease Inhibitor Cocktail (Roche), 0.2% Triton X-100, and for immunoprecipitation assays or phospho-protein immunoblot: 1x PhosSTOP™ (Roche) was also added). For Western blot, proteins were separated by SDS-Tris-Glycine PAGE, run in a Tris-glycine solution (14.4 g/l glycine, 3.02 g/l Tris base, 0.1% SDS) and transferred onto nitrocellulose membranes (200 mA, 1h20). Aspecific antigens were then blocked in PBS-T (Phosphate Buffer Saline 1x with 0.05% Tween 20) with 5% dried milk and proteins were probed with primary antibodies in PBS- 

II. Additional data 1. Skeletal muscle

When mitochondrial respiration and glycolysis were assessed in myoblasts, a focus was put on trying to validate deregulated transcripts found by RNA-sequencing in quadriceps. Indeed, if the deregulated transcript levels could also be found in Coq8a -/-myoblasts, it would have been a proof that these primary cultures are a good model to assess deregulated pathways. By an Ingenuity Pathway Analysis (Quiagen), lipid metabolism was one of the molecular and cellular function coming out in RNAsequencing of quadriceps (Table 8). Primers, for genes implicated in this pathway, were therefore designed. Transcripts levels were assessed in 30 weeks old Coq8a -/-and WT mice quadriceps, by qRT-PCR. None of the transcriptional deregulation assessed could be validated (Table 9). Molecular and cellular functions predicted to be affected are depicted in the first column; the p-value corresponds to the confidence in this prediction and the number of genes is the number of genes implicated in this pathway, not the one deregulated in the RNA-sequencing dataset. Data obtained by proteomic analysis in Dr. David Pagliarini's laboratory using 30 weeks old Coq8a -/-and WT mice cerebellum. Q-value: adjusted P-value; Fold change: Coq8a -/-protein expression divided by WT expression obtained. n=3.

Molecular and Cellular

différentes conditions (absence ou présence d'ADP ou d'ATP) et de confirmer les résultats de l'interaction de COQ8A avec COQ4 et COQ5 mais pas COQ9 (Figure 66), pour la publication réalisé en collaboration (Stefely et al., 2016). Expression de SYT17 observée par Western blots dans les cervelets de souris de 5 semaines. GAPDH pris comme protéine contrôle.

III. Conclusions-perspectives

Les modèles cellulaires utilisés n'ont, jusqu'à présent, pas permis de mieux comprendre la maladie, ni la fonction de COQ8A. Résumé en anglais ARCA2, a rare form of recessive ataxia, is characterized by early onset progressive ataxia, cerebellar atrophy and a mild Coenzyme Q 10 deficiency. Most of the patients show additional neurological signs such as epilepsy and exercise intolerance. Mutations in the COQ8A gene lead to ARCA2. COQ8A is suggested as being an unorthodox protein kinase like, with a regulatory role in CoQ biosynthesis, in mammals. To better understand ARCA2, a constitutive Coq8a knock-out (KO) mouse model was generated, which recapitulates most of the patient's symptoms. Here we report the use of cellular models and the affected tissues to uncover the molecular signature of COQ8A loss and CoQ deficit. Despite CoQ deficit in the muscle, no mitochondrial bioenergetics defect was uncovered. In parallel, we have identified, by RT-qPCR, a key set of genes that are dysregulated in cerebellum, very early on in the pathology. We are currently investigating these pathways to uncover the link with COQ8A function. Altogether, our experiments will shed light on the early molecular events that lead to ARCA2 and may help draw a link between COQ8A function, CoQ pools and the symptoms observed in patients.

Keywords: Ataxia, ARCA2, ADCK3/COQ8A, Coenzyme Q, mitochondrial respiration, molecular dysregulation 
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 57 Figure 57 : Genes implicated in metabolism are deregulated in cerebellum of 5 weeks old Coq8a -/- mice.

Figure 60 :Figure 61 :

 6061 Figure 60 : KCNAB3 levels and localization look similar in Coq8a -/-and WT 5 weeks old cerebellum.118 Figure 61 : Loss of COQ8A induces an increase in TST levels specifically in female's cerebellum at 5 weeks.

Figure 62 :

 62 Figure 62 : Scheme of the mevalonate pathway as well as the fatty acid synthesis and oxidation pathway.

Figure 63 :

 63 Figure 63 : Coq8a -/-mice do not show any difference in the expression of genes implicated in lipid biosynthesis in the liver.

Figure 64 :

 64 Figure 64 : Coq8a -/-mice show similar structures in the liver at 25 weeks.

Figure 65 :

 65 Figure 65 : COQ8A is expressed in brown adipose tissue and its expression increases upon cold exposure in mice.

Figure 2 :

 2 Figure 2 : Cerebellar cortex structure, adapted from[START_REF] Apps | Anatomical and physiological foundations of cerebellar information processing[END_REF].

Figure 3 :

 3 Figure 3 : Coenzyme Q (6 to 10) chemical structure.

Figure 5 :

 5 Figure 5 : Redox states of coenzyme Q.

Figure 6 :

 6 Figure 6 : Mitochondrial respiratory chain with coenzyme Q. Q (orange): Coenzyme Q; Complex I: NADH-coenzyme Q oxidoreductase; complex II: succinate-Q oxidoreductase; complex III: Q-cytochrome c oxidoreductase; complex IV: cytochrome c oxidase; complex V: ATP synthase; Cyt c: cytochrome c; NADH and FADH 2 are two coenzymes which are reduced in the citric acid cycle, NAD: nicotinamide adenine dinucleotide, FAD: flavin adenine dinucleotide, ADP: adenosine diphosphate, ATP: adenosine triphosphate, Pi: inorganic phosphate.

Figure 7 :

 7 Figure 7 : Mevalonate pathway, adapted from[START_REF] Bentinger | Coenzyme Q -Biosynthesis and functions[END_REF].

Figure 9 :

 9 Figure 9 : Mutations found in ARCA patients, adapted from (Lagier-Tourenne et al., 2008).

  domain in blue). The lysine residue in the KxGQ domain is highly conserved and binds the αphosphatase. Finally, a domain specific to each vertebrate subgroup is present in C-terminus (Figure10; domain in yellow). The first subgroup comprises ADCK1, 2 and 5 and the second subgroup COQ8A and COQ8B(Lagier-Tourenne et al., 2008).

Figure 10 :

 10 Figure 10 : Scheme of the COQ8A/ADCK3 human protein, adapted from (Lagier-Tourenne et al., 2008). Conserved kinase domains (red), a KxGQ domain conserved among the ADCK family (blue), and a domain specific to ADCK3 and ADCK4 (yellow). Roman number: kinase domains; upper sequence: conserved amino acids in typical kinases and lower sequence: amino acids in the ADCK proteins with their localization in ADCK3/COQ8A.

Figure 11 :

 11 Figure 11 : Complex Q in mammalian cells, adapted from(Floyd et al., 2016).

Figure 1 .

 1 Figure 1. Coq8a -/-Mice Develop Cerebellar Ataxia and Mild Exercise Intolerance

  (A) Immunoblot analysis of COQ8A abundance in 30-week-old mice. (B) Accelerating rotarod retention times of 10-week-old mice (mean ± SEM, n = 8-12). ANOVA test p < 0.05. (C) Left: representative footprints of 10-week-old mice. Right: ''linearity coefficient,'' which is proportional to non-linear movement (mean ± SEM, n = 8-12). *p < 0.05, **p < 0.01. (D) Number of hindlimb coordination errors (mistakes) by mice on beam test (mean ± SEM, n = 8-12). *p < 0.05, **p < 0.01, ***p < 0.01. (legend continued on next page)

(

  E) Hematoxylin and eosin (H&E) (top) and calbindin (bottom) staining of cerebellar sections of 15-and 40-week-old mice, respectively. *Shrunken Purkinje neurons. The scale bar represents 20 mm. (F) Electron microscopy of 30-week-old cerebella. G, Golgi apparatus. *Dilated Golgi. The scale bars represent 5 mm (top) and 1 mm (bottom). (G) Electrophysiological recordings of mouse PCs. ISI and CV2 (mean ± SEM) (n = 3, >40 cells/mouse). **Mann-Whitney U test p < 0.01. (H) Maximum speed (top) and duration (bottom) on treadmill test by 10-month-old mice (mean ± SEM, n = 8). *p < 0.05. (I) H&E-stained skeletal muscle sections of 7-month-old mice. The scale bar represents 50 mm. (J) Electron microscopy of quadriceps showing broken mitochondria with collapsing cristae (arrows). Top: 7-month-old mice; the scale bar represents 2 mm. Bottom: 15-month-old mice; the scale bar represents 1 mm. See also Figure S1.

Figure 2 .

 2 Figure 2. Loss of COQ8A or Coq8p Causes Deficiency of Complex Q and CoQ (A) CoQ 9 content in 7-month-old mice (mean ± SD, n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. (B) Fold changes in mouse lipid abundances (log 2 [Coq8a À/À /WT], n = 4) versus statistical significance (-log 10 [p value]) as quantified by LC-MS for quadriceps, cerebellum, and serum. (C) Fold changes in mouse protein abundances (log 2 [Coq8a À/À /WT], n = 4) versus statistical significance as quantified by LC-MS/MS for cerebellum, quadriceps, heart, and kidney. (D) Expression of COQ7 in cerebellum and muscles of 10-week-old mice. (E) Expression of COQ7 in myoblasts from pups aged 7-9 days. (F) Fold changes in yeast protein abundances (log 2 [Dcoq8/WT], n = 3) across the diauxic shift (Figure S2E) versus statistical significance as quantified by LC-MS/MS. See also Figure S2.

Figure 3 .

 3 Figure 3. COQ8A Interacts with Complex Q but Lacks Protein Kinase Activity in trans (A) Immunoblot (IB) analysis of interactions between COQ8A-FLAG and COQ5-HA, COQ3-HA, or COQ9-HA transfected into COS cells and immunoprecipitated (IP'd) using anti-FLAG beads. (B) Heatmap showing the top 25 endogenous proteins most enriched by COQ8A-FLAG IP'd from HEK293 cells compared with various control IPs (mean, n = 4). (C) Relative abundances of endogenous proteins co-purifying with COQ8A-FLAG compared with MLS-GFP-FLAG (mean, n = 4) IP'd from HEK293 cells as assessed by LC-MS/MS. (D) Cartoon of COQ8 active site residues (based on PDB: 4PED). (E) Relative abundances of endogenous COQ proteins co-purifying with COQ8A-FLAG (log 2 [mutant/WT]) IP'd from HEK293 cells as assessed by LC-MS/MS. (F) SDS-PAGE analysis of in vitro Mg[g-32 P]ATP autophosphorylation reactions with Coq8 ND41 variants or PKA. (G) Divalent cation dependence of Coq8 ND41 autophosphorylation. (H) Time course of Coq8 ND41 autophosphorylation. (I) Coq8 ND41 autophosphorylation sites identified by LC-MS/MS mapped onto a homology model of Coq8p (based on COQ8A structure, PDB: 4PED). (J) SDS-PAGE analysis of in vitro Mg[g-32 P]ATP autophosphorylation reactions with combinations of Coq8 ND41 variants. MBP, maltose binding protein tag. (K) SDS-PAGE analysis of in vitro Mg[g-32 P]ATP kinase reactions with PKA or Coq8 ND41 and potential substrate proteins. See also Figure S3.

Figure 4 .

 4 Figure 4. COQ8A and Coq8p Exhibit uPKL Activities (A) k cat and k cat /K m values for the ATPase activity of Coq8 ND41 variants measured by observing production of phosphate (mean ± SD, n = 3). *p < 0.05. (B) Relative protein abundances in Dcoq8 yeast transformed with the indicated coq8 (Coq8p) variants as quantified by label free quantitation LC-MS/MS analysis (mean ± SD, n = 4). (C) Immunoblot analysis of COQ8A localization in submitochondrial fractions. Mitochondrial markers: COQ7 (inner membrane, peripheral), CYC1 (intermembrane space), NFU1 (matrix), Prohibitin (inner membrane, integral), and TOM20 (outer membrane, integral). Supe., supernatant. (D) Heatmap showing enrichment of lipids co-purifying with MBP-Coq8 ND41 variants compared with the bacterial lysate from which the proteins were purified as assessed by LC-MS (mean, n = 6). (E) Relative abundances (mutant/WT) of CoQ biosynthesis intermediates (R, polyisoprenyl tail) co-purifying with MBP-Coq8 ND41 variants as assessed by LC-MS (mean ± SD, n = 6). See also Figure S4.

Figure 5 .

 5 Figure 5. Structure and Dynamics of Nucleotide-Bound COQ8A (A) Surface representations of COQ8A ND254 R611K bound to AMPPNP (PDB: 5I35), colored by domains (see Figure 3I). Two hydrophobic pockets (KxGQ pockets 1 and 2) are highlighted. (B) Surface representation of apo COQ8A ND254 (PDB: 4PED). (C) Surface representation of PKA (PDB: 1ATP) (Knighton et al., 1991). (D) Representative snapshots of MD analyses of COQ8A showing interactions of D488 with either R611 or the KxGQ motif. Left: apo; middle and right: MgATP-bound. See also Figure S5.

Figure 6 .

 6 Figure 6. A Model for the Molecular Basis of COQ8 Biology (A) Models for the molecular activity of COQ8 (COQ8A/B and Coq8p). (B) Models for COQ8A biology and its disruption in ARCA2.

Figure S1 ,

 S1 Figure S1, related to Figure 1. Generation and Characterization of Coq8a -/-Mice (A) Scheme of constructs used to generate the Coq8a -/-mice. (B) Body weight of WT and Coq8a -/-mice over time (mean ± SEM, n = 9). (C) Blood lipid measurements in 25-week-old mice (mean ± SEM, n = 9). (D) Susceptibility to epilepsy tested by PTZ injection in 6-month-old WT and Coq8a -/-mice. Left, percentage of mice that displayed myoclonic, clonic, or tonic crisis. Right, latency to clonic-tonic seizure (mean ± SEM, n = 12). (E) Y-maze spontaneous alternation (left) and recognition memory (right) assessed in WT (black) and Coq8a -/-(gray) mice (5-month-old) (mean ± SEM, n = 12).

  in situ hybridization (ISH) images for Coq8a, Coq8b, or Pcp2 mRNA. Arrows indicate a layer of distinct Purkinje cell bodies visible as puncta of ISH signal. (I) Purkinje cell number in cerebellar H&E sections (left), and mRNA expression of cerebellar markers (Calbindin and Pcp2) (right) of WT (black) and Coq8a -/-(gray) mice (22-month-old) (mean ± SEM, n = 5). (J) Representative TUNEL staining of cerebellar sections, 16-month-old mice. Scale bar 10 µm. (K) Distribution of the median interspike intervals (ISI) of Purkinje cells recorded in acute cerebellar slices from 3-month-old (left) and 8-month-old (right) mice. Number of cells > 40. (L) Strength of 10-week-old mice assessed by grip test (mean ± SEM, n = 8-12). (M) Relative mRNA expression levels of Coq8a and Coq8b across various mouse tissues as quantified by RT-PCR (mean ± SEM, n = 3).

Figure S2 ,

 S2 Figure S2, related to Figure 2. Loss of COQ8A or Coq8p Causes Deficiency of Complex Q and CoQ (A) CoQ 9 abundance in WT and Coq8a -/-mice (5-week-old) (mean ± SD, n = 9). (B) Fold changes in yeast lipid abundances (log 2 (Δcoq8/WT), mean, n = 3) as quantified by LC-MS analysis. The major yeast CoQ species (CoQ 6 ) is shown in red, and a CoQ biosynthesis intermediate (HHB, hexaprenylhydroxybenzoate) is shown in blue. (C) Expression of COQ7 protein in cerebellum (top) and quadriceps (bottom) of WT and Coq8a -/-mice (2.5-week-old) as assessed by immunoblot. (D) Immunoblot analysis of COQ8A, COQ5, and COQ7 abundances across several tissues of 30-week-old mice. Blot is representative of 3 independent biological replicates.

  complex Q proteins indicating amino acid sequence identities for homologous pairs. (H) Phylogenetic relationship between Homo sapiens (H.s.) and yeast Saccharomyces cerevisiae (S.c.) UbiB family proteins. (I) Fold changes in mouse cerebellum or quadriceps (skeletal muscle) phosphopeptide abundances (mean log 2 (Coq8a -/-/WT), n = 4) versus statistical significance (-log 10 (p-value)) as quantified by LC-MS/MS. Phosphopeptides of mitochondrial proteins are shown in black, and all observed phosphopeptides from CoQ biosynthesis complex proteins are shown in red. (J) Fold changes in yeast phosphopeptide abundances (mean log 2 (Δcoq8/WT), n = 3) at the 7, 9, and 13 hour time points versus statistical significance (-log 10 (p-value)) as quantified by LC-MS/MS. Mitochondrial phosphopeptides are shown in black. No phosphopeptides from CoQ biosynthesis complex proteins were observed. Details of the corresponding yeast growth curve and sample time points are shown in (E). (K) Left: heat maps of fold changes in the abundances of yeast proteins and phosphopeptides (mean, n = 3) from central carbon metabolism pathways as determined by LC-MS/MS. Boxes indicate proteins, and circles indicate phosphopeptides from the protein shown immediately to the left. Right: Heat map of fold changes in the abundances of yeast proteins and phosphopeptides (mean, n = 3) from the mitochondrial ribosome and mitochondrial oxidative phosphorylation complexes as determined by LC-MS/MS.

Figure S3 ,

 S3 Figure S3, related to Figure 3. Biochemical Activities of COQ8A and Coq8p (A) Fluorescence microscopy of HEK293 cells transfected with COQ8A-FLAG and MLS-GFP (mitochondrial marker) in parallel with the AE-MS experiment reported here. Nuclear DNA is visualized by Hoechst stain. Scale bar, 20 µm. (B) Domain structures of Coq8p, COQ8A, and truncated constructs. The white box represents a singlepass transmembrane domain of COQ8A. Brown triangles represent observed N-termini of mature Coq8p and mature COQ8A. MTS, mitochondrial targeting sequence. (C) ΔT m of Coq8 NΔ41 or PKA due to addition of various ligands (mean ± SD, n = 3) in the presence of Mg2+

Figure S4 ,

 S4 Figure S4, related to Figure 4. Unorthodox PKL Functions of COQ8A and Coq8p (A) Kinetic curves for the ATPase activity of Coq8 NΔ41 variants (WT and mutants) (mean ± SD, n = 3) as measured by observing production of inorganic phosphate (ELIPA assay). (B) K m MgATP values for the ATPase activity of Coq8 NΔ41 variants (mean ± SD, n = 3). (C) Table of kinetic constants for the ATPase activity of Coq8 NΔ41 variants (mean ± SD, n = 3). (D) Densities of yeast cultures (Δcoq8 yeast transformed with plasmids encoding the indicated Coq8p variants) at the time point of harvest for label free quantitation (LFQ) LC-MS/MS proteomics analysis (mean ± SD, n = 4). ***P<0.001. (E) SDS-PAGE analysis of a liposome-protein co-flotation assay with the indicated proteins and liposomes generated from bacterial extract lipids. The liposomes included a fluorescent lipid marker (NBD-PC). Top (t) and bottom (b) fractions after the spin are indicated. (F) Extracted ion chromatograms (XICs) reflecting the MS 1 precursor intensities of octaprenylhydroxybenzoate (OHB) and octaprenylphenolate (OPP) that co-purified with MBP-Coq8 NΔ41 expressed in E. coli. The y-axis (reflecting precursor intensity) for each species is on the same scale across all four proteins.

Figure S5 ,

 S5 Figure S5, related to Figure 5. Structure and Dynamics of Nucleotide-Bound COQ8A (A) Structures in the Protein Data Bank (PDB) with the most similarity to AMPPNP-COQ8A N∆254 R611K (PDB 5I35). The top 15 hits identified with the Dali server (Holm et al., 2008) are shown. (B) Superposition of AMPPNP-COQ8A N∆254 R611K (PDB 5I35) and RIO1 (PDB 4JIN). (C) Superposition of apo-COQ8A WT (PDB 4PED) and AMPPNP-COQ8A R611K (PDB 5I35) indicating in red residues that differ in position by more than 5 Å. The smaller inset superposition (bottom right) is colored by domain as shown in Figures 5A and S3B. (D) Top-two ranking binding pockets identified by SiteMap on the nucleotide-bound COQ8A structure (PDB 5I35) (blue) and the corresponding pockets on the apo COQ8A structure (PDB 4PED) (gray). The accessible areas of the pockets are shown with white beads, and the hydrophobic regions are shown in orange mesh. (E) Superposition of "catalytic spine" (C-spine) and "regulatory spine" (R-spine) residues in apo-COQ8A WT (PDB 4PED), AMPPNP-COQ8A R611K (PDB 5I35), and PKA (PDB 1ATP). (F) Superposition of highly conserved catalytic loop residues in apo-COQ8A WT (PDB 4PED), AMPPNP-COQ8A R611K (PDB 5I35), and PKA (PDB 1ATP).

Figure 12 :

 12 Figure 12 : Loss of COQ8A induces a deficiency in COQ7 in embryos. A) Western blots showing COQ8A and COQ7 in protein extracts of whole embryos between embryonic day 17,5 and 18,5 (E17,5 and E18,5). B) Quantification of protein levels using Fiji. Protein levels are normalized over β-TUBULIN expression and plotted as a percentage compared to WT. **p<0.01, ***p<0.001.

Figure 14 :

 14 Figure 14 : Loss of COQ8A induces a deficiency in COQ7 and COQ5 in myoblasts. A) Western blots showing COQ8A, COQ7 and COQ5 expression in myoblasts primary cultures (cells from P8 pups grown 11 days in culture), GAPDH and Tubulin are taken as controls. B) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression (for COQ8A and COQ7) or Tubulin (COQ5) and plotted as a percentage compared to WT. Error bars: SD, ** = p<0.01, *** = p<0.001.

Figure 15 :

 15 Figure 15 : Coq8a -/-myotubes seem to form bigger networks.Microscopy of myoblasts and myotubes, 10x magnification. A) Myoblasts and a few myotubes spontaneously forming (arrows). B) Myotubes forming contracting fibers after a few days of differentiation, Coq8a -/-myotubes seem to be denser. Left panels: WT and right panels Coq8a -/-myoblasts.

Figure 16 :

 16 Figure 16 : Coq8a -/-myoblasts do not proliferate more rapidly.

Figure 17 :

 17 Figure 17 : Myogenic transcription factors expression are unchanged in Coq8a -/-primary muscle cells.For all these experiments the transcripts levels of each gene was normalized over the transcripts levels of β-actin (control gene) and expressed as a percentage compared to WT. Coq8a -/-cells in orange, WT in blue. A) Scheme of the transcription factors expressed in myoblasts, myotubes and during differentiation. B) Relative expression of Pax7, MyoD, Myf5, Desmin and Myogenin in Coq8a -/-and WT myoblasts (D0) and during differentiation (D1-D9) (n=3). Error bars: SD.

Figure 19 :

 19 Figure 19 : Mitochondrial respiration is not affected in Coq8a -/-myoblasts.Oxygen consumption rate (OCR) measured with a Seahorse apparatus, in pmol O 2 /min. Data normalized with cell number. Errors bars: SD, n=6. A) in glucose conditions (with Oligomycin (OligoA) injection to a final concentration of 1,5 µM, FCCP 1 µM and Rotenone/Antimycin A (Rot/Ant) 0,5 µM). B) in galactose conditions (with oligomycin injection to a final concentration of 2 µM, FCCP 1 µM and Rotenone/Antimycin A 0,5 µM). C) Basal respiration and spare respiratory capacity measured for the two experiments (A and B): in glucose and in galactose conditions. Each point represents the mean value for the replicates of a specific cell line. The mean was calculated from at least 6 replicates for each of the 6 cell lines of each cohort. n.s.= not significant. Glucose condition: 10 mM glucose, galactose condition: 10 mM galactose.

Figure 20 :

 20 Figure 20 : Mitochondrial respiration is not affected in Coq8a -/-myoblasts under low glucose conditions.Oxygen consumption rate (OCR) measured with a Seahorse apparatus, in pmol/min. Data normalized with cell number. Errors bars: SD, n=6. Cells grown in 5 mM glucose media (with oligomycin (OligoA) injection to a final concentration of 2 µM, FCCP 1 µM and Rotenone/Antimycin A (Rot/Ant) 0,5 µM.

Figure 21 :

 21 Figure 21 : Mitochondrial respiration is not affected in Coq8a -/-myotubes.

Figure 22 :

 22 Figure 22 : Glycolysis is not affected in Coq8a -/-myoblast. A) Agilent Seahorse scheme of the different parameters assessed. B) Extracellular acidification rate (ECAR) measured with a Seahorse apparatus, in mpH/min. Data normalized over the cell number. Errors bars: SD, n=5. Measurement after successively, glucose injection to a final concentration of 10 mM, oligomycin at 1 µM (Oligo) and 2-Deoxy-D-glucose (2-DG) at 50 mM. C) Glycolysis, glycolytic capacity and glycolytic reserve measurements. Each point represents the mean value for the replicates of a specific cell line. The mean was calculated from at least 6 replicates for each of the 5 cell lines of each cohort.

Figure 23 :

 23 Figure 23 : Mitochondrial basal respiration is not affected in Coq8a -/-cerebellar cultures.Oxygen consumption rate (OCR) measured with a Seahorse apparatus, in pmol O 2 /min. Data normalized with cell number. Mean ± SD, n=6. Assay performed in glucose conditions (10mM glucose, 2mM sodium pyruvate, 2mM L-glutamine) with Oligomycin (OligoA) injection to a final concentration of 1,5 µM, FCCP 0,45 µM and Rotenone/Antimycin A (Rot/Ant) 0,5 µM). Orange: WT, blue: Coq8a -/-cerebellar primary cultures.

Figure 24 :

 24 Figure 24 : Areas (A) and lengths (B) of brain structures measured for morphometric analysis.A) Areas measured. RSG: retrosplenial granular cortex, cc: corpus callosum, dhc: dorsal hippocampal commissure, HP: hippocampus, LV: lateral ventricle, D3V: dorsal 3rd ventricle, fi: fimbria hippocampus, Hb: habenular nucleus, TBA: total brain area, AM: amygdala nuclei, ic: internal capsule, mt: mammillothalamic tract, Pir: piriform cortex, opt: optic tract. B) Length measured: RSG width (orange), RSG height (red), cc width (violet), cc height (pink), DG (length of the dentate gyrus: light green), M1 (height of the primary motor cortex, light blue), S2 (length of the secondary somatosensory cortex, navy blue), TILpy: total internal length of the hippocampal pyramidal cell layer (dark green).

Figure 25 :

 25 Figure 25 : Coq8a -/-brain morphology is similar to WT.

Results 78 Figure 27 :Figure 28 :

 782728 Figure 27 : Invagination of neuronal nuclei in hippocampus observed by electron microscopy in 30 weeks old Coq8a -/-mice. Electron microscopy of 30 weeks old mice hippocampus. A) Shrunken neurons (*). Scale bars represent 10 µm. B) Nuclear invaginations (arrows). Scale bars represent 5 µm. Left panels: WT and right panels Coq8a -/-30 weeks old hippocampus. n=2.

Figure 29 :

 29 Figure 29 : Coq8a -/-hippocampal primary cultures are as healthy as heterozygous.

Figure 30 :Figure 31 :Figure 32 :

 303132 Figure 30 : Loss of COQ8A induces a deficiency in COQ7 and COQ5 in hippocampus. A) Western blots showing COQ8A, COQ7, COQ5 and COQ9 expression in hippocampus of 30 weeks old mice, GAPDH and COX4 taken as controls. B) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression (for COQ8A and COQ7) or COX4 (COQ5 and COQ9) and plotted as a percentage compared to WT. Error bars: SD, * = p<0.05, **** = p<0.00005.

Figure 33 :

 33 Figure 33 : Loss of COQ8A does not deregulate ion channels tested in the cerebellum. Western blots showing A) CACNA1A, B) GRM1, C) ITPR1, D) KCNC3 expression in cerebellum of 10, 20 and 30 weeks old mice, TUB (tubulin) taken as controls.

Figure 34 :

 34 Figure 34 : Coq8a -/-and WT cerebellar organotypic cultures have preserved lobules. Immunostaining of organotypic cultures derived from P10 pups and kept 6 weeks in culture. Calbindin: staining Purkinje neurons (in green), and DAPI (staining nuclei, in blue). Left panels: WT and right panels: mutant (Coq8a -/-) organotypic cultures. Scale bars represent 400 µm.

Figure 35 :

 35 Figure 35 : Coq8a -/-cerebellar organotypic cultures have preserved Purkinje neurons. Immunostaining of organotypic cultures derived from P7 pups and kept 6 weeks in culture. GM130 (staining Golgi apparatus, red), calbindin (staining Purkinje neurons, green) and DAPI (blue). Left panels: WT and right panels Coq8a -/-organotypic cultures. Scale bars represent 200 µm.

Figure 36 :

 36 Figure 36 : Coq8a -/-cerebellar organotypic cultures have preserved Purkinje neurons and Golgi organization.

Results 91 Figure 37 :Figure 38 :

 913738 Figure 37 : Swollen Golgi and degenerating Purkinje neurons are observed in Coq8a -/-and WT cerebellar organotypic cultures. Electron microscopy of organotypic cultures. A) PC: healthy Purkinje neuron, GC: granule cell and shrunken Purkinje neurons (*). Scale bars represent 10 µm. B) Normal cytoplasm with classical structures (upper panels) or cytoplasm with swollen Golgi (red circle) in shrunken neurons (*). Scale bars represent 5 µm. Left panels: WT and right panels Coq8a -/-organotypic cultures.

Figure 39 :

 39 Figure 39 : Similar pattern for CACNA1A in Coq8a -/-and WT cerebellar organotypic cultures.Immunostaining of organotypic cultures derived from P12 pups and kept 24 days in culture. CACNA1A (red), calbindin (green), DAPI (blue). Left panels: WT and right panels Coq8a -/-organotypic cultures. Scale bars represent 10 µm.

Figure 40 :Figure 41 :Figure 42 :

 404142 Figure 40 : Similar pattern for ITPR1 in Coq8a -/-and WT cerebellar organotypic cultures.Immunostaining of organotypic cultures derived from P12 pups and kept 24 days in culture. ITPR1 (red), calbindin (green), DAPI (blue). Left panels: WT and right panels Coq8a -/-organotypic cultures. Scale bars represent 10 µm.

Figure 43 :Figure 44 :Figure 45 :Figure 46 :

 43444546 Figure 43 : Coq8a -/-cerebellar primary cultures have preserved neurons which form networks.Immunostaining of cerebellar primary cultures derived from P0 pups and kept 14 days in culture. TUBB3 (staining neurons, red), calbindin (staining Purkinje neurons, green) and DAPI (blue). Left panels: WT and right panels Coq8a -/-cultures. Scale bars represent 150 µm.

Figure 47 :

 47 Figure 47 : Loss of COQ8A induces a deficiency of COQ7 in cerebellum. A) Western blots showing COQ8A and COQ7 expression in cerebellum of 10 and 5 weeks old mice, GAPDH taken as controls. B) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression and plotted as a percentage compared to WT. Error bars: SD, **=p<0.01, *** = p<0.005, ****=p<0.00005.

Figure 48 :

 48 Figure 48 : Loss of COQ8A does not induce a deficiency in COQ7 in cerebellum of 1 week old mice. A) Western blots showing COQ8A and COQ7 expression in cerebellum of 1 week old mice, GAPDH taken as control. B) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression and plotted as a percentage compared to WT. Error bars: SD, ****=p<0.0005.

Figure 49 :

 49 Figure 49 : Coq8a -/-mice still present motor coordination deficiency on accelerating rotarod. A) Number of hindlimb coordination errors on beam test, of 25 weeks old Coq8a -/-and WT mice, mean ± SEM, n=4. B) Retention time on an accelerating rotarod (in seconds) of 20 weeks old Coq8a -/-and WT mice. Mean ± SEM, *=p<0.05, **=p<0.01, n=7.

Figure 50 :Figure 51 :

 5051 Figure 50 : Degenerating Purkinje neurons observed in Coq8a -/-cerebellum of 30 weeks. Electron microscopy of 30 weeks old cerebellum. Healthy neurons, PC: healthy Purkinje neuron, GC: granule cell, *: shrunken neuron. Scale bars represent 10 µm. Left panels: WT and right panels Coq8a -/-cultures.

Figure 54 :

 54 Figure 54 : Kcnab3 and Kcnj10 are upregulated in cerebellum of 5 weeks old Coq8a -/-mice.Relative expression of Kcnab3, Kcnj10, Kcnh2 and Kcnk2 in cerebellum of 5 weeks old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, ** = p<0.005, ***=p<0.0005.

Figure 55 :

 55 Figure 55 : Some ionic transporters are upregulated in cerebellum of 5 weeks old Coq8a -/-mice.Relative expression of Slc6a7, Slc7a3 and Slc24a3 in cerebellum of 5 weeks old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, *=p<0.05, ** = p<0.005, ****=p<0.00005.

Figure 56 :

 56 Figure 56 : Genes implicated in neuronal functions are upregulated in cerebellum of 5 weeks old Coq8a -/-mice.

Figure 57 :

 57 Figure 57 : Genes implicated in metabolism are deregulated in cerebellum of 5 weeks old Coq8a -/- mice.

  Srebp2 (Figure58 B). ApoAI and Srebp1c levels were also assessed in cerebellum of 1

Figure 58 :

 58 Figure 58 : Genes implicated in lipid metabolism are deregulated in cerebellum of 5 weeks old Coq8a -/-mice.A) Relative expression of ApoAII, ApoAI, ApoE and ApoJ in cerebellum of 5 weeks old Coq8a -/-and WT mice (n=6). B) Relative expression of Srebp1c, Srebp1a and Srebp2 in cerebellum of 5 weeks old Coq8a -/-and WT mice (n=6). For all the experiments the transcripts levels were normalized over the transcripts levels of Hprt (control gene). Error bars: SD, *=p<0.05, ****=p<0.00005.

Figure 59 :Figure 60 :

 5960 Figure 59 : SYT17 was the only deregulated transcript also found to be deregulated at the protein level in Coq8a -/-cerebellum at 5 weeks. A) Western blots showing COPA, PLCH1 and SYT17 expression in cerebellum of 5 weeks old mice, GAPDH taken as control. B) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression and plotted as a percentage compared to WT. Error bars: SD, ****=p<0.0005. C) Quantification of protein levels using Fiji. Protein levels are normalized over GAPDH expression and plotted as a percentage compared to WT. Error bars: SD, *=p<0.05, **=p<0.005, ****=p<0.00005.

Figure 61 :

 61 Figure 61 : Loss of COQ8A induces an increase in TST levels specifically in female's cerebellum at 5 weeks. A) Western blots showing TST expression in cerebellum of 5 weeks old mice, COX4 taken as control. B) Quantification of protein levels using Fiji. Protein levels are normalized over COX4 expression and plotted as a percentage compared to WT. Error bars: SD, *=p<0.05.

Figure 62 :

 62 Figure 62 : Scheme of the mevalonate pathway as well as the fatty acid synthesis and oxidation pathway. Hmgcr: 3-Hydroxy-3-Méthyl-Glutaryl-CoA reductase, Fdft1: Farnesyl-Diphosphate Farnesyltransferase, Acc1: Acetyl-Coenzyme A Carboxylase, Fasn: Fatty acid synthase, Cpt1: Carnitine palmitoyltransferase I, PGC1α: Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1, Lcad= ACADL: Acyl-CoA Dehydrogenase Long chain, Mcad=ACADM: Acyl-CoA Dehydrogenase C-4 to C-12 Straight Chain, Lpl: Lipoprotein lipase, ApoE: Apolipoprotein E, ApoAII: Apolipoprotein AII, CoA: coenzyme A; PP: Pyrophosphate; TCA cycle: tricarboxylic acid cycle, VLDL: very low density lipoproteins, IDL: intermediate density lipoproteins, HDL: high density lipoproteins.

Figure 63 :

 63 Figure 63 : Coq8a -/-mice do not show any difference in the expression of genes implicated in lipid biosynthesis in the liver.For all the experiments the transcripts levels of each gene was normalized over the transcripts levels of Tpb (control gene). A) Relative expression of genes involved in lipid biosynthesis, in liver of 27 weeks old Coq8a -/- mice compared to WT (n=6). B) Relative expression of Lpl, in liver of 27 weeks old Coq8a -/-non-fasted and 25 weeks old fasted mice compared to WT (n=6). C) Relative expression of ApoAII and ApoE, in liver of 25 weeks old Coq8a -/-fasted mice compared to WT (n=6). Error bars: SD.

Results 124 Figure 64 :

 12464 Figure 64 : Coq8a -/-mice show similar structures in the liver at 25 weeks. Electron microscopy N: nucleus, L: lipid droplet, M: mitochondria, white dots: lipids A) Scale bars represent 10 µm. B) Scale bars represent 2 µm. Left panels: WT and right panels: Coq8a -/-liver.

Figure 65 :

 65 Figure 65 : COQ8A is expressed in brown adipose tissue and its expression increases upon cold exposure in mice. A) Western blots showing COQ8A, COQ5 and COQ7 expression in different tissues (WAT: white adipose tissue, BAT: brown adipose tissue) of WT mice, GAPDH and vinculin taken as controls. B) Western blots showing COQ8A, COQ5 and COQ7 expression in WT mice's brown adipose tissue (BAT) when mice are keep at room temperature (RT) or under cold conditions (4h at 4°C), GAPDH and vinculin taken as controls.

Figure 66 :

 66 Figure 66 : COQ8A interagit avec COQ5 and COQ4, et l'interaction avec COQ5 est plus forte en présence d'ADP. Western blots des immunoprécipitations de COQ8A-FLAG et COQ-HA transfectés dans des cellules COS et immunoprécipité avec des billes anti-FLAG. Détection réalisée grâce aux anticorps contre les tags FLAG et HA. IN : mélange initial, SN : surnageant, IP : immunoprécipitation. A) COQ8A-FLAG et COQ5-HA transfectés dans des cellules COS. COQ8A-FLAG seul, ou COQ5-HA ou mock (addition uniquement de Fugene) servent de contrôle pour l'immunoprécipitation. B) COQ8A-FLAG et COQ4-HA ou COQ9-HA, transfectés dans des cellules COS. C) COQ8A-FLAG et COQ5-HA transfectés dans des cellules COS. Additiion d'ATP ou d'ADP aux lysats avant et pendant l'immunoprécipitation (H 2 O pris comme contrôle). Gauche : échantillons purs, droite : échantillons dilués avant chargement sur gel.

Figure 67 :Figure 68 :

 6768 Figure 67 : La respiration mitochondriale n'est pas affectée dans les myoblasts Coq8a -/-. Taux de consommation d'oxygène (OCR: Oxygen Consumption Rate) mesuré avec un appareil Seahorse, en pmol O 2 /min. Données normalisées avec le nombre de cellules. Moyenne ± déviation standard. n=6. A) Respiration des myoblastes dans un milieu avec glucose, avec injection pour une concentration finale de 1,5 µM d'oligomycin A (OligoA), 1 µM de FCCP et 0,5 µM de rotenone/antimycin A (Rot/Ant). B) Respiration des myoblastes dans un milieu avec galactose, avec injection pour une concentration finale de 2 µM d'oligomycin A (OligoA), 1 µM de FCCP et 0,5 µM de rotenone/antimycin A (Rot/Ant).

Figure 69 :Figure 70 :

 6970 Figure 69 : Les souris Coq8a -/-ont un niveau de transcrits d'ApoAII réduit de 1 à 30 semaines dans le cervelet. Expression relative des transcrits d'ApoAII dans le cervelet de souris Coq8a -/-et WT de 30, 20, 10, 5 et 1 semaines. n=6. Pour toutes les expériences : normalisation du niveau de transcrits sur le niveau de transcrits d'Hprt (gène contrôle). Barres d'erreurs : déviation standard, ** = p<0.005, ***=p<0.0005, ****=p<0.00005.

Figure 71 :

 71 Figure 71 : La protéine SYT17 est plus exprimée dans le cervelet des souris Coq8a -/-de 5 semaines que dans les WT.

  

Table 12 :

 12 Results of proteomic analysis of 30 weeks old Coq8a -/-and WT mice cerebellum obtained for proteins implicated in hydrogen sulfide catabolism INTRODUCTION Introduction This PhD work has been in the continuity of the ARCA2 (Autosomal Recessive Cerebellar Ataxia type 2)

Table 1 :

 1 Autosomal recessive spinocerebellar ataxia according

		Gene	Protein	Function
	Protein misfolding			
	ARSACS	SACS	Sacsin	Protein folding and quality
				control
	MSS	SIL1	SIL1	Protein translocation and
				folding
	SCAR16	STUB1	E3 ubiquitin-protein ligase CHIP	Misfolded protein degradation
	Metabolic defect			
	AVED	TTPA	Alpha-tocopherol transfer protein	Vitamin E transport
	CTX	CYP27A1	Sterol 26-hydroxylase	Sterol synthesis
	Refsum disease	PHYH	phytanoyl-CoA dioxygenase	Peroxisomal fatty-acid
				oxidation
	BNHS	PNPLA6	Neuropathy target esterase	Fatty acid synthesis
	ABL	MTP	Microsomal triglyceride transfer	Lipid transport
			protein large subunit	
	Trafficking			
	ARCA1	SYNE1	Nesprin-1	Cytoskeleton-organelle binding
	(SCAR8)			
	SCAR15	RUBCN (or	Run domain Beclin-1-interacting	Endocytosis
	(Salih ataxia)	KIAA0226)	and cysteine-rich domain-	
			containing protein	
	SCAR11	SYT14	Synaptotagmin-14	Putative role in exocytosis and
				vesicular trafficking
	SCAR14	SPTBN2	Spectrin β chain, non-erythrocytic 2 Membrane cytoskeleton and
				membrane protein trafficking
	SCAR20	SNX14	Sorting nexin-14	Intracellular trafficking
	SCAR21	SCYL1	N-terminal kinase-like protein	Regulation of retrograde Golgi-
				ER trafficking
	Other functions			
	ARCA3 (SCAR10) ANO10 (or	Anoctamin-10	Calcium signaling
		TMEM16K)		
	SESAME	KCNJ10	ATP-sensitive inward rectifier	Potassium buffering
	syndrome		potassium channel 10	
	SCAR13	GRM1	Metabotropic glutamate receptor 1 Neurotransmitter receptor
	SCAR18	GRID2	Ionotropic glutamate receptor, δ-2 Neurotransmitter receptor
	SCAR19	SLC9A1	Sodium/hydrogen exchanger 1	pH homeostasis

to the mutated gene functions (continued).

  

Table 2 : CoQ 9 and CoQ 10 content in rats and humans tissues, adapted from

 2 

			CoQ 10	CoQ 9	CoQ 10
			(µg/g tissue)	(µg/g tissue)	(µg/g tissue)
	Heart	202.0 ± 18.5	16.9 ± 1.7	2.5 ± 0.3	114.0 ± 9.2
	Liver	130.9 ± 14.8	21.3 ± 2.0	1.8 ± 0.2	54.9 ± 4.1
	Kidney	123.9 ± 11.3	22.0 ± 1.9	3.3 ± 0.2	66.5 ± 6.6
	Ventricle	55.6 ± 4.9	5.3 ± 0.5	n.d.	11.8 ± 0.8
	Intestine	50.9 ± 7.2	19.0 ± 1.6	0.5 ± 0.05	11.5 ± 1.6
	Colon	47.5 ± 3.9	8.4 ± 0.7	0.4 ± 0.05	10.7 ± 1.9
	Thyroid	43.5 ± 3.7	6.6 ± 0.8	1.2 ± 0.2	24.7 ± 2.0
	Muscle	42.6 ± 5.6	3.1 ± 0.3	1.0 ± 0.1	39.7 ± 4.3
	Brain	37.4 ± 3.3	18.9 ± 1.5	1.0 ± 0.1	13.4 ± 1.0
	Pancreas	37.2 ± 3.2	2.8 ± 0.3	1.6 ± 0.2	32.7 ± 2.8
	Testis	32.4 ± 2.9	4.7 ± 0.5	0.4 ± 0.04	10.5 ± 1.1
	Spleen	22.9 ± 2.0	9.2 ± 0.8	0.7 ± 0.09	24.6 ± 3.6
	Lung	16.9 ± 1.4	2.4 ± 0.3	0.6 ± 0.08	7.9 ± 0.8

Table 3 : CoQ 9 amounts in fractions extracted from rat liver, adapted from

 3 

	2.62 + 0.15

Table 4 : Reported ARCA2 patients with their clinical symptoms and mutations.

 4 

	Patient	Sex	Onset (years)	Ataxia	Cerebellar atrophy	Epilepsy or stroke like	episodes	Exercise intolerance	Intellectual deficiency	CoQ 10	Lactate	Respiratory chain activity	Predicted aa change (homozygous for the mutation or compound heterozygous if 2 mutations are described)	Reference
	5	M 4	+	+	n.d.	-	mild	↘	-	↘	p.Q167Lfs*36	
	30 F	19	+	+	-		n.d. -	n.d. -	-	p.L197Vfs*20	
	31 F	19	+	+	+		n.d. mild	n.d. -	n.d. p.L197Vfs*20	
	9	F	1.5	+	+	+		+	mild	↘	-	-	p.R213W + p.G272V	
	10 F	1.5	+	+	-		+	-	n.d. -	n.d. p.R213W + p.G272V	
	29 F	1.5	+	+	+		n.d. severe	↘	-	↘	p.R271C	
	17 F	17	+	+	+		+	-	-	n.d. n.d. p.R271C + p.A304T	
	11 F	3	+	+	+		+	-	↘	↗	↘	p.G272D +	
													p.E605Gfs*125	
	19 F	1	+	+	+		+	+	n.d. n.d. n.d. p.R299W	
	40 F	7	+	+	+		-	-	↘	n.d. n.d. p.R299W	
	27 F	4	+	+	+		n.d. mild	n.d. n.d. n.d. p.R299W + R410X	
	28 M 4	+	+	+		n.d. mild	n.d. -	n.d. p.R299W + R410X	
	26 M 16	+	+	+		n.d. -	-	n.d. n.d. p.R299W +L453Rfs*24	
	41 M 7	+	+	+		-	+	↘	n.d. n.d. p.R299W + p.F578V	
	42 F	3	+	+	+		-	+	n.d. n.d. n.d. p.R299W + p.F578V	
	18 F	27	+	+	+		+	-	↘	n.d. ↘	p.A304V	
	7	F	3	+	+	-		n.d. mild	↘	-	n.d. p.K314_Q360del +	
													p.G549S	
	12 M 3	+	+	+		+	mild	n.d. n.d. n.d. p.R348X	
	13 M 9	+	+	-		+	mild	n.d. n.d. n.d. p.R348X	
	14 M 3	+	+	+		+	mild	n.d. n.d. n.d. p.R348X	
	22 F	6	+	+	+		n.d. mild	↘	-	↘	p.R348X	
	37 M <16 +	-	+		n.d. n.d.	n.d. ↗	n.d. p.R348X + p.A339T	
	15 F	2	+	+	-		+	-	n.d. -	-	p.R348X + p.L379X	
	16 M 2	+	+	-		+	-	n.d. -	↘	p.R348X + p.L379X	
	32 F	2	+	+	-		n.d. -	n.d. -	n.d. p.Q360_Y361ins*	
	1	M 11	+	+	n.d.	-	-	n.d. -	n.d. p.D420Wfs*40 +	
													p.I467Afs*22	
	2	M 4	+	+	n.d.	+	mild	n.d. ↗	n.d. p.D420Wfs*40 +	
													p.I467Afs*22	
	3	M 7	+	+	n.d.	+	-	-	↗	↘	p.D420Wfs*40 +	
													p.I467Afs*22	
	4	F	8	+	+	n.d.	+	-	n.d. ↗	n.d. p.D420Wfs*40 +	
													p.I467Afs*22	
	Patient number assigned according to the chronology of description; n.d: not determined; +: present; -: absent
	(for symptoms) or unchanged (for COQ, lactate, and respiratory chain activity levels); ↘: decreased levels; ↗:
	increased levels; CoQ 10 levels either determined in muscle or in fibroblasts; X: nonsense mutation; fs: frameshift
	mutation, del: deletion; dup: duplication. References: 1) (Lagier-Tourenne et al., 2008), 2	

Table 4 (continued): Reported ARCA2 patients with their clinical symptoms and mutations.

 4 

		Sex	Onset (years)	Ataxia	Cerebellar atrophy	Epilepsy or stroke like episodes	Exercise intolerance	Intellectual	deficiency	CoQ 10	Lactate	Respiratory chain	activity	Predicted aa change (homozygous for the mutation or compound heterozygous if 2 mutations are described)	Reference
	20 F	2	+	+	-	+	mild	↘	n.d. ↘		p.Y429C + ?	4
	21 M 2	+	+	-	+	mild	↘	n.d. ↘		p.Y429C + ?	4
	38 M 20	+	+	-	-	mild	↘	↗	↘		p.A504fs*130	10
	25 M 11	+	+	-	n.d. -		n.d. n.d. n.d.	p.F508S + del exon 3-15	6
	8	M 2	+	+	+	+	+		↘	↗	↘		p.E551K	2
	6	M 5	+	+	n.d. n.d. -		↘	-	↘		p.T584del + p.Y514C	1
	35 F	2	+	+	-	-	+		n.d. -	↘		p.T584del +p.P602R	8
	36 F	<15 -	+	-	-	-		n.d. n.d. n.d.	p.T584del +p.P602R	8
	23 M 2	+	+	+	n.d. -		n.d. -	n.d.	p.G615D	6
	24 F	7	+	+	-	n.d. -		n.d. n.d. n.d.	p.G615D	6
	33 F	10	+	+	-	+	-		↘	n.d. ↘		p. S616Lfs*114	7
	34 F	12	+	+	-	n.d. -		n.d. n.d. n.d.	p. S616Lfs*114	7
	39 F	<70 +	+	+	-	n.d.	n.d. n.d. n.d.	dup1q42.12	11
	Frequency		41 /42	41 /42	20 /36	18 /27	20 /40	15 /18	7 /23	14 /17	

. Is COQ8A implicated in the biosynthesis of CoQ as predicted? With which proteins does COQ8A interact? 3. Is oxidative phosphorylation affected due to a destabilization of the CoQ biosynthesis machinery?

  

	1.1. Can a deregulation in the mevalonate pathway or the fatty acid synthesis and oxidation
	explain the blood dyslipidemia and the reduced levels of CoQ in this organ?
	1.2. Is there a link with the deregulation of an apoliprotein?
	23.1. In cerebellar cells, could it lead to insufficient energy supply to neurons, contributing to the
	degeneration of Purkinje cells?
	3.2. In muscular cells, could a defect in mitochondrial respiration explain the exercise intolerance?
	4

. Can a defect in hippocampus explain epilepsy and the delayed spatial memory?

  

	4.1. Are some specific hippocampal regions degenerating?
	4.2. Is there a defect in certain neurotransmitters?
	5

. What are the causes for Purkinje cells degenerations? And how early are the molecular dysregulations appearing?

  

	5.1. Do Purkinje neurons degenerate in a patterned way? Are some specific ion channels
	deregulated?
	INTRODUCTION
	Coenzyme Q (CoQ; ubiquinone) is a redox-active lipid found in all
	domains of life and virtually all cellular membranes

Table 1 .

 1 X-Ray Data Collection and Refinement Statistics

	Data Collection	
	Space group	C 1 2 1
	Cell Dimensions	
	a, b, c (A ˚)	150.05, 59.12, 97.69
	a, b, g ( )	90, 97.69, 90
	Resolution (A ˚)	39.42-2.30 (2.38-2.30) a
	R sym	0.088 (1.068)
	I/sI	15.6 (1.9)
	Completeness (%)	99 (100)
	Redundancy	7.4 (7.6)
	Refinement	
	Resolution (A ˚)	39.42-2.30
	No. reflections	19,830 (1,940)
	R work/ R free	0.184/0.259
	No. Atoms	
	Protein	3,105
	Ligand/ion	31
	Water	26
	B factors	
	Protein	72.4
	Ligand/ion	74.8
	Water	68.8
	Root-Mean-Square Deviation	
	Bond lengths (A ˚)	0.024
	Bond angles ( )	2.2
	Ramachandran Plot (%)	
	Favored	94
	Allowed	5
	Outliers	1

a The highest resolution shell is shown in parentheses. yeast. Although we have not yet observed COQ8-dependent phosphorylation of OPP or OHB, potentially because of product lability, a lipid CoQ intermediate could bind to KxGQ pocket 1 as a kinase substrate. Phosphorylation of a CoQ intermediate could potentially make it more accessible to enzymes peripherally associated with the lipid membrane or create a protecting group to maintain the intermediate in a reduced or energetically charged state for a particular biosynthetic reaction (e.g., the C2 methylation catalyzed by COQ5

  330 µm-thick sagittal slices were prepared (Microm HM 650V, Microm) in potassium-based medium, containing in mM: K-gluconate 130; KCl 14.6; EGTA 2; Hepes 20; Glucose 25; minocyclin 0.00005, and D-AP5 0.05. Slices were soaked in a sucrose-based medium at 34 °C, containing in mM: sucrose 230; KCl 2.5; NaHCO 3 26; NaH 2 PO 4 1.25; glucose 25; CaCl 2 0.8; MgCl 2 8; minocyclin 0.00005; and D-APV 0.05 and transferred for recordings in an artificial cerebrospinal medium (ACSF) containing in mM: NaCl 120; KCl 3; NaHCO 3 26; NaH 2 PO 4 1.25; CaCl 2 2.5; MgCl 2 2; Glucose 10; Minocyclin 0.00005 (chemicals from Sigma-Aldrich, USA and Abcam, UK). Extracellular recordings of individually identified Purkinje cells were performed at 32-34 °C in the presence of picrotoxin (100 µM) using 15-30 MΩ pipettes filled with 0.5 M NaCl. Data were recorded using an Axopatch 200A (Molecular Devices, USA) and acquired using WinWCP 4.5.4 freeware (John Dempster, University of Strathclyde, UK). Recordings were filtered at 2 kHz and sampled at 50 kHz.

Table 7 : Ingenuity Pathway Analysis, diseases and functions probably affected in cerebellum according to RNA-sequencing data.

 7 

  Clark electrodes but not for the measurement in myoblasts with the Seahorse apparatus. Considering the similar results obtained with both methods, permeabilization of myoblasts prior to the Seahorse experiment should not yield different results.

While unequal substrate storage could explain an unaltered basal respiration despite low levels of CoQ, this hypothesis is also dismissed by recent data showing that strong CoQ reduction in mice only mildly reduced mitochondrial respiratory capacities. Indeed, in a Mclk1 liver conditional knock-out mouse (COQ7 KO in liver), a mild mitochondrial respiratory defect was observed although there was a strong (85%) CoQ reduction

  ). Pelleted cells were then resuspended in proliferation medium (IMDM a humidified chamber containing 5% CO 2 . Medium was changed every 2 days and myoblasts were trypsinized and splitted when almost at confluence. For myoblasts differentiation in myotubes, when myoblasts reached confluence, medium was switched to differentiation medium (IMDM with Glutamax (Invitrogen, 31980022) and 2% horse serum) and the day after the switch, Matrigel was added on top of the cells.

with

Glutamax (Invitrogen, 31980022)

, 0.1% gentamycin, 20% FBS and 1% CEE (MP Biomedical, 2850145)) and plated in Matrigel (BD Bioscience) coated wells. Cells were incubated as classically: at Annex 146 37°C in

  After measurements were completed, data was normalized to the total number of cells per well (cell nuclei stained with DAPI, Annex 149 counted by microscopy with an automated counting system). The ECAR results shown are representative of 3 independent experiments with each time 6 biological replicates. An ANOVA test was performed for statistical analysis, using GraphPad Prism Quantitative real-time PCR RNA was extracted using TRI Reagent® (Molecular Research Center) according to the manufacturer protocol. Tissues were homogenized in TRI Reagent® using Precellys® tubes with ceramic beads and a Precellys24 homogenizer apparatus (Bertin instruments). Cells or grinded tissues were directly lysed in TRI Reagent®. Reverse transcription was achieved using the Transcriptor Reverse Transcriptase kit (Roche Biosciences). Quantitative real-time PCR was performed using SYBR Green I Master (Roche Biosciences) and Light Cycler 480 (Roche Biosciences). Quantification was performed with Hprt as internal standard, and statistical analysis were performed with an unpaired t-test. Primers were as COS1 cells were grown in DMEM media with glucose or galactose (Dulbecco's modified Eagle's medium: DMEM with 1g/L of glucose or of galactose + 5% fetal calf serum: FCS 202+ gentamycin), at

			Annex Annex
	Cpt1a Pgc1α	ACCAACGGGCTCATCTTCT GCAGGTCGAACGAAACTGAC	CAAAATGACCTAGCCTTCT CTTGCTCTTGGTGGAAGCAG
	Des Plch1	CGACACCAGATCCAGTCCTAC CTACCGGCATGTCTACCTGG	GCAATGTTGTCCTGATAGCCAT TTCTGAAGAAGCGTGCCTGG
	Dgat2 Plcl2	GAACGCAGTCACCCTGAAGA CAGAAGGCAGTGGAGAGCTT	GGGAACCAGATCAGCTCCAT TTCTGGGCCTCGGAGTTTTC
	Dusp10 Pltp	ACAAACAGAACCTGCGGCAGTA ACGTGGCCTTTTCCGAGTTCTT	CATCAAGTAGGCGATGACGATGGT TCACTGTCGGACTCAGGAGAACAA
	Dusp10 Pltp	ACAAACAGAACCTGCGGCAGTA ACGTGGCCTTTTCCGAGTT	CATCAAGTAGGCGATGACGATGGT TCACTGTCGGACTCAGGAG
	Enah Plxna4	AACGGCAGTAAGTCACCTGTCATC CTCATCGCCTACAAACGCAAATCC	AGCCTGTCATAGTCAAGGCCTTCT GATATCTGTCTGCAGCTCGGCAAA
	Faim2 Ppargc1a	GGGCAAGCCCTCAGCCATAAATAA GGTGTAGCGACCAATCGGAAATCA	CAGGGGTCAACATCAAGGCTTTCT AGAACCGCTAGCAAGTTTGCCT
	Fasn Ret	CCCTGACCAAGGTGCTGTTA GGGACGGAAGATGAAGATTTCCGA	GGATCTCAGGGTTGGGGTTG GACTCAATTGCCATCCACTTGACG
	Fdft1 Sccpdh	ATCAGACCAGTCGCAGCTTT CATTGGAAGCAGTGGCTTTGACTC	CGGAGAACCAGGTAGAACACA ATTGCCGACTTCCAGGTTCCAT
	Fos Scd1	AGATACACTCCAAGCGGAGACAGA TCACTTCACCACGTTCTTC	GTCGGTGGGCTGCCAAAATAAAC CTCCCGTCTCCAGTTCTCTT
	Gas5 Sesn2	ACCTCAAGTGAAGGCACTGCAA TGCAGCCTCACCTATAACACCATC	CCATCCAGGCACCTCAGAAACAAA ACCTCGCCGTAATCATAGTCATCG
	Grin2d Slc24a3	ATGGTGCGATACAACCAGCCAA AAGCCAATTTCCACCGCAAAGC	ATCCTTTCGGGCCATGTAGTTGAG TTAACATGCGACTGGCCATGGA
	Hmgcr Slc6a7	TGATTGGAGTTGGCACCAT TGGACCTGGATGTAGACTTCGCA	TGGCCAACACTGACATGC ATTCCACAGATGGCCAGCATGA
	Hpca Slc7a3	ATGTATGACCTGGATGGCAATGGC AGCCCTCTGCCTGAAGCATTTT	TCGACTCATCCTCGGGCATTTTC GTGAACCTTAGCAAGGACACGGAA
	Hprt Slc7a5	GTAATGATCAGTCAACGGGGGAC TCTTCGCCACCTACTTGCTC	CCAGCAAGCTTGCAACCTTAACCA GCCTTTACGCTGTAGCAGTT
	Hsd17b7 Slc8a3	ATCTGGACGTTGCTCCTACCCATA CCTCTGTGCCAGATACATTTGCCA	GCCCGTGACGTAATTAGTCCCAAA GCCAAACCAATACCCAGGAAGACA
	Irf17 Sncg	CAGGTTCTGCAGTACAGCCACATA CCAAGCAGGGAGTAACGGA	GCTGCATAGGGTTCCTCGTAAACA GGTTCCAAGTCCTCCTTGCG
	Kcnab3 Snhg11	ATCTTCTCCCAACTGCTCGC TTTCCCAAGGGCTGTTTCCCA	ACAATCACTCCGCATTGGGT TGATAAACGGCAGCGACTCCAA
	following: Kcnh2 Srebp1a	TTTGGTCTAGCCTGGAGATCACCT GCCGGCGCCATGGACGAG	TACGCCTGCGGAATGACAGTTT ATGTCGTTCAAAACCGCTGTGTC
	Kcnj10 Srebp1c Gene name Kcnk2 Srebp2 Abca1 Ldlr Synj1 Abcg1 Lpl Syt17 Lrp1 Tmem25 Acaca -ACC1 Lrp8 Trpm2 Ache LXRalpha Tuba1a Acox LXRbeta β-actin AdipoQ Lyplal1 ApoA1 Mcad ApoAII ApoE ApoJ AsnS Atf4 Atp1a3 B3galt2 Cars Cebpa Ckmt1 Copa Cox8a Pax7 Nudt3 Nrxn1 Nrsn1 Nos1ap Nnat Ncs1 MyoG MyoD Myoc Myf5 Mt1 Transfection	CCCCGGACAAACCCTTATCTGATT CGCGGAAGCTGTCGGGGTAG Forward #1 GTGGCAGGTGGATCAGACATTGAA CACAATATCATTGAAAAGCGCTACCGGTCC TTTTTCTGATTGGCCAGCTTCAGCACCATG ATAGACCTTAGCGACCGACGTCAT AAATGTGCAATCCATGGCTCCGTGGTC Sequence 5' to 3' CAGTCCCCAATCATGCTCAGAACA Reverse #1 GGTTTGGAGATGGTTATACAATAGTTGT CTGTGGGCTCCATAGGCTATCT GCGGTCCAGGGTCATCTTC TCACCACAGCTGCAGGTAA TTTGCGATGCAGAAGGCAAC TTCCCGGAAACGCAAGTC AGGTCTCAGCCTTCTAAAGTTCCTC TTTTCTGGGACTGAGGATGG GTCAGGCCAGCTGAAGTAG CTGGAAAACGCCAGCCTAGT CGGAGGAATACTGGCCGATG TCTCTCGAAGTGAATGAAATTTATCG TGGGTCTCCCGAAATCTGTT ACCACCGCATTCTTGAAGGA GCCAATGCCTCTGTCATCCTCAAT AGGGCAAACAGGACAACCAGAA AAGGCTATGTGAAGGATG CTGGGGTTTCCAGGCAAAGATTGA AGTACAAACGCTGGCTCAGCAA CTTGCTGATGCAAGGTACAGAGGT CACGGGTCAACTCCTTTGGATCAT CTGTCTGAAGAGGTTAGG GCCCCATGGCTATGAAATCGAGTT AGGAGTGTCGACTTCGCAAA CTCTTCTTGCCGCTTCAGTTT ACGGTCATCGATGAAGTTCGCA GTGTAGTGGCCACGAGCATAGTTA ATTTGGAGTCTCGAGGGTCATTGG ATCATGTGGTTTAAAAACTCTGTGC AAGCAGGTGCCAGGGTTCT TGCATTCTGTCTCGTGGTTGT GGCATAGAGGTCTTTACGG GTGGCATCCATGAAACTACAT GGAACATGCCCAAGTGAAGG CAGTCATGCCGAAGATGACG GAGAGTGGATCAAGCACGTGCTAA AGGTGTTCTGGGCAGTCCATAGAT TAGGACCAAGAAGACCTGCATC CCAACAGCTGAACCTGAATCTCCT GAACCAGACCTACAGTCGCA AGGGCATACTTCGTGGCTTC GCTGCACCTTCTGTTTCACTTCC ATGCAGAGCCTGTTCACTCA GACTTGTTTCGGAAGGAGC AAGCCGTGCGGAATGAGATAGAAG ATTACGACAGTTCGGGCATC GGCCAAGCACTTGAAACCTC CTTTGCTTTGTGGGTCTCATGTCC GATGGCGTGCCAAAAGTATT ATAGCAGGCTGCAAGATGTCCAAG AGACCTAGGTTTCTGGGCTTTGTG ACAGGCAGCGTCTTTGACATCT GCCCAAGCCTGAAGTAGCTC TCGGGGTCCTGGATATCACCATT ATGATCAAGGTGGGCTGGCAAA GGCACAGAGGACCAAGCTC GCACGCCGGTTACTGAAC TCTCCACTGGTTTTCCACGG ACTCGGTGAACATCGGAAGGAAGA GCCTTGCCTCAACGTCTCAAAGTA GGGGATGGGGAGTTAATGTTTGCT AGTGTCCCAGTGACGATGAGG ATGGTTCACGGCCACCTACTC TCTGGGATGGATCGATTGTGCTTC ACAGGTGGAGCTCAGTATTCTGGA CAGCTTCGCCAAAAGCTTCGAT GCAGACTCCATAGTGTTGCTGGAA AGAATGCAGATGGCCAGGAAGATG ACACCTCGGCTGAATTCCAGAATG TCATCGTCTTCTGGTTCAGGT CGGCCCTTCACTGATCTTGCTTAT TCCCTGTCTCCAGGAGCTTACAAT GCGATGTCTTCGACAGTCTCGTTA GCTCGACATAGTGGACGCCATTTA ACTCCTGAAGAGTCAGCTTCCCAT TCCTCCTTGCCGGTGTCTGA GACTCCCCACTCCCCATTCACATA GGCAGCTTTACAAACAACACA TCTCAGTTCGAGACCGTGTG GCTGCCTTCTACGCACCTG GCCGCTGTAATCCATCATGC GCAAGTGCAGGCATTAGTGTACAG ACGTTGGCCTTCCAGGAATTGA ACTTGCCAGCGATTGTTTCAGC CCACTCGAGCTGATCTGTCA GGAGATCCTCAGGAATGCCAT TCGTGTTCTTTCGGGACCAGA CTGACCTGACAAGGGGTGTC TCACTTACTCCGTAGCTCCAGCTT GGTGCACTTGCAGTTCTTGCAG
	Cplx1 Pcp4	CCATGGAGTTCGTGATGAAA CATTGCCTTCTGAGCTGTTCTGTG	CCTCCTTCTTAGCAGCATCG TGACGTCTTGTCTTTTCCGTTGGT
			150 151

  T with 1% dried milk. Proteins of interest were detected with HRP-conjugated secondary antibodies: goat anti-mouse or goat anti-rabbit IgG antibody (1: 5 000, Jackson Immuno Research and ab 97051, Abcam) and visualized with the Amersham™ Imager 600 (GE Healthcare, Little Chalfont, UK), according to the provided protocol.

				Annex
	Antibody against	Dilution	Produced in	Reference, supplier
	COQ5	1/500	rabbit	17453-1-AP, Proteintech
	COQ7	1/800	rabbit	15083-1-AP, Proteintech
	COQ9	1/200	rabbit	Ab104189, Abcam
	COQ8A	1/3 000	rabbit	pL52 n°3388 AE2.4, IGBMC in-house production
				(Stefely et al., 2016)
	GAPDH	1/70 000	mouse	MAB374, Merck Millipore
	Tubulin	1/40 000	mouse	2A2, IGBMC in-house production
	FLAG	1/5 000	mouse	F3165, Sigma Aldrich
	HA	1/ 800	rabbit	Ab9110, Abcam
	NR2B	1/1 000	rabbit	06-600, Millipore
	GAD65/67	1/10 000	goat	SC-7513, Santa Cruz
	vGLUT2	1/5 000	Guinea pig	Ab2251, Millipore
	COX4	1/4 000	mouse	ab 14744, Abcam
	COPA	1/500	rabbit	ab104710, Abcam
	PLCH1	1/500	rabbit	19143-1-AP, Proteintech
	SYT17	1/500	rabbit	154113-1-AP, Proteintech
	TST	1/500	rabbit	16311-1-AP, Proteintech
	CACNA1A	1/200	rabbit	ACC-001, Alomone labs
	GRM1	1/250	rabbit	Ab1551, Millipore
	ITPR1	1/500	goat	Sc-6093, Santa Cruz biotechnology
	KCNC3	1/200	rabbit	APC-102, Alomone labs
				153

Table 8 : Ingenuity Pathway Analysis of RNA-sequencing of quadriceps.
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	Functions		
	Name	p-value	Number of genes
	Lipid Metabolism	4,05E-03 -9,18E-11	37
	Molecular Transport	4,39E-03 -9,18E-11	46
	Small Molecule Biochemistry	4,39E-03 -9,18E-11	44
	Cell Morphology	3,96E-03 -5,71E-09	44
	Carbohydrate Metabolism	3,96E-03 -1,07E-07	27

Table 9 : Gene coming up in quadriceps by RNA-sequencing of 30 weeks old Coq8a -/-mice and assessed by qRT-PCR.

 9 RNA sequencing: n=3, qRT-PCR: n=6; KO/WT: fold change between KO and WT.

			Quadriceps 30 weeks	
		RNA-sequencing		qRT-PCR
	Gene name	KO /WT	Adjusted P-value (KO vs WT)	KO / WT	P-value (KO vs WT)
	Adipoq	2,36	1,06E-07	1,015	9,42E-01
	ApoE	1,27	4,56E-02	1,298	3,89E-01
	Cebpa	2,06	3,41E-03	1,071	8,00E-01
	COPA	0,70	5,72E-07	0,508	1,53E-01
	Dusp10	0,63	2,70E-03	1,109	6,27E-01
	Enah	0,77	2,87E-02	1,240	1,85E-01
	Fos	0,37	2,64E-02	0,918	8,03E-01
	Gas5	0,50	4,19E-05	0,893	2,71E-01
	Mt1	0,45	1,09E-12	0,846	7,11E-01
	Nnat	3,22	3,04E-11	1,438	3,82E-01
	Sncg	2,34	7,67E-06	1,206	6,10E-01
	Tuba1a	1,43	9,00E-03	1,223	3,61E-01

Table 10 : RNA-sequencing and qRT-PCR results from Coq8a -/-and WT mice cerebellum.

 10 Gene tested by qRT-PCR in cerebellum of Coq8a -/-and WT mice and results of RNA-sequencing for these genes, RNA sequencing: n=3, qRT-PCR: n=6; KO/WT: fold change.

	Annex

Table 11 : Results of proteomic analysis of 30 weeks old Coq8a -/-and WT mice cerebellum obtained for proteins for which deregulated transcripts levels were observed.

 11 Data obtained by proteomic analysis in Dr. David Pagliarini's laboratory using 30 weeks old Coq8a -/-and WT mice cerebellum. Q-value: adjusted P-value; Fold change: Coq8a -/-protein expression divided by WT expression obtained. n=3.

	3. Hydrogen sulfide						
	Gene	Cerebellum	Cerebellum	Muscle	Muscle	Kidney	Kidney	Heart	Heart
	Names	(KO/WT)	P-Value	(KO/WT)	P-Value	(KO/WT)	P-Value	(KO/WT)	P-Value
	Sqrdl	1,01	9,06E-01	1,30	6,98E-04	1,39	1,64E-04	1,20	4,55E-03
	Tst	0,90	2,17E-01	1,18	1,96E-02	1,00	9,53E-01	0,99	9,34E-01
	Suox	1,04	7,21E-01	0,94	3,57E-01	1,01	7,28E-01	1,01	9,07E-01
	Ethe1	1,07	1,84E-01	-	-	1,09	2,33E-02	0,95	6,56E-01

Table 12 : Results of proteomic analysis of 30 weeks old Coq8a -/-and WT mice cerebellum obtained for proteins implicated in hydrogen sulfide catabolism
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  Il se pourrait que les cultures soient effectuées avec des cellules trop jeunes et que le phénotype mette plus de temps à s'exprimer. Il pourrait être envisagé de stresser les cultures (notamment avec de l'H 2 O 2 ) et de mesurer le taux de ROS cellulaire et mitochondrial grâce à des sondes fluorescentes (CM-H 2 -DCFDA et mitoSOX respectivement) pour voir si un phénotype peut être exacerbé.Concernant le cervelet, il avait précédemment été montrée au laboratoire, sur des coupes histologiques de cervelets de souris de 30 semaines, que des cellules de Purkinje dégénèrent.Cependant nous ne savons pas si ce phénomène est étendu à tout le cervelet ou restreint à certaines zones (lobules, vermis, hémisphères…). De plus, il a été montré dans certaines pathologies affectant Résumé ARCA2 est une ataxie autosomique récessive rare, caractérisée par une atrophie du cervelet et un léger déficit en Coenzyme Q 10 (CoQ). La majorité des patients présentent des signes neurologiques supplémentaires comme l'épilepsie ou l'intolérance à l'exercice. La maladie est due à des mutations dans le gène COQ8A qui semble encoder une protéine kinase-like atypique, impliquée dans la biosynthèse du CoQ. Pour comprendre les mécanismes physiopathologiques, une souris Coq8a knock-out (KO) constitutif a été générée et récapitule les symptômes observés chez les patients. Le but de ce travail de thèse était de mieux comprendre certains aspects, notamment l'intolérance à l'exercice et l'ataxie. Malgré un déficit en CoQ dans les muscles, aucun défaut de respiration mitochondriale n'a été détecté dans un modèle cellulaire de muscle. Néanmoins, dans le cervelet, les niveaux de transcrits de 27 gènes sont dérégulés, précocement dans l'apparition de la pathologie chez les souris KO. Les voies métaboliques vont être explorées, ce qui devrait permettre de relier la fonction de COQ8A au taux de CoQ et aux symptômes observés chez les patients.

				Expression de Copa dans le cervelet	
	Expression relative (%)	0 20 40 60 80 100 120	30w	20w ****	***	10w ***	5w **	1w *	WT Coq8a-/-

Mots-clés : Ataxie, ARCA2, ADCK3/COQ8A, Coenzyme Q, respiration mitochondriale, dérégulation moléculaire
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defect (Ashraf et al., 2013;Mignot et al., 2013). It therefore seems that COQ8A and COQ8B have tissue specific functions. This idea is reinforced by the fact that Coq8a -/-mice do not have altered levels of CoQ in the cerebellum but have cerebellar affection with shrunken neurons (Stefely et al., 2016).

By proteomic analysis of 30 weeks old Coq8a -/-mice tissues, only the proteins levels of COQ5, 7 and 9 were found to be decreased in all four tested tissues of Coq8a -/-mice (cerebellum, heart, kidney and muscle), levels of COQ3, COQ4 and COQ6 were either not altered in all tissues or could not be detected some of them, such as COQ4 not detected in cerebellum and muscle (Stefely et al., 2016). Hence it seems that there is a tissue specificity.

Localization

A study showed localization of COQ6 and COQ7 in the Golgi apparatus of rat podocytes and in another study COQ8B protein was found in a cytosolic and in a mitochondrial fraction extracted from rat podocytes (Ashraf et al., 2013;[START_REF] Heeringa | COQ6 mutations in human patients produce nephrotic syndrome with sensorineural deafness[END_REF]. We know that COQ8A localizes to the mitochondria from different studies, both by exogenous expression of tagged protein and subfractionation of the endogenous protein in mouse heart (Licitra, 2013;Stefely et al., 2016). Still, the question remains if COQ8A only localizes to the mitochondria or if it is also present in other cells compartments. Indeed COQ6 was only found to localize in the mitochondria when exogenously expressed but the endogenous protein was also detected in Golgi [START_REF] Heeringa | COQ6 mutations in human patients produce nephrotic syndrome with sensorineural deafness[END_REF]. So far immunofluorescence staining did not give an answer, due to the lack of an antibody specific for COQ8A, working for this technique. The development of an antibody suited for immunofluorescence or subfractionation of different cell compartments should be considered. An alternative would be to use the CRISPR/Cas9 technology to generate an endogenously tagged protein that would enable immunofluorescence studies, but the method remains time consuming. Thus, to gain insight in COQ8A localization subfractionation should first be performed.

Discussion and perspectives 141

Function

The function of COQ8A in the stabilization of, at least, part of the CoQ biosynthesis complex is now established with COQ8A direct interaction with other COQ proteins and the decrease of COQ5, 7 and 9 proteins levels upon loss of COQ8A in the knockout mouse model (Stefely et al., 2016).

COQ7 was found to have a mitochondrial and a nuclear targeting sequence and to localize in both cell compartments (in HeLa cells and in C. elegans), but with distinct functions in each. In the mitochondria COQ7 is required for CoQ biosynthesis, whereas in the nucleus, it modulates gene expression of certain mitochondrial stress responses [START_REF] Monaghan | A nuclear role for the respiratory enzyme CLK-1 in regulating mitochondrial stress responses and longevity[END_REF]. Moreover, in plants, two members of the ABC1 family, the homologs of the ADCK family, were found to be present in plastoglobules, which are lipid droplets and to play a role in the lipid metabolism (Lundquist et al., 2013;[START_REF] Martinis | ABC1K1/PGR6 kinase: A regulatory link between photosynthetic activity and chloroplast metabolism[END_REF].

Furthermore, COQ8A has recently been suggested has having an alternate splice form and therefore lead to a novel isoform which should also be targeted to the mitochondria. COQ8A bares an unconventional cleavage site, as the peptides identified so far in the mitochondria are cleaved at the level of the 160 th amino acid [START_REF] Calvo | Comparative Analysis of Mitochondrial N-Termini from Mouse, Human, and Yeast[END_REF]. Together these data raise the question of a possible additional function of COQ8A either in the mitochondria or in other cell compartments.

COQ8A localization and substrates should be determined to further understand its functions and in turn better explain the phenotypes observed in Coq8a -/-mice and ARCA2 patients.

Final conclusion

As lines of inquiries, I think the deregulated mechanisms in the cerebellum should be investigated deeper, in particular ApoAII, Syt17, Kcnj10, Kcnab3 and Slc7a3, at the transcript and protein level, as well as their localization. For ApoAII in particular, the potential restricted expression should be explored. In parallel morphometric analysis and staining with zebrin should be performed to assess if all Purkinje neurons are affected or only a subset. COQ8A subcellular localization should then be explored and COQ8A substrates determined in order to gain insight in the link between COQ8A functions and the deregulated mechanisms. (Stefely et al., 2016).

Le CoQ, une molécule lipophile présente dans toutes les membranes, possède de nombreuses fonctions. Il a notamment un rôle de transport des électrons dans la chaîne respiratoire mitochondriale (Yu et al., 1999), d'antioxydant (Frei et al., 1990) et contribue à la structure des membranes (Turunen et al., 2004)