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Introduction

In mammals, the mitochondrial machinery for iron-sulfur cluster (ISC) biogenesis requires at least 18 proteins [START_REF] Braymer | Iron-sulfur cluster biogenesis and trafficking in mitochondria[END_REF]. Three major steps are necessary for the formation of the ISC and its delivery to recipient proteins. The first step is the de novo assembly of a [2Fe-2S] cluster on the scaffold protein ISCU using inorganic iron and sulfur ions. Then, the cluster is transferred to a first temporary recipient protein (GLRX5) and secondarily to mitochondrial Fe-S-assembling proteins [START_REF] Beilschmidt | Mammalian Fe-S cluster biogenesis and its implication in disease[END_REF]. Maturation of [2Fe-2S]-containing proteins can directly proceed from GLRX5, while maturation of the [4Fe-4S]containing proteins requires supplementary steps with the biosynthesis of [4Fe-4S] cluster and its delivery to mitochondrial [4Fe-4S] proteins. Five proteins, ISCA1, ISCA2, BOLA3, NFU1 and IBA57, are involved in these last steps but the precise role of each of these proteins is not yet completely understood. Several in vitro studies suggested that ISCA1 and ISCA2 are essential for the biosynthesis of [4Fe-4S] clusters from [2Fe-2S]-containing GLRX5 [START_REF] Brancaccio | Formation of [4Fe-4S] clusters in the mitochondrial iron-sulfur cluster assembly machinery[END_REF][START_REF] Brancaccio | 4Fe-4S] cluster assembly in mitochondria and its impairment by copper[END_REF]. NFU1 and BOLA3 seem to be dedicated to [4Fe-4S] cluster delivery to client apoproteins including LIAS and SDHB [START_REF] Cameron | Mutations in iron-sulfur cluster scaffold genes NFU1 and BOLA3 cause a fatal deficiency of multiple respiratory chain and 2-oxoacid dehydrogenase enzymes[END_REF][START_REF] Melber | Role of Nfu1 and Bol3 in iron-sulfur cluster transfer to mitochondrial clients[END_REF]. IBA57 could also take part in [4Fe-4S] cluster biogenesis or [4Fe-4S] cluster transfer to recipient apoproteins [START_REF] Sheftel | The human mitochondrial ISCA1, ISCA2, and IBA57 proteins are required for [4Fe-4S] protein maturation[END_REF][START_REF] Ajit Bolar | Mutation of the iron-sulfur cluster assembly gene IBA57 causes severe myopathy and encephalopathy[END_REF][START_REF] Gourdoupis | IBA57 recruits ISCA2 to form a [2Fe-2S] cluster-mediated complex[END_REF]. Mutations in genes encoding for NFU1, BOLA3, IBA57, ISCA2 and ISCA1 lead to multiple mitochondrial dysfunction syndrome (MMDS) types 1 to 5, respectively. In 2017, the first four patients from two Indian families with MMDS type 5 were described and associated to the homozygous p.(Glu87Lys) pathogenic variant in ISCA1 [START_REF] Shukla | Homozygous p. (Glu87Lys) variant in ISCA1 is associated with a multiple mitochondrial dysfunctions syndrome[END_REF]. Then, a similar fifth case was reported [START_REF] Shukla | Report of the third family with multiple mitochondrial dysfunctions syndrome 5 caused by the founder variant p.(Glu87Lys) in ISCA1[END_REF]. Finally, an Italian patient carrying a novel homozygous pathogenic variant p.(Val10Gly) in ISCA1 was described with extended biochemical investigation [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF].

Herein, we report a young boy from Egyptian origin carrying a novel pathogenic variant in ISCA1 leading to the yet undescribed p. (Tyr101Cys) mutation in ISCA1. A tetrapyramidal spasticity episode and skills regression were noted at 20 months of age associated with cavitating leukodystrophy on brain imaging. At 4 years of age, he recovered walking with easy fatigability but language was severely delayed. Investigation in fibroblasts from the patient showed that lipoic acid synthesis was impaired and activities of complex I and II of respiratory chain were also decreased. Thus, ISCA1 deficiency leads to dysfunction of mitochondrial [4Fe-4S]-containing proteins either involved in lipoic acid synthesis (LIAS) or essential for complexes I and II activities. After bacterial overexpression, purification of human ISCA1 showed that the p.(Tyr101Cys) mutation leads to an increased instability of its Fe-S cluster. This report shows similarities with well documented other MMDS types 1 to 4 but reveals that clinical feature of MMDS type 5 is wide ranging from early onset and fatal encephalopathy to more moderate symptomatology with predominant spasticity and neurodevelopmental delay. Thereafter, patients with pathogenic variant in ISCA1, ISCA2 or IBA57 will be respectively named ISCA1, ISCA2 or IBA57 patients to facilitate the reading of the manuscript.

Materials and methods

Cell culture

Individuals without mitochondrial disease were referred as control subjects. Cultured skin fibroblasts were grown in Ham's F-10 medium (Eurobio, Les Ulis, France) supplemented with antibiotics (100 IU/mL penicillin and 100 μg/mL streptomycin), 50 mg/L uridine and 12% fetal bovine serum (Life Technologies, Carlsbad, CA, USA) for fibroblasts and 20% fetal bovine serum for myoblasts. Cells were cultured at 37 °C in a humidified incubator with 5% CO 2 . Cultured myoblasts from the ISCA1 patient were obtained from Biobank of Cochin Hospital (Paris). Clinical, biochemical and brain imaging data were collected retrospectively. Informed consent prior to skin biopsy was obtained from parents of patients included in this study.

Biochemical studies

PDHc activity in fibroblasts was carried out as described [START_REF] Imbard | Molecular characterization of 82 patients with pyruvate dehydrogenase complex deficiency. Structural implications of novel amino acid substitutions in E1 protein[END_REF]. Polarographic or spectrophotometric assays of mitochondrial respiratory chain (RC) complexes, α-KGDHc and citrate synthase activities were measured according to standard procedures [START_REF] Rustin | Biochemical and molecular investigations in respiratory chain deficiencies[END_REF]. Complex I activity assay was performed on mitochondrial enriched fractions prepared from permeabilized cells with digitonin as previously described [START_REF] Chretien | Assay of mitochondrial respiratory chain complex I in human lymphocytes and cultured skin fibroblasts[END_REF]. RC complex activity was normalized to citrate synthase activity.

Immunoblot and BN-PAGE analysis

Western blot analysis was performed on mitochondria-enriched fractions or on total cell lysates. About 30 μg of protein extracts were separated by SDS-PAGE and transferred to PVDF membranes, blocked in PBS-Tween containing 5% non-fat milk and then incubated overnight with primary antibodies. Following antibodies directed against lipoic acid (LA) (Abcam, ab58724), ISCA1 (ThermoFisher, PA5-60121), SDHB (Abcam, ab14714), Rieske protein (Abcam, ab14746), ferrochelatase (kindly provided by Dr. H. Puccio, Strasbourg, France), mt-aconitase (kindly provided by Dr. R. B. Franklin, University of Maryland, Baltimore, USA), GRIM19 (Abcam, ab10240), GAPDH (Sigma-Aldrich, G9545) and prohibitin (Novusbio, NBP2-37563) were used. Secondary peroxidase-conjugated anti-mouse (Sigma-Aldrich, A4416) and antirabbit (Sigma-Aldrich, NA934V) antibodies were used. Detection was achieved using the ECL chemiluminescence kit (GE Healthcare) and G-Box (Syngene) associated with GeneSNAP software. Blue-native PAGE (BN-PAGE) analysis was carried out on mitochondria-enriched fractions from fibroblasts [START_REF] Hescot | Mitotane alters mitochondrial respiratory chain activity by inducing cytochrome c oxidase defect in human adrenocortical cells[END_REF]. Immunoblotting was performed using antibodies raised against the complex I subunit GRIM19 (Abcam, ab10240), the 70 kDa subunit of complex II (SDHA, Abcam, ab14715), the complex III subunit core2 (UQCRC2, Abcam, ab14745) and the MTCO1 subunit of complex IV (Abcam, ab110270).

Molecular analysis

Genomic DNA was extracted from fibroblasts by standard methods on automated nucleic acid extraction system QIAsymphony (Qiagen) and molecular analysis was performed using next-generation sequencing (NGS). The entire coding exons ( ± 50 bp) of a panel of 117 genes related to mitochondrial diseases, including pyruvate crossing abnormalities and mitochondrial cytopathies were analyzed. This panel was designed using the Agilent Sure Design web application (Agilent). Preparation of genomic DNA for NGS analysis and bioinformatics workflow were performed as previously described [START_REF] Bouali | New MCM8 mutation associated with premature ovarian insufficiency and chromosomal instability in a highly consanguineous Tunisian family[END_REF]. High Throughput Sequencing was performed on an Illumina MiSeq instrument. Sanger sequencing was performed after PCR amplification with specific primers to validate the identified ISCA1 mutation and to analyze parental DNAs. The integrated software ALAMUT V.2.7 (Interactive Biosoftware; http:// www.interactive-biosoftware.com including Align GVGD, SIFT and MutationTaster) and Polyphen2 software were used for in silico analysis of DNA variant.

Mitochondrial network study

Skin fibroblasts were seeded at subconfluence on a glass coverslip and incubated for 40 min in darkness at 37 °C with 0.1 µM MitoTracker Red CMXRos (Invitrogen, M7512) in Ham's F-10 medium. Cells were rinsed with PBS and then fixed in 4% paraformaldehyde in PBS. Lastly, cells were incubated for 1 min with 1 µg/mL Hoechst (Invitrogen, H3570) in PBS. Fluorescent cells were observed with an Olympus Provis AX70 (Rungis, France), and images were acquired with Qcapture Pro version 5.1 (Q Imaging Inc., Surrey, British Columbia, Canada) using an Evolution VF Monochrome camera (Media Cybernetics Inc., Bethesda, MD).

Expression and purification of mature ISCA1

The mature form of human ISCA1 (NCBI Q9BUE6, residues 24-129) and the p.Tyr101Cys mutated form were expressed in E. coli using the pET28a vector (GenScript). The N-term His-tagged proteins were expressed using Rosetta(DE3)pLys cells in an 2xTY medium with 50 mg/L kanamycin at 37 °C. At OD 600 = 0.5, 25 μM FeCl 3 was added and the temperature was decreased to 18 °C. Forty minutes later, 0.2 mM IPTG was added to the medium. Cells were cultured at 18 °C for 20 h and then harvested by centrifugation for purification steps. Bacterial pellets were re-suspended in 50 mL of Lysis Buffer (50 mM Tris-HCl pH 8, 500 mM NaCl, 5 mM imidazole, 0.1% triton X100, 1 mM DTT) containing an antiprotease cocktail (P2714; Sigma-Aldrich). After sonication and ultracentrifugation (1h at70,000xg), the cleared lysate was applied to a 5 mL HiTrap chelating HP column (GE Healthcare) on an Äkta FPLC (GE Healthcare) pre-equilibrated with Lysis Buffer. Proteins were eluted using a 0-60% linear gradient between Lysis buffer and Elution Buffer (50 mM Tris-HCl pH 8, 500 mM NaCl, 500 mM imidazole). Fractions containing ISCA1 were pooled and concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore) with a 5 kDa cutoff. Protein purity was assessed to be > 99% using SDS-PAGE. Protein concentrations were measured using Bradford assay with bovine serum albumin as standard [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. Protein aliquots were frozen in liquid nitrogen. UV-visible absorption spectra were recorded between 240 and 900 nm with a Cary 100 (Agilent) spectrophotometer.

Iron quantification

Iron content in purified protein was quantified using a bathophenanthroline colorimetric assay adapted from [START_REF] Fish | Rapid colorimetric micromethod for the quantitation of complexed iron in biological samples[END_REF]. For total iron quantification of a 38.6 µL protein sample, 2.9 µL of perchloric acid 54% was added. After 30 min at room temperature, 20.6 µL of bathophenanthroline sulfonate 1.7 mg/mL, 5.1 µL of sodium ascorbate 76 mg/mL and 2.9 µL of saturated ammonium acetate solution were added and the reaction was completed with water up to 100 µL. After 30 min at room temperature, the absorbance at 535 nm was measured. Mohr's salt solution was used as standard.

Results

Case report

The boy, sixth child from consanguineous parents native from Egypt, was born at 31 weeks of pregnancy by caesarean delivery due to retro-placental hematoma. He was able to walk at 18 months of age and to pronounce some syllables at about 20 months. At this age, an episode of motor deficiency of the left arm occurred. Neurological examination showed tetrapyramidal syndrome with spasticity of the limbs, and no neuropathy. After this episode, regression of skills was noted with loss of independent walking and language. At 30 months of age, he partially recovered and was able to walk few steps with help. The left arm also partially recovered but remained weak. At 4 years and a half, he presented with spastic diplegia enabling him walking despite frequent falls and fatigability. He was then able to say isolated few words. The brain MRI (bMRI) performed at 20 months of age showed leukodystrophy without calcifications on cerebral scan. At 2 years old, electroneuromyogram showed no peripheral neuropathy. BMRI revealed cavitating leukodystrophy with diffuse lesions of periventricular supra tentorial white matter with hyperintensity on T2 ponderation images and with hypointensity on T1 ponderation sequences, sparing U fibers. Apparent diffusion coefficient was decreased. Vacuolization was found in supratentorial white matter, not in the corpus callosum. A mild ventriculomegaly and a thin corpus callosum were observed. No cortical malformation was detected. 4 years of age, bMRI remained otherwise stable (Fig. 1, panels A, B, C and D) and brain spectroscopy detected a lactate peak (Fig. 1, panel E). Lactate was high in blood (3.2 mmol/L; reference values (RV): < 2.0 mmol/L) with elevated pyruvate (0.23 mmol/L; RV: < 0.15 mmol/L) but lactate/pyruvate ratio was in the normal range (13.9; RV: 12.0-18.0). All others biological investigations were unremarkable including extensive metabolic screening for lysosomal and peroxysomal diseases as well as for interferonopathies. Pyruvate dehydrogenase (PDH) deficiency and mitochondrial cytopathy were also suspected to cause the clinical feature of this patient.

Biochemical analyses

Oxygen consumption rate (OCR), PDH activity and respiratory chain complexes activity assays were performed in primary cultured skin fibroblasts of the patient when he was 30 months old. Results are presented in Table 1.

These results showed a moderate decrease of PDHc activity and a marked decreased OCR with succinate, suggesting dysfunction of complex II. It was confirmed by a slightly decreased activity of complex II and decreased complex II/citrate synthase activities ratio without any observable effect of the other RC complex activities compared to reference values. These observations led us to analyze DNA of the patient by NGS analysis on our panel of nuclear genes dedicated to mitochondrial diseases.

Molecular results

Applying filters for variations with low allelic frequency (< 0.03 in 1000 genome DATABASE), the analysis of NGS data sets revealed a homozygous variation (c.302A > G; p.Tyr101Cys) located in exon 4 of ISCA1 (NM_030940.4) (Fig. 2,part A). Seventy other variants were identified including 3 variants predicted as deleterious in genes ACAD9, SDHD and COQ6 at the heterozygous state. Mutations in these genes are related to mitochondrial disease with recessive transmission and no other gene variation (intragenic deletion or insertion) was detected in these three genes. Thus, the homozygous ISCA1 mutation remained the only candidate for the observed phenotype and the biochemical data. We validated this variant by family analysis showing that each parent of the patient carried the ISCA1 mutation at the heterozygous state. This ISCA1 variation was never reported before (in 1000 genome, dbSNP and EXAC databases) and was predicted as a deleterious variant by in silico analysis using prediction softwares be sensitive to oxygen, previous anaerobic purification of mouse ISCA1 leads to protein precipitation [START_REF] Beilschmidt | ISCA1 is essential for mitochondrial Fe4S4 biogenesis in vivo[END_REF]. Then, we purified the overexpressed protein under aerobic conditions and obtained a colored WT protein. The UV-visible spectra of the as-purified ISCA1 is characterized by absorption bands at 320 and 420 nm and shoulders at 460 and 550 nm (Fig. 3, panel A). These results are compatible with the presence of a [2Fe-2S] cluster in the aerobically purified WT form of ISCA1. Then, we expressed the Tyr101Cys mutated form of human ISCA1 and purified it using similar conditions than those used for the WT form. We obtained a colorless protein. The absence of cluster was confirmed by the UV-visible absorption spectrum, which does not present any significant absorption in the visible part (Fig. 3, panel A). Chemical analysis confirmed that the as-purified Tyr101Cys mutated form contains only low amounts of iron compared to the WT form (Fig. 3, panel B). Thus, aerobic purifications of overexpressed mature ISCA1 led to a [2Fe-2S] cluster-containing WT form while Tyr101Cys form lacks its Fe-S cluster.

Western blot

To further confirm and better understand the molecular consequences of the ISCA1 Tyr101Cys mutation, we extended the biochemical investigation. We first looked at ISCA1 protein level in the patient fibroblasts compared to fibroblasts of patients with either deficiency in ISCA2 or in IBA57 (P12 and P10 respectively, described in our previously published study [START_REF] Lebigot | Impact of mutations within the [Fe-S] cluster or the lipoic acid biosynthesis pathways on mitochondrial protein expression profiles in fibroblasts from patients[END_REF]). Immunoblot analysis revealed a statistical lower amount of ISCA1 protein in ISCA1 patient fibroblasts compared to the control fibroblasts (Fig. 4B). ISCA1 protein amount in ISCA2 or IBA57 patient was similar to those of controls.

In addition, we performed some analysis to evaluate how ISCA1 deficiency could affect maturation of ISC protein in the patient fibroblasts. We first looked at the level of lipoylation of the E2 subunit of PDHc and of α-KGDHc to evaluate the enzymatic activity of LIAS which is dependent on the insertion of its [4Fe-4S] cluster [START_REF] Landgraf | Radical S-adenosylmethionine enzymes in human health and disease[END_REF] (Fig. 5A). Furthermore, we examined the levels of several mitochondrial [2Fe-2S]-and [4Fe-4S]-containing proteins (Fig. 5B andC). Finally, several other subunits of RC complexes were tested. We found an alteration of the lipoylation of PDH-E2 and a more severe decrease for α-KGDH-E2, likely secondary to a LIAS dysfunction. We also observed a marked decrease in SDHB expression in the patient fibroblasts. Other proteins of complex II and of complex I, which do not contain ISC (SDHA and GRIM19, respectively), and proteins carrying a [2Fe-2S] cluster (Rieske protein of complex III and ferrochelatase) were not affected by the ISCA1 deficiency.

RC and TCA functionality in fibroblasts and myoblasts

We further studied the consequences of ISCA1 deficiency on RC complexes and TCA enzymes activities in fibroblasts. As shown in Table 1, RC complexes and α-KGDHc activities were only weakly affected by ISCA1 deficiency, despite lipoylation defect (Fig. 5A) and decreased level of SDHB protein (Fig. 5C). We explored these enzymatic activities in myoblasts to evaluate if this cellular type would be more affected than fibroblasts (Fig. 6). Complex I activity was decreased in fibroblasts but unfortunately, limitation in the amount of cellular material did not allow us to measure complex I activity in myoblasts. Both results in myoblasts and in fibroblasts showed decreased complex II activity while others enzymatic activities were near values obtained in control cells.

BN-PAGE analysis was performed using fibroblasts to assess the RC complex assembly (Fig. 7). This experiment underlined the effects on the integrity of complexes I and II and revealed additional effects on complex IV.

Our investigations showed several mitochondrial damages in ISCA1 deficient fibroblasts including RC complexes and lipoic acid metabolism dysfunction. As mitochondrial network morphology can vary from hyperfused to fragmented morphology in accordance with OXPHOS activities or nutrient status [START_REF] Wai | Mitochondrial dynamics and metabolic regulation[END_REF], we questioned whether mitochondrial network morphology could be affected in fibroblasts of patient with ISCA1 deficiency. We observed ISCA1 patient cells after incubation with MitoTracker Red CMXRos® which stains functional mitochondria and found similar tubular mitochondrial network with homogenous cellular distribution in patient and in control fibroblasts (Fig. 8).

Discussion

Pathogenic variants in genes encoding for proteins involved in the late step of the mitochondrial ISC machinery lead to various types of MMDS pathology. MMDS type 5, caused by mutations in ISCA1, was recently described in 5 patients from three Indian families [START_REF] Shukla | Homozygous p. (Glu87Lys) variant in ISCA1 is associated with a multiple mitochondrial dysfunctions syndrome[END_REF][START_REF] Shukla | Report of the third family with multiple mitochondrial dysfunctions syndrome 5 caused by the founder variant p.(Glu87Lys) in ISCA1[END_REF] and one Italian patient [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF]. MMDS type 5 leads to early-onset, fatal encephalopathy and/or severe spasticity and seizures [START_REF] Shukla | Homozygous p. (Glu87Lys) variant in ISCA1 is associated with a multiple mitochondrial dysfunctions syndrome[END_REF][START_REF] Shukla | Report of the third family with multiple mitochondrial dysfunctions syndrome 5 caused by the founder variant p.(Glu87Lys) in ISCA1[END_REF][START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF] and resembles MMDS types 3 and 4 due to pathogenic variants in IBA57 and ISCA2, respectively [START_REF] Ajit Bolar | Mutation of the iron-sulfur cluster assembly gene IBA57 causes severe myopathy and encephalopathy[END_REF][START_REF] Lebigot | Impact of mutations within the [Fe-S] cluster or the lipoic acid biosynthesis pathways on mitochondrial protein expression profiles in fibroblasts from patients[END_REF][START_REF] Lossos | Fe/S protein assembly gene IBA57 mutation causes hereditary spastic paraplegia[END_REF][START_REF] Debray | Mutation of the iron-sulfur cluster assembly gene IBA57 causes fatal infantile leukodystrophy[END_REF][START_REF] Al-Hassnan | ISCA2 mutation causes infantile neurodegenerative mitochondrial disorder[END_REF]. Extensive leukodystrophy on brain MRI and ophthalmic symptoms such as optic atrophy or nystagmus were described in most of the patients with MMDS type 3, 4 or 5. The present article describes a new patient with ISCA1 deficiency. This patient from Egyptian origin presented with a psychomotor regression with transient loss of gait at 20 months of age. He progressively recovered but, at 4 years of age, he remained impaired with spastic diplegia leading to recurrent falls while walking associated with fatigability and severe language deficiency. Thus, his clinical symptoms, despite less severe, were similar to the Italian patient ones. As for this latter and others patients with MMDS (de Souza et al., 2018), bMRI of the French patient revealed abnormalities. Cavitating leukodystrophy, ventriculomegaly and thin corpus callosum were observed similar to the described patients with MMDS type 5 especially the Italian one, but with less impairment. All the previously reported ISCA1 patients died between 11 months and 11 years of age. Currently, the patient that we described here is 6 years old and keep improving skills. MMDS 3 and 4 also led to variable clinical symptomatology and evolution. Thus, IBA57 or ISCA2 patients display variable clinical features closed to those observed in ISCA1 patients with progressive neurological regression and 4S]-containing proteins (mt-aconitase and SDHB) and proteins involved in complex I (GRIM19) or complex II (SDHA). Samples of patient were loaded twice. serves as loading control for samples obtained after mitochondrial enrichment and GAPDH serves as loading control for total cell lysate samples. For each antibody, all the samples were analyzed on the same gel; however, unnecessary lanes were removed and replaced by black lines. leukodystrophy or severe encephalopathy with early onset and sometimes early death [START_REF] Ajit Bolar | Mutation of the iron-sulfur cluster assembly gene IBA57 causes severe myopathy and encephalopathy[END_REF][START_REF] Lossos | Fe/S protein assembly gene IBA57 mutation causes hereditary spastic paraplegia[END_REF][START_REF] Toldo | Neonatal mitochondrial leukoencephalopathy with brain and spinal involvement and high lactate: expanding the phenotype of ISCA2 gene mutations[END_REF][START_REF] Debray | Mutation of the iron-sulfur cluster assembly gene IBA57 causes fatal infantile leukodystrophy[END_REF][START_REF] Al-Hassnan | ISCA2 mutation causes infantile neurodegenerative mitochondrial disorder[END_REF][START_REF] Ishiyama | IBA57 mutations abrogate iron-sulfur cluster assembly leading to cavitating leukoencephalopathy[END_REF][START_REF] Torraco | Novel mutations in IBA57 are associated with leukodystrophy and variable clinical phenotypes[END_REF][START_REF] Hamanaka | Expanding the phenotype of IBA57 mutations: related leukodystrophy can remain asymptomatic[END_REF][START_REF] Liu | Phenotypic spectrum of mutations in IBA57, a candidate gene for cavitating leukoencephalopathy[END_REF][START_REF] Alfadhel | Further delineation of the phenotypic spectrum of ISCA2 defect: a report of ten new cases[END_REF][START_REF] Alaimo | Loss-of-function mutations in ISCA2 disrupt 4Fe-4S cluster machinery and cause a fatal leukodystrophy with hyperglycinemia and mtDNA depletion[END_REF]. Among all reported patients, no optic atrophy was reported for ISCA1 patients while it was frequent in IBA57 or ISCA2 patients [START_REF] Al-Hassnan | ISCA2 mutation causes infantile neurodegenerative mitochondrial disorder[END_REF][START_REF] Hamanaka | Expanding the phenotype of IBA57 mutations: related leukodystrophy can remain asymptomatic[END_REF]. Only nystagmus and visual impairment were present in the Italian ISCA1 patient [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF].

The novel ISCA1 homozygous variant (p.( Tyr101Cys)), the third to be described, that we identified, led to a reduction in the level of ISCA1 protein in fibroblasts. This observation suggests that mutated protein could be degraded due to abnormal protein folding even though we did not explore this hypothesis further. Overexpression and purification of WT ISCA1 and of the mutated form confirmed that mutation of Tyr101, a residue close to the Fe-S cluster, leads to cluster destabilization. Two other mutations were described previously. The p.(Val10Gly) mutation, involving a residue from the mitochondrial targeting peptide, led to decrease of the mitochondrial import of the protein [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF] inducing a large decrease of ISCA1 protein level in fibroblasts. Concerning the other known mutation in ISCA1, p.(Gln87Lys), no functional analysis was performed to understand the mechanism of the pathogenicity of this mutation. In all the described patients, dysfunction of ISCA1 also causes abnormal respiratory chain and lipoylated protein functionalities. In fibroblasts and/or myoblasts of our studied patient, activities of complexes I and II were affected probably by defect of maturation of their Fe-S cluster containing subunits such as SDHB for complex II. BN-PAGE analysis showed an altered assembly of these two complexes but also of complex IV. Activities of PDH and α-KGDH complexes were moderately decreased in fibroblasts or myoblasts secondary to limited lipoylation defect. The effect was clearly less severe than for the Italian patient [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF]. Surprisingly, deleterious biochemical consequences of the mutation were not more pronounced in myoblasts than in fibroblasts. As in several MMDS [START_REF] Ajit Bolar | Mutation of the iron-sulfur cluster assembly gene IBA57 causes severe myopathy and encephalopathy[END_REF][START_REF] Lebigot | Impact of mutations within the [Fe-S] cluster or the lipoic acid biosynthesis pathways on mitochondrial protein expression profiles in fibroblasts from patients[END_REF][START_REF] Ahting | FeS cluster biogenesis defect in a patient with mutations in ISCA2[END_REF][START_REF] Nishioka | An infant case of diffuse cerebrospinal lesions and cardiomyopathy caused by a BOLA3 mutation[END_REF], complex IV is also affected in MMDS type 5 either with decrease of total complex IV assembly (present report) or decrease of a complex IV subunit with unknown mechanism [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF]. Importantly, all the results show that the ISCA1 Tyr101Cys mutant functionally impaired mitochondrial [4Fe-4S] proteins assembly and was causative of the observed clinical features. Despite dysfunctions of many RC complexes, we observed that the mitochondrial network did not show fragmented morphology in fibroblasts. The repartition of mitochondria is homogeneous in cytoplasm compared to results obtained in fibroblasts of one ISCA2 patient [START_REF] Alaimo | Loss-of-function mutations in ISCA2 disrupt 4Fe-4S cluster machinery and cause a fatal leukodystrophy with hyperglycinemia and mtDNA depletion[END_REF]. Two studies suggested that complete ISCA1 deficiency was unsustainable in mammals [START_REF] Beilschmidt | ISCA1 is essential for mitochondrial Fe4S4 biogenesis in vivo[END_REF][START_REF] Yang | Knockout of ISCA 1 causes early embryonic death in rats[END_REF] and would be lethal at the embryo state in rats [START_REF] Yang | Knockout of ISCA 1 causes early embryonic death in rats[END_REF]. Even if ISCA1 was severely decreased in the patient fibroblasts, we hypothesized that residual ISCA1 functionality must be present in tissues others than fibroblasts for the French ISCA1 patient who presented with moderate clinical phenotype. 

Fibroblasts Myoblasts

Fig. 6. Activities of RC complexes and TCA enzymes (citrate synthase and alpha-KGDHc) in fibroblasts and myoblasts of the ISCA1 patient . Activities were compared to those of control cells (fibroblasts and myoblasts respectively) measured in same conditions, in total cell lysates or in mitochondrial enriched fractions (complex I only). Citrate synthase activity was used as an indication for mitochondrial content. Data represent mean ± SEM of 2 independent experiments except for complex I activity (only one experiment in fibroblasts and no analysis in myoblasts; ND: not done) Fig. 7. Blue-native PAGE analysis of respiratory chain complexes. BN-PAGE analysis of mitochondrial enriched fibroblasts of the ISCA1 patient and control was performed using antibodies against respiratory chain complex subunits without [Fe-S] cluster (complex I: GRIM19, complex II: SDHA, complex III: UQCRC2, complex IV: MTCO1). Results for both samples are issued from the same experiment that needed two different gels represented in two blocks (unnecessary lanes were removed and replaced by black lines).

ISCA1 is one of the proteins involved in the late step of maturation of ISC containing protein but its functionality inside this machinery is not clearly known as yet. Since 2004, mitochondrial localization of ISCA1 was proven and its role in Fe-S cluster biogenesis was proposed [START_REF] Cózar-Castellano | hIscA: a protein implicated in the biogenesis of ironsulfur clusters[END_REF]. Further studies in HeLa cells suggested that ISCA1 collaborates with ISCA2 and IBA57 in the late step of the maturation of mitochondrial Fe-S proteins [START_REF] Sheftel | The human mitochondrial ISCA1, ISCA2, and IBA57 proteins are required for [4Fe-4S] protein maturation[END_REF]. Recently, in vitro studies demonstrated that the biogenesis of [4Fe-4S] cluster from two [2Fe-2S] clusters required ISCA1 and ISCA2 proteins [START_REF] Brancaccio | Formation of [4Fe-4S] clusters in the mitochondrial iron-sulfur cluster assembly machinery[END_REF][START_REF] Brancaccio | 4Fe-4S] cluster assembly in mitochondria and its impairment by copper[END_REF]. Other analyses suggested that homodimeric ISCA1 could be sufficient to form a [4Fe-4S] cluster from two [2Fe-2S] clusters [START_REF] Beilschmidt | ISCA1 is essential for mitochondrial Fe4S4 biogenesis in vivo[END_REF]. Finally, IBA57 and ISCA2 may also collaborate with ISCA1 for [4Fe-4S] cluster biogenesis [START_REF] Gourdoupis | IBA57 recruits ISCA2 to form a [2Fe-2S] cluster-mediated complex[END_REF]. Interestingly, a study revealed that ISCA2 protein was decreased in fibroblasts of an ISCA1 patient [START_REF] Torraco | ISCA1 mutation in a patient with infantile-onset leukodystrophy causes defects in mitochondrial [4Fe-4S] proteins[END_REF] while ISCA1 protein level was not decreased in fibroblasts of an ISCA2 patient (this study). These results suggest that ISCA2 required ISCA1 to be stabilized but ISCA1 is not destabilized by low level of ISCA2 in the same tissue. ISCA1 and ISCA2 are able to interact with each other but are not redundant in their functions in ISC machinery. With recent in vitro studies and multiple descriptions of MMDS type 5, it appears that ISCA1 protein is an essential protein for maturation of ISC-containing protein. ISCA1 deficiency leads to biochemical and clinical consequences similar to those reported in IBA57 or ISCA2 deficiency, all involved in the late steps of mitochondrial [4Fe-4S] cluster biogenesis.

In conclusion, we report a patient with spastic diplegia and severe language delay who carries a novel pathogenic variant in ISCA1. This Tyr101Cys variant clearly destabilizes the Fe-S cluster of the ISCA1 protein and reduces stability and functionality of this latter. Mitochondrial [4Fe-4S]-containing proteins such as subunits of RC complexes or proteins involved in lipoic acid synthesis are therefore affected by ISCA1 dysfunction, leading to MMDS type 5. 

  Fig. 1. Images of brain MRI and brain spectroscopy of the ISCA1 patient. Cavitating leukodystrophy with diffuse lesions of periventricular supratentorial white matter with hyperintensity on T2 (A) and flair (B) and with hypointensity on T1 (C). (D) Vacuolization was located in supratentorial white matter. (E) Lactate peak on brain spectroscopy is pointed out by a yellow arrow.

Fig. 2 .

 2 Fig. 2. Localization of the novel variant in ISCA1 and conservation of residue 101 in ISCA1 protein in different orthologues. (A) Sanger validation of the variant in exon 4 of ISCA1 in the patient and his parents. Other variants reported in ISCA1 are localized in exon 4 (10) and in exon 1 (12).(B) Alignment of ISCA1 protein from different species with CLUSTAL O(1.2.4) multiple sequence alignment from NCBI orthologues sequences. Residue Tyr (Y) number 101 in Homo sapiens, noted with red star, is conserved in all represented species except Danio i.e. zebrafish.

Fig. 3 .Fig. 4 .

 34 Fig.3. UV-visible absorption spectra and iron content analysis of purified WT and Tyr101Cys mutant. (A) UV-visible spectra of the WT (black line) and Tyr101Cys (red dotted line) forms of purified ISCA1 at 40 µM. (B) Iron contains of purified ISCA1 forms. Results were expressed as the ratio of the iron and the protein concentrations. Data represent mean ± SEM of 3 independent experiments. Statistical analysis: ttest (significance: **p < 0.01).

Fig. 5 .

 5 Fig. 5. Protein levels of mitochondrial Fe-S proteins in fibroblasts of patient with ISCA1 pathogenic variant. (A) Lipoylated proteins were detected using antibody against lipoic acid. (B) Levels of mitochondrial [2Fe-2S] proteins (Rieske and ferrochelatase). (C) Levels of [4Fe-4S]-containing proteins (mt-aconitase and SDHB) and proteins involved in complex I (GRIM19) or complex II (SDHA). Samples of patient were loaded twice. serves as loading control for samples obtained after mitochondrial enrichment and GAPDH serves as loading control for total cell lysate samples. For each antibody, all the samples were analyzed on the same gel; however, unnecessary lanes were removed and replaced by black lines.

Fig. 8 .

 8 Fig. 8. Mitochondrial network in ISCA1 patient fibroblasts. Mitochondria of patient fibroblasts were labelled with the Mitotracker probe (A) and compared to control fibroblasts (B). Hoechst was used to counterstain the nuclei as indicated in the figure (right panel). The inset shows a magnification of the selected mitochondrial subcellular region (white square). Scale bar represents 10 µm.

Table 1

 1 Oxygen consumption rate (OCR), α-KGDHc-, PDHc-and respiratory chain complex activity assays performed on primary cultured skin fibroblasts of the ISCA1 patient.Citrate synthase activity served as mitochondrial content control. Values in bold indicate results outside of the normal value range.
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