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Autosomal recessive Leber hereditary optic neuropathy, a new neuro-ophthalmo-genetic paradigm
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Leber Hereditary Optic Neuropathy (LHON) is a primary inherited neurodegenerative disorder of the optic nerve. It has been ascribed to variants in the mitochondrial genome, mainly the m.3460G>A, m.11778G>A and m.14484T>C mutations in ND1, ND4 and ND6 respectively. Nonetheless, inconclusive molecular diagnosis is not uncommon. Recently, biallelic mutations in the NDUFS2, DNAJC30, MCAT and NDUFA12 nuclear genes have been identified in unresolved LHON cases, identifying an autosomal recessive LHON (arLHON, OMIM:619382). The clinical presentation of arLHON copies that of typical mtLHON, with an acute phase of sudden and severe vision loss, telangiectatic and tortuous vessels around the optic nerve, and swelling of the retinal nerve fiber layer (RNFL). This is followed by a chronic phase of RNFL loss, but eventually, affected individuals recovered partial or full visual acuity.

Idebenone treatment significantly improved vision recovery in DNAJC30-associated patients.

As mtLHON, arLHON predominantly affected male as compared to female carriers. The and is a distinctive blinding neurodegenerative disease of the optic nerve, involving a twophase process: an initial dysfunction of retinal ganglion cells, followed by a degeneration of their axon. [START_REF] Carelli | International consensus statement on the clinical and therapeutic management of Leber hereditary optic neuropathy[END_REF] Originally, LHON has been ascribed to mitochondrial DNA (mtDNA) variations [START_REF] Wallace | Mitochondrial DNA mutation associated with Leber's hereditary optic neuropathy[END_REF] and is thus transmitted through the maternal lineage, however recent studies evidenced that autosomal recessive variations in nuclear genes can phenocopy LHON clinical presentation. [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF] Next generation sequencing (NGS) of the mitochondrial genome serves as the current gold standard method for molecular diagnosis in LHON. In 90 % of the cases, NGS-based genetic study detects one of the three disease-causing mtDNA mutations m.3460G>A (ND1), m.11778G>A (ND4), and m.14484T>C (ND6), known as primary mutations. [START_REF] Mackey | Primary pathogenic mtDNA mutations in multigeneration pedigrees with Leber hereditary optic neuropathy[END_REF] Another 30 mtDNA mutations have been reported to play a role in the disease, but for many cases, negative or inconclusive molecular diagnosis have been reported. [START_REF] Yu-Wai-Man | Mitochondrial optic neuropathies -Disease mechanisms and therapeutic strategies[END_REF] Yet, the maternal inheritance of these latter cases was not questioned. The longstanding assumption for LHON to be exclusively maternally inherited has been challenged only recently with the report of typical LHON phenotypes in both simplex and multiplex families segregating biallelic mutations in NDUFS2, 3 DNAJC30, 4,7-10 NDUFA12 5 and MCAT [START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF] and nuclear genes, encoding mitochondrial proteins involved in the respiratory complex I assembly, turn-over and activity, and fatty-acid biosynthesis, respectively. In this review, we summarize the published clinical, pathophysiological and therapeutic data associated with these arLHON cases and compare to those of the typical mtLHON presentation.

Clinical Presentation

Ophthalmological findings in arLHON [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF][START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF][START_REF] Kieninger | DNAJC30 disease-causing gene variants in a large Central European cohort of patients with suspected Leber's hereditary optic neuropathy and optic atrophy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF][START_REF] Petrovic Pajic | Case report: Long-term follow-up of two patients with LHON caused by DNAJC30:c.152G>A pathogenic variant-case series[END_REF][START_REF] Pojda-Wilczek | Phenotypic Variation of Autosomal Recessive Leber Hereditary Optic Neuropathy (arLHON) in One Family[END_REF] were virtually indistinguishable from typical mtLHON disease. Initially, arLHON patients complained of acute painless central vision loss (BVA<1/20) affecting both eyes simultaneously, or one after the other within weeks or months (1 week to 11 months). Colour vision was typically affected, often unspecifically. [START_REF] Kieninger | DNAJC30 disease-causing gene variants in a large Central European cohort of patients with suspected Leber's hereditary optic neuropathy and optic atrophy[END_REF] Red-green or blue-yellow confusion that is frequently described in mtLHON [START_REF] Yu-Wai-Man | Mitochondrial optic neuropathies -Disease mechanisms and therapeutic strategies[END_REF] and dominant optic atrophy [START_REF] Lenaers | Dominant optic atrophy: Culprit mitochondria in the optic nerve[END_REF] were reported as such in a few cases. [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF][START_REF] Kieninger | DNAJC30 disease-causing gene variants in a large Central European cohort of patients with suspected Leber's hereditary optic neuropathy and optic atrophy[END_REF] Fundus examination revealed hyperaemic optic nerves with peripapillary telangiectatic microangiopathy, peripapillary RNFL swelling and retinal vascular tortuosity. Few months later, fundus examination and optic coherence tomography (OCT) disclosed pale optic nerve heads and RNFL loss, mainly in the temporal quadrant. The aspect of the retina at the fundus was unremarkable as were the photoreceptors function as determined by global-flash ERG measurements. In contrast VEP were altered, confirming optic nerve dysfunction. More than 60% of affected individuals experienced a significant recovery of their visual acuity (50% and 10% for partial and complete recovery, 

Assessment and Diagnosis

The assessment of arLHON was based on clinical examinations and genetic studies. arLHON was suspected in individuals with a typical two-phase LHON disease presentation and a negative or inconclusive NGS-based molecular testing for mtDNA variants. Autosomal recessive inheritance was demonstrated by a combination of whole-exome sequencing (WES) and Sanger sequencing, which identified biallelic variants in the nuclear NDUFS2, 3 DNAJC30, 4,7-10 NDUFA12 [START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF] and MCAT 6 genes (Table 1). arLHON-causing NDUFS2, NDUFA12 and MCAT variants were each identified in a single family [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF][START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF] and included two missense changes, one missense substitution and one splice site variation prompting exon skipping, and one frameshifting variant affecting the first exon, respectively (Table 2). In contrast, DNAJC30 changes proved surprisingly frequent, causing arLHON in 88 families [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Kieninger | DNAJC30 disease-causing gene variants in a large Central European cohort of patients with suspected Leber's hereditary optic neuropathy and optic atrophy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF][START_REF] Petrovic Pajic | Case report: Long-term follow-up of two patients with LHON caused by DNAJC30:c.152G>A pathogenic variant-case series[END_REF][START_REF] Pojda-Wilczek | Phenotypic Variation of Autosomal Recessive Leber Hereditary Optic Neuropathy (arLHON) in One Family[END_REF] (Tables 1 and2). DNAJC30 variants comprised three private substitutions (2 missense and 1 one-codon deletion), a recurrent nonsense and a founder substitution (p.Tyr51Cys) [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF] (Table 1). The founder mutation reported in 82/88 arLHON families likely arose in Russia, where arLHON accounts for 20% of all patients with a LHON phenotype and spread to Central Europe. [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF] The high frequency of which explains the prevalent involvement of DNAJC30 in arLHON.

Males when compared to females are more frequently affected (86 vs 10; sex ratio M/F > 8.5/1; Tables 1 and2) and tend to have earlier disease onset (18.9 ± 7.1 vs >25-30 years). [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF][START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF][START_REF] Kieninger | DNAJC30 disease-causing gene variants in a large Central European cohort of patients with suspected Leber's hereditary optic neuropathy and optic atrophy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF][START_REF] Petrovic Pajic | Case report: Long-term follow-up of two patients with LHON caused by DNAJC30:c.152G>A pathogenic variant-case series[END_REF][START_REF] Pojda-Wilczek | Phenotypic Variation of Autosomal Recessive Leber Hereditary Optic Neuropathy (arLHON) in One Family[END_REF] While this is similar to mtLHON, [START_REF] Yu-Wai-Man | Mitochondrial optic neuropathies -Disease mechanisms and therapeutic strategies[END_REF] affected arLHON individuals have earlier and less dispersed age of onset than their counterparts with mtLHON (median age/interquantile range: 19/9 versus 27/16.25 years in arLHON versus mtLHON). [START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF] An incomplete penetrance has been demonstrated in several families, the whole of which segregated the founder DNAJC30 p.Tyr51Cys mutation in homozygosity. [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF] Involving predominantly females as compared to males (asymptomatic female and male carriers 4/16 and 3/91, respectively) [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF] (Tables 1 and2). Whether incomplete penetrance is limited to this specific DNAJC30 genotype is an open question. In this view, a systematic screening of asymptomatic female siblings of affected individuals carrying biallelic DNAJC30, NDUFS2,
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MCAT or NDUFA12 mutations certainly merits consideration. Along the same lines, whether some symptoms, such as colour vision defects, are more prevalent or specific to some genetic subtypes is an important question, the response to which will hopefully be provided by the report of additional NDUFS2-, NDUFA12-and MCAT-associated arLHON cases.

Pathophysiology

As for all inherited optic neuropathies, except the Wolfram syndrome, arLHON primary pathophysiological defects involve a mitochondrial dysfunction (Table 2). Mutations in MCAT encoding the malonyl-CoA-acyl carrier protein transacylase are expected to affect mitochondrial fatty acid synthesis, although the precise pathomechanism related to mitochondrial lipid biosynthesis and respiration has not yet been elucidated. [START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF] Regarding NDUFS2 encoding the NADH-ubiquinone oxydo-reductase Fe-S protein 2, Western blot analyses of cells from patients carrying arLHON-causing missense changes in compound heterozygosity disclosed a mild reduction of the protein abundance and of the respiratory chain complex I (CI) assembly that did not affect global CI enzymatic activity. [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF] Yet, expression of the mutant alleles in Y. lipolytica demonstrated that while one of the two missense variants had a minor effect on complex I function and could be regarded as a hypomorphic mutations, the other caused complete absence of the complex. [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF] Concerning DNAJC30 encoding the DNAJ/HSP40 homolog, subfamily C, member 30 protein, biochemical analyses evidenced an altered chaperone activity and downstream a reduced turn-over of CI subunits, surprisingly leading to a slightly increased CI activity. [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF] Finally, regarding NDUFA12 encoding the NADHubiquinone oxidoreductase 1 alpha subcomplex 12, the functional effect of the variation identified in the individual manifesting arLHON [START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF] has not been characterized. Yet, CI delayed assembly or reduced stability can be anticipated. [START_REF] Ostergaard | Respiratory chain complex I deficiency due to NDUFA12 mutations as a new cause of Leigh syndrome[END_REF] Together these observations highlight that arLHON like maternal LHON disease involves the dysfunction of mitochondrial DNAencoded inner membrane CI subunits.

Treatment

LHON treatments are today based on two approaches: gene and pharmacological therapies, respectively. Gene therapy in mtLHON consists in allotopic expression of the mitochondrial ND4 protein in patients carrying the primary m.11778G>A mutation, whose visual function [START_REF] Yu-Wai-Man | Bilateral visual improvement with unilateral gene therapy injection for Leber hereditary optic neuropathy[END_REF][START_REF] Newman | Efficacy and Safety of Intravitreal Gene Therapy for Leber Hereditary Optic Neuropathy Treated within 6 Months of Disease Onset[END_REF] Like other gene-augmentation therapies, this approach, although elegant, is designed to target a single gene. In this respect, pathway-based treatments using pharmacological compounds may be of particular interest in both maternal and autosomal mitochondrial disease, including optic neuropathies. Currently, compounds derived from ubiquinone are on trial for their ability to improve electron transfer between respiratory chain complexes and reduce ROS deleterious effects. The most advanced therapies concern Idebenone® (Raxone) which has been granted an EMA approval and is prescribed to adults and adolescents from 12 years of age affected with mtLHON in the first 2 years after the disease onset. Oral delivery of Idebenone® has provided a significant visual acuity improvement for half of the individuals who received the treatment. [START_REF] Carelli | Idebenone treatment in Leber's hereditary optic neuropathy[END_REF][START_REF] Klopstock | A randomized placebo-controlled trial of idebenone in Leber's hereditary optic neuropathy[END_REF] Importantly, arLHON patients carrying DNAJC30 mutations displayed significantly higher ratio of visual improvement (up to 81%), after Idebenone® treatment (Table 3). In contrast, DNAJC30 patients who received corticoid boluses during the acute phase of the disease instead of Idebenone® showed no visual acuity recovery, 4, 9-10 as did the patient carrying MCAT variants. [START_REF] Gerber | MCAT Mutations Cause Nuclear LHON-like Optic Neuropathy[END_REF] A gain of visual acuity upon corticoid treatment has been however occasionally reported (1 individual with a DNAJC30 mutation, [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF] 2/3 siblings carrying NDUFS2 mutations; [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF] Table 3). To our knowledge, no treatment was administrated to the NDUFA12 individual. [START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF] Altogether, these observations suggest that there exist a potential for drug-induced improvement exists for arLHON forms.
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Genetic overlap with other neurological disorders

Consistent with a mitochondrial involvement, mutations in arLHON genes have been reported to cause diseases that involve organs vulnerable to energetic dysfunction. NDUFS2, NDUFA12 and DNAJC30 mutations have been described in Leigh and Leigh-like syndrome cases [START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF][START_REF] Ostergaard | Respiratory chain complex I deficiency due to NDUFA12 mutations as a new cause of Leigh syndrome[END_REF][START_REF] Tuppen | The p.M292T NDUFS2 mutation causes complex Ideficient Leigh syndrome in multiple families[END_REF][START_REF] Zawadzka | Expanding the phenotype of DNAJC30associated Leigh syndrome[END_REF] (Tables 1 and2). NDUFS2 genotype-phenotype correlations have been suggested in the view of the combination of severe and hypomorphic missense variants in arLHON cases (3 siblings) and biallelism for severe mutations in Leigh syndrome. [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF] In contrast, the NDUFA12-associated arLHON case displayed homozygosity for a frameshift mutation in exon 1 5 (Table 2), which would predict a truncated protein, as most LS-causing NDUFA12 mutations. [START_REF] Magrinelli | Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome to Isolated Optic Atrophy[END_REF] Regarding DNAJC30, three unique missense variations, one amino-acid deletion, one premature stop codon and two unique frameshift mutations have been described in homozygosity or compound heterozygosity in 109 individuals from 93 families (88/93 arLHON and 5/93 LS families; Tables 1 and2). The founder p.Tyr51Cys variation was found
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in homozygosity in asymptomatic carriers (n = 7) 4, 8 and individuals with an arLHON (n = 87), 4, 7-10 or a Leigh syndrome (n = 4). [START_REF] Gerber | Compound heterozygosity for severe and hypomorphic NDUFS2 mutations cause non-syndromic LHON-like optic neuropathy[END_REF][START_REF] Stenton | DNAJC30 defect: a frequent cause of recessive Leber hereditary optic neuropathy and Leigh syndrome[END_REF][START_REF] Zawadzka | Expanding the phenotype of DNAJC30associated Leigh syndrome[END_REF] Along the same lines, individuals carrying the change in compound heterozygosity with a nonsense or a frameshift mutations were either affected with an arLHON (n = 3) 7 or a Leigh syndrome (n = 2 siblings). [START_REF] Zawadzka | Expanding the phenotype of DNAJC30associated Leigh syndrome[END_REF] These observations along with the report of homozygosity for a frameshift mutation in two siblings affected with arLHON suggest additional factors contributing to the clinical presentation of patients with disease-causing variants in DNAJC30.

Regarding MCAT, in addition to missense and exon skipping variations causing arLHON in compound heterozygosity, homozygosity for a complex allele made of two missense changes has been reported to cause childhood-onset chronic optic atrophy. [START_REF] Li | Novel mutations in malonyl-CoA-acyl carrier protein transacylase provoke autosomal recessive optic neuropathy[END_REF] Whether MCAT loss of function is causing severe neurological phenotypes is possible in the view of the severe systemic phenotype of Mcat-deficient mice. [START_REF] Smith | Compromised mitochondrial fatty acid synthesis in transgenic mice results in defective protein lipoylation and energy disequilibrium[END_REF] 

Implications for molecular diagnosis and genetic counseling

The discovery of recessively inherited LHON has important implications for molecular diagnosis and disease risk-assessment in LHON cases in which genetic analysis failed to demonstrate the involvement of mitochondrial DNA. In these cases which are not uncommon, biparental transmission of recessive mutated alleles should be considered, in particular when the disease manifested early in life and/or when affected individuals were born to consanguineous parents.

The identification of biallelic nuclear mutations in LHON cases will transform future genetic counselling since the probability of biparental transmission of pathogenic alleles in the offspring is only 25%, while for mtLHON, the transmission of the mtDNA pathogenic variant through a carrier mother, whether affected or not, is 100%. Another important distinction is that, whereas only mothers can pass mtDNA variants, both fathers and mothers can pass an arLHON allele to their offspring, whose risk of developing the disease will be primarily determined by the genetic links between their parents. The risk tends to zero when the parent carrying one or two arLHON alleles and his/her spouse are genetically unrelated. But, consanguinity and population inbreeding will increase the likelihood of bi-allelism for mutated arLHON alleles and consequently of the disease, while keeping in mind that in arLHON, like in mtLHON the risk of disease is consistently lowered by an incomplete penetrance. Homozygosity for the p.Tyr51Cys variant should invite studying all the proband's relatives at risk of disease, independent of their clinical status. Though this genotype (and just this one) has been linked to incomplete penetrance, it is crucial to remember that the vast majority of male (96%) and female (71%) carriers developed the disease within the first 2-3 decades of life (Tables 1 and2). In addition to reducing the risk of disease transmission to the next generations, the involvement of DNAJC30 mutations has an important clinical implication for affected individuals who can expect a better response to Idebenone® treatment than their counterparts carrying mtDNA mutations.

In absence of DNAJC30 mutations, the possible involvement of NDUFS2, NDUFA12 or MCAT genes should not be overlooked, knowing that it may be wise to exclude from the sequencing asymptomatic individuals at risk of disease to avoid the pitfalls of possible incomplete penetrance. 

Conclusions

Introduction

  discovery of arLHON cases breaks with the dogma of exclusive maternal inheritance. It defines a new neuro-ophthalmo-genetic paradigm which should be considered in individuals manifesting a LHON phenotype, but inconclusive molecular diagnosis. NDUFS2, DNAJC30, MCAT and NDUFA12 should be investigated in these individuals, knowing that other arLHON genes might exist. Author affiliations: 1 Université d'Angers, Equipe MitoLab, Unité MitoVasc, INSERM U1083, CNRS 6015, SFR-ICAT, 49933 Angers, France 2 Service de Neurologie, CHU d'Angers, 49100 Angers, France Leber hereditary optic neuropathy (LHON) is one of the most frequent mitochondrial disease,

  - 

  knowing that 50% of patients carrying DNAJC30 mutations were treated with Idebenone® following disease onset (see Treatment chapter).

  Considering a high DNAJC30 prevalence and lack of genotype-phenotype correlations, unresolved LHON cases should be studied first for DNAJC30 mutations, especially in families originating from Central Europe and in pedigrees demonstrating an incomplete penetrance.

  ArLHON describes a new neuro-ophtalmo-genetic paradigm that should be considered in absence of demonstrated maternal inheritance and in any individual manifesting a typical LHON disease, whose molecular diagnosis failed to identify pathogenic variant in the mitochondrial genome. Consistent with the implication of CI in maternally-inherited LHON, arLHON involves CI-related pathophysiological mechanisms. Four causative arLHON genes have now been identified and a greater genetic heterogeneity is expected. Today, DNAJC30 is predominantly involved in arLHON due to a founder mutation. The other three genes are more uncommon, but should not be overlooked in view of the clinical implications of the diagnosis of arLHON in terms of genetic counseling and therapeutic considerations, knowning that Idebenone® treatment could be proposed to arLHON patients to improve their long-term visual outcome.
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 3 to individuals affected with a Leigh syndrome. CI: complex I of the respiratory chain; Hom: homoplasmic; Het: heteroplasmic; ROS: reactive oxygen species. a Biochemical data from patients fibroblasts; Functional studies have demonstrated absence of complex I and minor oxido-reductase activity in Y. lipolytica strains expressing the Tyr308Cys and p.His57Cys (mimicking Tyr53Cys) variants, respectively. Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awad131/7127740 by guest on 19 April 2023
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 4 Routine-based testing of arLHON-linked nuclear genes is recommended to increase the number of individuals with arLHON-causal mutation and support the comparison with mtLHON.a Partial recovery in 1/3 siblings upon corticoid treatment. b Based on steroid/corticosteroid treatment documented in 12 individuals showing no improvement in 11/12 individuals (10 and 1 carrying the p.Tyr51Cys and p.Leu101Gln mutations in homozygosity, respectively).[START_REF] Stenton | Impaired complex I repair causes recessive Leber's hereditary optic neuropathy[END_REF][START_REF] Petrovic Pajic | Case report: Long-term follow-up of two patients with LHON caused by DNAJC30:c.152G>A pathogenic variant-case series[END_REF][START_REF] Pojda-Wilczek | Phenotypic Variation of Autosomal Recessive Leber Hereditary Optic Neuropathy (arLHON) in One Family[END_REF] Visual improvement is noted in 1/12 individual carrying the p.Pro78Ser mutation in homozygosity.

Table 1 Epidemiological and ophthalmological profiles of arLHON according to the gene involved as compared to mtLHON, and alternative diagnosis linked to arLHON and mtLHON causal genes

 1 

		Numb er	Cohort M/ F Asymptom atic	Ophthalmological examination Mean age at onset BVA Visual Field Dyschromat opsia	Other clinical presentation
	MCAT	1	0/1	0	20	1/20	Central	Blue-yellow	ROA
	NDUFS	3	2/1	0	M: 7, F: 22	16/20 to	Caeco-	Red-green	Leigh Syndrome
	2					1/20	central		
	NDUFA 12	1	1/0	0	28	2/20	Central	?	Leigh Syndrome
	DNAJC	103 a	86/	M: 3/86, F:	M: 19, F: 32	20/20 to	Central	Mostly	Leigh Syndrome
	30		10	4/10		CF		unspecific	
	mtLHO	>1000	5/1	M: 1/2, F:	25	20/20 to	Central	Red-green	LHONplus
	N			5/6		CF			
	Note: this table compares a large number of individuals with mtDNA-linked LHON to a small number of subjects with ar-LHON-linked
	nuclear gene. Routine-based testing of arLHON-linked nuclear genes is recommended to increase the number of individuals with
	arLHON-causal mutation and support the comparison with mtLHON. M: male; F: female; BVA: best visual acuity at latest visit; CF:
	counting finger; ROA: recessive optic atrophy.					

a The individuals (3 males, 3 females) affected with a Leigh syndrome have been excluded from the survey.

Table 2 Molecular, epidemiological and Biochemical data associated to genes involved in arLHON and mtLHON

 2 

				Symptomati c	Asympto matic				Biochemical data
	Gene	Allele 1	Allele 2	Ma le	Femal e	Mal e	Fe mal e	Total indivi duals	Tot al fam	Ref.	Mechani sm	CI activity
									ilies			
	DNAJC 30	p.[Tyr51Cys]	p.[Tyr51Cy s]	77 [2]	10 [2]	3	4	94 [4] 82 [4] Stenton et al. 4	Loss of chaperon	Slightly increase
										Kieninger et et al. 8 al. 7 Stenton	reduced & e activity	d
										Petrovic et al. 9 Pojda-Wilczek et al. 10	turnover of CI subunits	
		p.[Tyr51Cys]	p.[Ser44Valf s*]	[1]	[1]	-	-	[2]	[1]	Zawadzka et al. 20		
		p.[Tyr51Cys]	p.[Glu204*]	3	-	-	-	3	3	Kieninger et al. 7		
		p.[His77del	p.[His77del ]	2	-	-	-	2	1	Kieninger et al. 7		
		p.[Pro78Ser]	p.[Pro78Ser ]	2	-	-	-	2	1	Stenton et al. 4		
		p.[Leu101Gln]	p.[Leu101G ln]	2	-	-	-	2	1	Stenton et al. 4		
	NDUFS 2	p.[Tyr53Cys]	p.[Tyr308C ys]	2	1	-	-	3	1	Gerber et al. 3	protein Reduced	Normal a
											abundance	
											& mild CI	
											destabilizati on a	
											destabilized c	
	NDUFA 12	p.[Phe28Serfs* ]	p.[Phe28Ser fs*]	1	-	-	-	1	1	Magrinelli et al. 5	accessory Defective	?
											CI subunit	
	MCAT	p.[Glu347Lys]	p.[Ile143Cy sfs*]	-	1	-	-	1	1	Gerber et al. 6	biogenesis Fatty acid	?
	mtLH	ND1:p.[Ala52	Hom/Het		mtLH						ROS	Reduced
	ON	Thr]			ON						production	
		ND4:p.[Arg34 0His] ND6:p.[Met64	Hom/Het Hom/Het		mtLH ON mtLH						Interaction with Ubiquinol	
		val]			ON							
	Figures in brackets correspond									

Table 3 Therapies for arLHON and mtLHON according to the gene involved, compared to no treatment

 3 Percentages refer to patients presenting a visual improvement with Idebenone, corticoids or without treatment (i.e. spontaneous visual recovery). "?" indicates that no data is available for the drug efficiency on patients with variants in the causative gene. Note: this table compares a large number of individuals with mtDNA-linked LHON to a small number of subjects with ar-LHON-linked nuclear gene.

			Visual improvement	
		without	+ Idebenone	+ Corticoids
	MCAT	?	?	Negative
	NDUFS2	66%	?	Negative/positive a
	NDUFA12	?	?	?
	DNAJC30	50%	81%	Negative b
	mtLHON	30%	44%	Negative

Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awad131/7127740 by guest on 19 April 2023
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