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            Abstract
Dominant optic atrophy (DOA)1,2 and axonal peripheral neuropathy (Charcot-Marie-Tooth type 2, or CMT2)3 are hereditary neurodegenerative disorders most commonly caused by mutations in the canonical mitochondrial fusion genes OPA1 and MFN2, respectively4. In yeast, homologs of OPA1 (Mgm1) and MFN2 (Fzo1)5,6 work in concert with Ugo1, for which no human equivalent has been identified thus far7. By whole-exome sequencing of patients with optic atrophy and CMT2, we identified four families with recessive mutations in SLC25A46. We demonstrate that SLC25A46, like Ugo1, is a modified carrier protein that has been recruited to the outer mitochondrial membrane and interacts with the inner membrane remodeling protein mitofilin (Fcj1). Loss of function in cultured cells and in zebrafish unexpectedly leads to increased mitochondrial connectivity, while severely affecting the development and maintenance of neurons in the fish. The discovery of SLC25A46 strengthens the genetic overlap between optic atrophy and CMT2 while exemplifying a new class of modified solute transporters linked to mitochondrial dynamics.
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                    Figure 1: Pedigrees and clinical features of optic atrophy plus syndromes with variants in SLC25A46.[image: ]


Figure 2: SLC25A46 localizes to the outer mitochondrial membrane and interacts with mitofilin on the inner membrane.[image: ]


Figure 3: SLC25A46 levels regulate mitochondrial morphology.[image: ]


Figure 4: Patient-derived fibroblasts have hyperfilamentous mitochondria and are respiratory deficient.[image: ]


Figure 5: slc25a46 knockdown in zebrafish affects the growth and maintenance of neurons.[image: ]


Figure 6: Mitochondrial distribution and morphology in zebrafish motor neurons at 48 h.p.f.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Sanger sequence traces and Clustal alignments of identified mutations.
(a) Sequence traces of the probands and one unaffected family member of all four pedigrees. Heterozygous mutations are marked by standard FASTA ambiguity code (R = A or G; Y = C or T; W = A or T). For frameshifts, inserted sequences are shown in red. (b) Clustal alignments show that all affected residues are conserved in vertebrates, with the exception of the residue affect by frameshift p.N296fs*297.


Supplementary Figure 2 Magnetic resonance imaging and spectroscopy (MRI-MRS) data.
(a) Midsagittal MRIs showing significant cerebellar atrophy in three of the probands. (b) MRS data indicating decreased NAA and increased lactate peaks in affected patients, typical of metabolic disorders.


Supplementary Figure 3 Maximum-likelihood phylogenetic tree containing all predicted mitochondrial carriers of H. sapiens, C. elegans, S. cerevisiae and S. pombe.
(a) Full tree drawn with 1,000 bootstraps. The red arrow indicates the node at which the SLC25A46 and Ugo1 orthologs bifurcate. (b) Collapsed tree depicting the node with calculated branch support values out of 1,000 and respective branch lengths (blue). SLC25A46 is orthologous to Y40B1B.8 in C. elegans, while Ugo1 is orthologous to Ugo1p in S. pombe; however, the branch support value between Ugo1 and SLC25A46 is under 700 and is therefore insufficient evidence for orthology between these proteins.


Supplementary Figure 4 Unrooted neighbor-joining trees of the mitochondrial solute carrier families of S. cerevisiae and H. sapiens with branch lengths drawn to scale.
Typical transporters are 30–40% identical to the family consensus sequence, while SLC25A46 and Ugo1 are both less than 20% identical to their respective families, as represented by longer branch lengths. Mitochondrial carrier homologs (MTCH1 and MTCH2) are also highly divergent.


Supplementary Figure 5 Colocalization patterns of additional outer and inner membrane proteins and endogenous mitofilin immunoprecipitation.
(a) Immunostaining patterns of SLC25A46, ANT2, mitofilin and TOM20 in COS-7 cells (scale bars, 1 µm). Linear profiles represent fluorescence intensity along the 2-µm white line in the merged image. Outer membrane proteins (SLC25A46 and TOM20) colocalize more with each other than with the inner membrane proteins (ANT2 and mitofilin). (b) Coimmunoprecipitation assay in mitochondrial extracts from HEK293T cells cotransfected with SLC25A46-HA. Immunoprecipitations were performed either by antibody to HA conjugated to Sepharose beads or protein G–conjugated seahorse beads plus a monoclonal antibody against mitofilin. The bound and unbound material were collected and probed by immunostaining with antibodies against HA, mitofilin and MFN2. M, total mitochondria.


Supplementary Figure 6 Validation of gene knockdown and assorted negative results.
(a) RT-PCR from COS-7 cells transfected with siRNA against SLC25A46 48 h post-transfection (h.p.t.). (b) Real-time PCR of HeLa cells transfected with siRNA 48 h.p.t. (c) RT-PCR used to validate morpholino (MO)-mediated knockdown in zebrafish at 48 h.p.f. The 508-bp amplicon was confirmed to be the result of exon 3 skipping, leading to a frameshift and protein truncation. (d) Whole-cell lysates from COS-7 cells show no significant changes in ATP levels. (e) Total mitochondrial DNA amount was not significantly different in HeLa cells. (f) ATP assay in whole zebrafish embryos at 24 h.p.f. shows no significant differences.


Supplementary Figure 7 Mitochondrial fusion assay by the extinction of mitochondrial-targeted photoactivated GFP (Mito PA-GFP).
Mito PA-GFP was activated in an ROI (white circle in the preactivated image), and images were acquired up to 90 min after activation. There was no significant difference between the extinction rates of control and knockdown cells by two-tailed t test, suggesting that there is neither an increase nor decrease in the mitochondrial fusion rate. Scale bars, 10 µm.


Supplementary Figure 8 The expression of slc25a46 in zebrafish retina and effects of morpholino knockdown.
(a–d) RNA In situ hybridization of zebrafish larvae at 72 h.p.f. (a) Control, sense probe shows background staining. (b–d) The antisense probe shows that the slc25a46 transcript is highly enriched in the neuronal processes of retinal ganglion cells (RGCs), including those of the optic nerve (ON), optic tectum (OT) and inner plexiform layer (IPL). The slc25a46 transcript is also enriched in a portion of the inner nuclear layer (INL). (e) Retinal ganglion cell staining using antibody to ZN5 with DAB in embryos injected with 0.45 pmol of either scrambled control MO or slc25a46 MO at 96 h.p.f. (f) Quantification of the staining intensity of the inner plexiform layer (IPL) suggests that fewer dendrites are present in the knockdown. The 8-bit gray scale numbers 0 = white and 256 = black were converted to percentages whereby 0 = white and 100 = black. One-tailed Student’s t test was used to determine significance. Control MO, n = 6; 0.45 pmol slc25a46 MO, n = 6. Scale bars, 50 μm in a–e. (g) Representative images of the gross morphology at 48 h.p.f. Scale bar, 1 mm. (h) Quantification of morphology: the curly phenotype was predominantly observed at the 0.45-pmol dosage. 0.45 pmol of control MO, n = 220; 0.45 pmol of slc25a46 MO, n = 223; 0.3 pmol of slc25a46 MO, n = 181. (i) Swim traces from three different larvae illustrating the angle of body curvature at 96 h.p.f.
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