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Supplementary Methods – Genetics
Structural analysis
Structural analysis was performed with UCSF Chimera X [1], essentially as described [2], using the following ribosomal structures: bacterial (8B0X, Resolution: 1.55 Å. Organism: Escherichia coli B) [3], archaeal (9E6Q, Resolution: 1.95 Å. Organism: Pyrobaculum calidifontis JCM 11548) [4], eukaryotic cytoplasmic (8QOI. Resolution: 1.90 Å. Organism: Homo sapiens) [5], mitochondrial (7QI4 and 6ZM5, Resolution: 2.21 Å and 2.89 Å, respectively. Organism: Homo sapiens) [6,7], and chloroplast (6ERI, Resolution: 3.00 Å. Organism: Spinacia oleracea) [8]. The structures were superposed onto the human mitoribosomal structure with the Matchmaker utility of UCSF Chimera X [1], using the large subunit (LSU) rRNA as a reference chain. Hydrogen bonds were identified with the H-bonds utility of UCSF Chimera X with distance and angle tolerances of 0.4 Å and 20°, respectively. 

Structural rRNA alignment
Vertebrate MT-RNR2 sequences were retrieved programmatically using a custom Python script. Returned FASTA files were inspected to ensure unique headers, consistent formatting, and absence of control region contamination.

The following organisms were included in the structural alignment:
Organism			GenBank Accession
Homo sapiens			NC_012920.1
Alligator mississippiensis	NC_001922.1
Artibeus jamaicensis		NC_002009.1
Balaenoptera musculus	NC_001601.1
Balaenoptera physalus	NC_001321.1
Bos taurus			NC_006853.1
Canis lupus familiaris		NC_002008.4
Cebus albifrons		NC_002763.1
Ceratotherium simum	NC_001808.1
Cyprinus carpio		NC_018366.1
Danio rerio			NC_002333.2
Dasypus novemcinctus	NC_001821.1
Didelphis virginiana		NC_001610.1
Equus asinus			NC_001788.1
Equus caballus		PX583272.1
Erinaceus europaeus		NC_002080.2
Felis catus			NC_001700.1
Gallus gallus			NC_040902.1
Glis glis			NC_001892.1
Gorilla gorilla			NC_011120.1
Halichoerus grypus		NC_001602.1
Hippopotamus amphibius	NC_000889.1
Hylobates lar			NC_002082.1
Loxodonta africana		NC_000934.1
Macaca sylvanus		NC_002764.1
Macropus robustus		NC_001794.1
Mus musculus			NC_012387.1
Nycticebus coucang		NC_040292.1
Ornithorhynchus anatinus	NC_000891.1
Oryctolagus cuniculus	NC_001913.1
Ovis aries			NC_001941.1
Pan paniscus			NC_001644.1
Pan troglodytes		NC_001643.1
Papio hamadryas		NC_061413.1
Phoca vitulina			NC_001325.1
Pongo abelii			NC_002083.1
Pongo pygmaeus		NC_001646.1
Rattus norvegicus		NC_001665.2
Rhinoceros unicornis		NC_001779.1
Sciurus vulgaris		NC_002369.1
Sus scrofa			NC_039090.1
Talpa europaea		NC_002391.1
Tarsius bancanus		NC_002811.1
Vicugna pacos			NC_002504.1
Xenopus laevis		NC_001573.1

Seed construction and structural model generation
Minimal secondary structure seed scaffolds in Stockholm format were generated programmatically using custom scripts. These scaffolds provided only the formal structural framework (balanced paired/unpaired states) required by Infernal  (Infernal v1.1.5) cmbuild to create a structure-aware covariance model (CM) [9]. CM indices were produced using Infernal cmpress [9].

Each vertebrate dataset was aligned to its corresponding CM using Infernal’s cmalign. In addition to the native Stockholm output, aligned FASTA (AFA) files were produced using the --dnaout and --outformat afa options [9]. Alignment confidence was assessed using Infernal’s posterior probabilities (PP), truncation warnings, and bit scores. Human sequences consistently achieved bit scores above ~1000 and PP ≈ 0.997, confirming correct seed model construction. Divergent groups (birds, amphibians, fish) displayed lower but structurally coherent scores, consistent with expected mitochondrial rRNA evolutionary divergence. Posterior probabilities were summarized per column (PPmean), per species, and across SS_cons-defined structural motifs (helices and loops). Heatmap visualization confirmed the absence of major misalignments or structure‑violating regions. Motif‑level consistency further supported correct structural placement across the alignment. 

[bookmark: _Hlk222498029]Posterior-probability processing and structural-motif evaluation
Posterior probabilities (PP) were extracted from the Infernal Stockholm files using a custom Python script and converted into numeric values following the Infernal PP scale [9]. Numeric processing was performed in Python using numpy arrays, and summary metrics (per column, per species, and per motif) were derived from these matrices. Structural motifs (helices and loops) were derived from Infernal’s SS_cons annotation using a Python parser that identified contiguous paired and unpaired regions. Structural motifs were mapped to human MT‑RNR2 coordinates and to genomic positions (NC_012920.1). Heatmaps were generated with Matplotlib and summary metrics confirmed alignment quality, with high PP across conserved helices and no evidence of structure‑violating misalignments.

Visualization
Final Infernal alignments were visualised in Jalview 2.11.5.1 [10] using the aligned FASTA outputs. Column conservation, compensatory base‑pair signals, and secondary‑structure boundaries were inspected for conformity with CM‑derived alignment structure.

Supplementary Results – Genetics
Mitochondrial DNA sequencing identifies a rare homoplasmic MT-RNR2 variant
Given the strict maternal inheritance pattern observed across the pedigree, whole mitochondrial genome sequencing was performed in five affected maternal-line relatives spanning multiple branches of the family. All sequenced individuals fulfilled the biomarker-based diagnostic criteria defined in the main study.

Whole mitochondrial genome sequencing identified multiple sequence variants. The majority represented homoplasmic haplogroup-defining polymorphisms and were excluded from further consideration. Among the remaining private variants, two were homoplasmic synonymous coding variants, one was a control region variant located outside known regulatory binding sites, and one was a heteroplasmic synonymous variant not present in all affected individuals; these variants were not considered further. After systematic filtering based on segregation pattern, predicted functional relevance, and population frequency, a single rare homoplasmic variant remained: MT-RNR2 m.1681G>A; NC_012920.1. This variant was present in all five distantly related affected maternal-line individuals and was homoplasmic in all carriers, with variant allele fractions exceeding 99%.

Population database interrogation demonstrated that m.1681G>A is extremely rare. In the MITOMAP full-length sequence dataset, the variant was observed once among 62,556 sequences (frequency 0.002%, Supplementary Genetics Table 1) [11]. In the gnomAD mitochondrial DNA dataset, m.1681G>A was detected in two individuals among 56,420, both at low heteroplasmy (maximum observed heteroplasmy 0.167; overall allele frequency 3.5 × 10⁻⁵), with no homoplasmic carriers reported [12].

Structural localisation and conservation of m.1681
MT-RNR2 spans the human mitochondrial genome positions 1671–3229 and encodes the 16S mitochondrial (mt) ribosomal RNA of the large ribosomal subunit (LSU). Position m.1681 lies within the 5′ region of this gene (Supplementary Genetics Figure 1A-B). The guanine at position 1681 is highly conserved across species (compare to the bacterial 23S rRNA sequence in Supplementary Genetics Figure 1C-D); MITOMAP reports a mitochondrial conservation score of 95.56% for this nucleotide [11], whereas the universal conservation (NF value = 1,576) is above 90% (Supplementary Genetics Table 1) [13].

Structural annotation shows that m.1681G participates in a canonical base pair with m.1771C in helix H23 of the LSU rRNA (Supplementary Genetics Figure 1A-B). A triple base interaction is formed via a trans sugar–sugar (tSS) interaction between m.1681G and m.1776G (Supplementary Genetics Figure 2A). It seems likely that this conserved triple plays an important role in the stabilization of a compact three-way junction involving helices H3, H4, and H23 of domain I of 16S mt-rRNA (Supplementary Genetics Figure 1E) [14]. The primary structural arrangement of this triple interaction is conserved across ribosomal structures from bacteria, archaea, eukaryotic cytosolic ribosomes, mitochondria, and chloroplasts (Supplementary Genetics Figure 2). Further, no variants have been reported in MITOMAP at either m.1771C or m.1776G [11], in agreement with its functional importance (Supplementary Genetics Table 1). The degree of universal conservation of these positions is similar to that of  m.1681 (Supplementary Genetics Table 1).

	Bacteria
	80S Human
	Chloroplast
	Archea
	Mitochondria
	NF
	MLC
	Heteroplasmy
	MITOMAP freq (FL)
	Helix freq

	35G
	24G
	34G
	28G
	m.1681G
	1,576
	0.238
	0.167
	0.002%
	NR

	445C
	351C
	457C
	476C
	m.1771C
	1,487
	0.657
	NR
	NR
	NR

	450G
	356G
	462G
	481G
	m.1776G
	1,502
	0.699
	NR
	0%
	0%


Supplementary Genetics Table 1.
NR, not reported. NF, Nucleotide frequency values for large subunit (LSU) rRNA residues have been calculated by using 1045 LSU rRNA sequences from all three phylogenetic domains, Eubacteria, Archaea and Eucarya (including nuclear, mitochondria and chloroplast sequences) [13]. According to the authors, 100% conservation would yield a NF of 2, 90% conservation would result in NFs around 1.5, 60–80% conservation in NFs near 1.0, 40–50% conservation in NFs approaching 0.5 and total lack of conservation in NFs below 0 [15]. 
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Supplementary Genetics Figure 1: Secondary Structure.
A. Secondary structure of human 16S mt-rRNA. B. Close-up view of the region boxed in A. C. Secondary structure of bacterial 23S rRNA. D. Close-up view of the region boxed in B. The variant site and its heterologous equivalent are indicated in red font in B and D. Other sites of interest are shown in black font. E. Secondary structure of the mitochondrial three-way junction containing helices H3, H4, and H23 [14].  Inset, three-dimensional view of the same region. Helix numbers are indicated in B, D, and E.
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KI-generert innhold kan være feil.]Supplementary Genetics Figure 2. Conservation of the m.1681G:m.1771C●m.1776G triple.
[bookmark: ZOTERO_BREF_cr6tcKjojnN9][bookmark: ZOTERO_BREF_7jABoBmnZbHQ_Copy_1_Copy_1]A-B. The triple in human mitochondria. RCSB ID: 7QI4 [7]. C-D. The triple in the chloroplast ribosome. E-F. The triple in the human cytoplasmic ribosome. G-H. The triple in the archaeal ribosome. I-J. The triple in the bacterial ribosome. Position m.1681G is shown in yellow in (A-B). All positions of interest are labeled according to numbering used in structure. UCSF-ChimeraX-determined hydrogen bonds shown as broken, blue lines. Cryo-EM density, black mesh. Rendered with UCSF ChimeraX [1]. Structures used: Bacterial (8B0X, Resolution: 1.55 Å. Organism: Escherichia coli B. 23S rRNA, dark gray [3], archaeal (9E6Q, Resolution: 1.95 Å. Organism: Pyrobaculum calidifontis JCM 11548. 23S rRNA, dim gray [4], eukaryotic cytoplasmic (8QOI. Resolution: 1.90 Å. Organism: Homo sapiens. 5.8S rRNA, purple; 28S rRNA, plum [5] mitochondrial (7QI4, Resolution: 2.21 Å. Organism: Homo sapiens. 16S rRNA [7], and choroplast (6ERI, Resolution: 3.00 Å. 23S rRNA, cyan. Organism: Spinacia oleracea [8] ribosomes. Color names taken from the UCSF ChimeraX palette [1]. 

[bookmark: _Hlk220565730]Several mitochondrial LSU ribosomal proteins involved in central-body formation (uL4m, bL20m, mL44) and peptide exit-tunnel assembly (uL29m, uL24m) bind in the vicinity of m.1681 [16]. The contacts detected between each of these proteins and the m.1681 region are shown in Supplementary Genetics Table 2: RNA-protein contacts.

Supplementary Genetics Table 2: RNA-protein contacts
	rRNA residue
	rRNA atom
	Amino acid
	AA atom
	Protein (modern name)

	m.1680A
	OP1
	Lys 230
	HZ1
	MRPL47 (uL29m)

	m.1681G
	OP2
	Lys 230
	HZ2
	MRPL47 (uL29m)

	m.1682C
	OP1
	Arg 222
	HE
	MRPL47 (uL29m)

	m.1683C
	H42
	Asn 225
	OD1
	MRPL47 (uL29m)

	m.1684C
	HO2′
	Tyr 111
	O
	MRPL4 (uL4m)

	m.1767G
	O6
	Asn 225
	HD21
	MRPL47 (uL29m)

	m.1768G
	O6
	Lys 229
	HZ2
	MRPL47 (uL29m)

	m.1770G
	OP1
	Arg 108
	HH21
	MRPL4 (uL4m)

	m.1771C
	OP1
	Arg 11
	NH1/NH2
	MRPL20 (bL20m)

	m.1772A
	OP2
	Lys 33
	HZ1
	MRPL44 (mL44)

	m.1772A
	OP1
	Arg 11
	HH11
	MRPL20 (bL20m)

	m.1773A
	N1
	Arg 40
	NH1
	MRPL24 (uL24m)

	m.1773A
	N1
	Arg 40
	NH2
	MRPL24 (uL24m)

	m.1773A
	OP2
	Val 31
	N
	MRPL44 (mL44)

	m.1774U
	O4’
	Arg 147
	HE
	MRPL4 (uL4m)

	m.1775A
	OP1
	Gly 148
	NH
	MRPL4 (uL4m)



In addition, m.1681G>A lies within the 5-base-pair merge window of a validated mitochondrial RNA cleavage boundary cantered at position 1682, identified through population-scale RNA-sequencing analyses [17]. In that study, cleavage sites were defined as local clusters of read termini, with peaks within 5 bp merged as a single biological boundary. Position 1682 represented one of the strongest cleavage signals within MT-RNR2. Variation in cleavage efficiency at this boundary was associated with transcript levels of nine mitochondrial genes (MT-RNR1, MT-RNR2, MT-ND1, MT-ND2, MT-CO2, MT-ATP6, MT-ND4, MT-ND5, and MT-CYB), spanning multiple oxidative phosphorylation complexes.

Together, these results identify MT-RNR2 m.1681G>A as the only rare homoplasmic mitochondrial DNA variant shared across all sequenced affected maternal-line individuals, localised to a highly conserved region of the mitochondrial large ribosomal RNA and adjacent to a validated mitochondrial RNA processing boundary.

Interestingly, an A residue occurs at the position equivalent to m.1681 in Sciurus vulgaris. Structural alignment of 47 vertebrate sequences (Supplementary Genetics Figure 3) shows that the nucleotide equivalent to m.1771 in this species is a T, thereby preserving canonical Watson–Crick pairing with the A residue, while the equivalent of m.1776 remains G. Thus, in this evolutionary context, the triple interaction is maintained through compensatory pairing, in contrast to the A–C mismatch predicted in the human m.1681G>A variant.
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Supplementary Discussion – Genetics
1. Overview and scope
The identification of a rare homoplasmic MT-RNR2 m.1681G>A variant in all sequenced affected maternal-line individuals, together with a choroid plexus (ChP)-centred bioenergetic phenotype, raises the question of whether this variant contributes causally to disease. Below, we evaluate genetic, population, structural, and biological evidence bearing on a possible pathogenic role for m.1681G>A, while explicitly acknowledging remaining uncertainties and the need for functional validation.
2. Genetic evidence and inheritance pattern
The pedigree shows strict maternal transmission with essentially complete penetrance among maternal-line descendants and no affected paternal-line relatives across four generations. Within this context, mtDNA sequencing in five distantly related maternal-line individuals spanning multiple branches of the pedigree revealed homoplasmic m.1681G>A in MT-RNR2 in all carriers, with no other rare, homoplasmic non-synonymous mtDNA variants detected. This pattern — strict maternal inheritance, complete concordance of the variant with disease status in all sequenced individuals, and absence of disease in paternal-line relatives — is most consistent with involvement of the mitochondrial genome. High heteroplasmy levels or homoplasmy are generally associated with clinical manifestation of mitochondrial rRNA variants [18], and in adapted ACMG/AMP frameworks for mtDNA, such segregation and inheritance patterns constitute evidence for pathogenicity [19]. However, recent work indicates that some mt-rRNA variants may exert functionally dominant effects [20].

3. Population rarity and conservation
Population database interrogation confirms that m.1681G>A is extremely rare, with no reported homoplasmic carriers in large reference datasets. Together with its high cross-species conservation, this pattern is consistent with evolutionary constraint and argues against the homoplasmic state being selectively neutral.

4. Structural localisation of m.1681 within the mitoribosome
High-resolution cryo-electron microscopy structures of the human mitochondrial large ribosomal subunit place position m.1681 within a compact three-way junction in domain I of the 16S mt-rRNA [14]. At this site, m.1681 participates in a conserved tertiary triple-base interaction, stabilising the relative orientation of the three RNA helices (Supplementary Genetics Figure 1E). This architectural motif is invariant across ribosomes from bacteria, archaea, eukaryotic cytosol, mitochondria, and chloroplasts, indicating strong evolutionary constraint acting on RNA fold and three-dimensional geometry rather than on individual nucleotides in isolation [7,21,22]. The junction lies adjacent to the peptide exit tunnel and forms a densely packed binding platform for multiple mitoribosomal proteins.

5. Structural vulnerability of the m.1681-containing junction
Comparative phylogenetic analyses further underscore the structural constraint at this site. Across the three phylogenetic domains as well as mitochondria and chloroplasts, the nucleotides forming the m.1776G●m.1681G:m.1771C (G●G:C) triple exhibit conservation levels approaching 90%, with the m.1681G:m.1771C base pair conserved in approximately 94% of sequences [13]. Within mitochondrial sequences alone, conservation remains high (~85%), but substitutions typically preserve canonical or near-canonical pairing (A:U 3.9%, U-G 0.9%, A-A 0.9%, U-U 0.9% out of 233 sequences) [13].

An A residue occurs at the position equivalent to m.1681 in S. vulgaris [11]. Alignment of human and S. vulgaris MT-RNR2 sequences indicates that the position corresponding to m.1771 is a T in this species, consistent with preservation of Watson-Crick base pairing between these residues and in agreement with the above trend observed by Gutell and colleagues (Cannone et al., 2002). Structural studies show that A●G tSS base pairs can adopt geometries similar to G●G tSS interactions, albeit typically with a single hydrogen bonds [23,24]. In such configurations, the Watson–Crick face of A remains available for canonical pairing, possible allowing a G●A:U triple isosteric with the normal G●G:C. In the case of the m.1681G>A variant, the Watson-Crick portion of the triple would be substituted by a A-C mismatch. Notably, no A-C juxtapositions were detected at this site [13]. Thus, in S. vulgaris, the presence of A at the m.1681-equivalent position is accompanied by a compensatory substitution at the paired position, preserving canonical Watson–Crick geometry. In contrast, the human m.1681G>A variant introduces an uncompensated A–C mismatch at this structurally constrained site.

Taking all of this into consideration, a G-to-A base change, as in the m.1681G>A variant, would have a twofold weakening effect on the geometry of the triple. First, a single-bond m.1681A●m.1776G tSS interaction would be adopted instead of the double-bond G●G tSS normally present. Second, an A-C mismatch, instead of a three bond Watson:Crick base pair, would be expected between m.1681A and m.1771C. Despite this, the possibility of an  m.1681A+•m.1771C wobble, with a protonated A, cannot be excluded [25].

6. Mechanistic hypotheses arising from structural context
6.1 Effects on mitoribosomal assembly
Structural modelling predicts that the m.1681G>A substitution converts the canonical m.1681G:m.1771C base pair into an A:C mismatch and disrupts the associated tertiary interaction with m.1776G. Together, these changes are expected to destabilise both secondary and tertiary RNA interactions within the same compact junction.

The affected three-way junction forms a major binding surface for several mitochondrial large-subunit ribosomal proteins, including MRPL4 (uL4m), MRPL20 (bL20m), MRPL24 (uL24m), MRPL29 (uL29m/MRPL47), and MRPL44 (mL44). Several of these proteins assemble as pre-formed modules that dock onto mt-rRNA during large-subunit biogenesis [16]. Disruption of the local rRNA geometry at m.1681 could therefore impair ribosomal assembly or stability. Pathogenic mutations in MRPL24 and MRPL44 are known to reduce large-subunit levels and mitochondrial translation in human disease, providing precedent for vulnerability of this assembly pathway [26–28]. Pathogenic variants affecting these and related mitoribosomal proteins define a recognised class of mitochondrial disorders characterised by impaired large-subunit assembly, reduced mitochondrial translation, and secondary bioenergetic failure [29].

Detailed inspection of protein–RNA contacts in the vicinity of m.1681 reveals that this nucleotide lies within a cluster of closely spaced electrostatic and hydrogen-bond interactions involving basic residues from several mitoribosomal proteins. Disruption of the local rRNA geometry is therefore predicted to have knock-on effects on protein docking and stability at this site. Importantly, the region surrounding m.1681 is adjacent to the lining of the peptide exit tunnel, a functionally sensitive element of the ribosome in which even subtle perturbations have been shown, in bacterial and mitochondrial systems, to impair translational fidelity, elongation dynamics, and co-translational folding.

Notably, pathogenic or functionally disruptive variants have previously been described in neighbouring structural elements of the same three-way junction, including mutations affecting the H23 loop E motif [30,31]. These variants have been shown to impair mitochondrial translation, induce compensatory mitochondrial biogenesis, and alter cellular bioenergetics in experimental systems. The proximity of m.1681 to this previously implicated structural motif provides precedent for functional vulnerability of this region and supports the notion that even subtle alterations in junction stability can have system-level consequences.

6.2 Effects on translation and exit-tunnel function
The m.1681-containing junction lies immediately adjacent to the peptide exit tunnel. In bacterial systems, mutations affecting the conserved “tentacle” of ribosomal protein L4 — structurally analogous to uL4m — have been shown to impair translational fidelity, elongation dynamics, and cell growth [32,33]. Disruption of contacts between 16S mt-rRNA and exit-tunnel-associated mitoribosomal proteins could therefore plausibly affect mitochondrial translation, even in the absence of gross assembly failure.

6.3 RNA processing at the MT-RNR2 5′ cleavage boundary
In addition to its structural context, m.1681G>A lies within the 5-bp merge window of a validated mitochondrial RNA cleavage boundary centred at position 1682, identified through population-scale RNA-sequencing analyses [17]. Cleavage efficiency at this boundary is associated with transcript levels of nine mitochondrial genes spanning multiple oxidative phosphorylation complexes.

Given that mitochondrial RNA cleavage sites represent short positional windows rather than single nucleotides, the placement of m.1681G>A within this regulatory boundary raises the possibility that the variant could alter rRNA processing efficiency and downstream transcript abundance. Structural disruption of conserved rRNA junctions and altered RNA processing are not mutually exclusive and may act in concert to impair mitoribosomal biogenesis.

6.4 Possible contribution of SHLP3 (exploratory)
MT-RNR2 also contains embedded open reading frames encoding mitochondrial-derived peptides. The open reading frame for Small Humanin-Like Peptide 3 (SHLP3) begins only 26 nucleotides downstream of position 1681 [34]. This raises the possibility that local structural changes induced by m.1681G>A could influence SHLP3 translation or signalling. This hypothesis is exploratory and secondary to the ribosomal mechanisms discussed above and has not been experimentally tested. SHLP3 has been reported to exert cytoprotective and mitochondrial-enhancing effects, including protection against aminoglycoside toxicity in cochlear hair cells [35].

7. Tissue vulnerability and phenotype coherence
MT-RNR2 encodes the 16S rRNA component of the mitochondrial large ribosomal subunit and is essential for mitochondrial protein synthesis. Pathogenic variants in mitochondrial rRNA genes can impair translation of the 13 mtDNA-encoded electron transport chain subunits, leading to oxidative phosphorylation (OXPHOS) deficiency [18]. Disease-causing variants in the companion MT-RNR1 gene, most notably m.1555A>G, are well-established causes of aminoglycoside-induced and nonsyndromic hearing loss [36], demonstrating that mitochondrial rRNA mutations can directly cause human disease.

The ChP epithelium has among the highest mitochondrial densities in the body[37] and depends on continuous ATP generation to support Na⁺/K⁺-ATPase–driven CSF secretion and transporter-mediated solute exchange [38]. ChP pathology, including oncocytic transformation and loss of transporter function, has been reported in established mitochondrial disorders such as Kearns–Sayre syndrome and MELAS [39,40]. The ChP-centred, energy-dependent clearance phenotype observed here — prolonged contrast washout, impaired ATP-dependent trace-element transport, CSF–plasma dissociation of brain-derived proteins, and diffuse “stagnation” on diffusion imaging — is therefore coherent with the expected consequences of a mitochondrial ribosomal defect. Notably, the clinical phenotype independently suggested mitochondrial involvement prior to genetic analysis.

Recent structural and functional studies have demonstrated that mutations in mitochondrial 16S rRNA can exert highly disruptive effects on mitoribosomal assembly and translational fidelity, challenging the previous assumption that mt-rRNA variants are largely benign. Highly disruptive MT-RNR2 variants have been identified in clinical samples and are now considered plausible contributors to human disease, even when extremely rare and previously unreported. Furthermore, modern base-editing experiments confirm that mutations in conserved mt-rRNA positions can directly impair respiratory chain function and cellular bioenergetics, reinforcing the biological plausibility of pathogenic MT-RNR2 variants [30,31,41,42].

8. Challenges, uncertainties, and alternative explanations
Despite these converging lines of evidence, several limitations preclude definitive causal attribution. Functional consequences of m.1681G>A on mitochondrial ribosome assembly, translation, RNA processing, oxidative phosphorylation, or ATP production have not yet been demonstrated in patient-derived systems. Transmitochondrial cybrid experiments and direct metabolic assays in fibroblasts and ChP-like cells will be required to establish molecular causality.

The variant has not previously been reported in association with human disease, and independent replication in other cohorts is currently lacking, consistent with a private familial mutation in a maternally inherited disorder. Although no alternative candidate mtDNA variants were identified in the sequenced individuals, other possibilities — including nuclear variants in linkage disequilibrium, undetected mtDNA structural variants, or more complex nuclear–mitochondrial interactions — cannot be fully excluded. Non-maternal relatives have not yet been sequenced, although the complete absence of disease in paternal-line relatives across four generations provides indirect evidence against these alternatives.

9. Provisional variant classification and future directions
Under current mitochondrial variant interpretation guidelines [19], m.1681G>A fulfils several criteria supporting pathogenicity, including segregation with disease in multiple affected maternal-line individuals, extreme population rarity, localisation to a gene with a well-established role in mitochondrial function, and homoplasmic state in affected carriers. Beyond individual criteria, the alignment of inheritance pattern, tissue-selective vulnerability, bioenergetic phenotype, and structural localisation to a conserved mitoribosomal junction is notable.

In the absence of direct functional validation, we therefore classify MT-RNR2 m.1681G>A as a variant of uncertain significance with multiple converging lines of evidence supporting a pathogenic role, pending experimental confirmation.
Ongoing work includes generation of patient-derived induced pluripotent stem cell lines for ChP-like organoids, transmitochondrial cybrids, direct assessment of oxidative phosphorylation, and targeted RNA-processing assays to evaluate cleavage efficiency at the MT-RNR2 1682 boundary. These studies will determine whether m.1681G>A causes mitochondrial dysfunction sufficient to explain the observed ChP-centred clearance failure.

Taken together, the genetic findings are most consistent with a mitochondrial ribosomal defect acting upstream of the ChP-centred clearance failure described in the main manuscript.
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Homo_sapiens/1-1559 W a T ACCCT GECGCAATAGART
Alligator mississippiensis/1-1590 - ATAT - -CTAECC- - -AGGCGMAACAEA -T -
Artibeus jomaicensis/1-1559 -GTAC- -TTAECC - --AGGCGENT AT AlEA - G-
Bolgenoptera musculus/1-1575 -AGCT - -CTAECC- agT GLGCGMT AT A[EA - A -
Baloenoptera_physalus/1-1574 SAGCC - -CTAECC - agT GGLCGET AT A[BA - G-
Bos tourus/1-1571 SAGAC- -CTAECC - --COGCGMT AT AlEA - G-
Canis_fupus familiaris/T1-1580 -AAAG- -CTAECC - ---GLAGEGAT AlEA - G-
Cebus albifrons/1-1565 -AACT - -CTAECC - - -GLELGCGMAAT AEJA -T -
Ceratotherium_simum/s1-1578 SAAAG- -CTAECC - - -TGGLGCGET AT AlEA - G-
Cyprinus_carpia/1-1679 -AAACAQCTAECTE, - -CAAAGEMGAT ALEA - A -
Danio_rerio/1-1683 -AAATagCTAECTE, - -CTAAGEAAT AlBA - G-
Dasypus novemcoinctus/1-1578 SAGAC- -CTAMECC - --AGGCGET AT AlEA - A -
Dideiphis virgimianal1-1570 SAACC- -ACACC - --AGGAGETATAETET -
Fquus asinus/T-T580 -AAAG- -CTAECC - --TGGLCGWT AT A[BA - G-
Fguus cabalius/1-1581 SAAAG- -CTAECC - - -TGGLGCGNT AT AlEA - G-
Erinaceus europaeus/1-1563 SAAAT - -CTAECCt ---AGCGEMAAT ALEA - A -
Felis catus/1-1574 -AAAG- -CTAECC - - -TGGLGCGMT AT AlEA - G-
Gallus galius/1-1622 SCCCT--CTAECC - - -COGCGMAAT AlEJA - GQ
Glis_glis/1-1556 SAAAC-. -CTAECC - --TGGLGCGMT AT AlEA -T -
Gorilla_gorillas/1-1558 -AAAC - -CTAECC - --COGLCLMAATA[BA -T -
Halichoerus grypus/1-1569 - - - -G--CTAECC- --AGGAGET AT A[BA - G-
Hippopotamus amphibius/1-1565 - AAAG- -CTAECC - t1TGLGCOGEMAAT AEA - G-
Hylobates lar/1-1558 SAACC- -CTAECC - --TGGLGCGMAAT AlEJA -T -
[ oxodonta_africanas1-1565 -AAAT - -CTAECC - --AGGLCGMAAT A[BIA - G-

caca_sylvanus/1-1559 -AAGA - -CTAECC - --TGGLGCGET AT AEA-T -
E%cmpus_mbusmﬂi-ﬁ?ﬂ SAATT - -TAAECC - --AGGLCLMAAT ARAC - G-
Mus musculius/T-1582 SAATC- -CTAECC - - -AGGAGET AT AlEJA - A -
Nycticebus coucang/1-1589 -AGAA - -CTAECC - --AGGCGET AT AlEA - A -
Ornithorhynchus anatinus/1-1562 - AACT - -CTA@BCC - - - -GGLAGECTT AlEA - C -
Oryctolagus cuniculus/1-1579 SAACA- -CTAECC - --AGGCGET AT AlEA - G-
Ovis_aries/1-1574 -ATAC- -CTAECC - --COGCGET AT AlEA - G-
Fan_paniscus/T-1559 -AAAC - -CTAECC - --COGCLMAATA[BIA -T -
Pan_troglodytes/1-1558 SAAAC - -CTAECC - --COGCGMAAT AlEA - C -
Fapio_haomaodryas/1-1564 -AACA- -CTAECT - --TGGLGCGET AT AlEA-T -
Phoca wituling/1-1565 e oG- -CTAECC - ---GLAGET AT AlEA - G-
Pongo_abelii/1-1560 SAACC- -CTAECC - --COGCGMAAT AlEA - C -
Fongo_pygmaoeus/1-1558 -AATC - -CTAECC - --COGCLMAAT A[BA-T -
auusnarveq:cus.-":f 1571 -AATC--CTACC- --AEEAETATAA -
Ta!paeumpaeaﬁ 1575 -AAAG--{ITA{IE- --TEEEETATAA-E-
Tarsius_bancanus/1-1570 -AGAT -cCTAECC - ---GGLGCGET AT AlEA - C -
Vicugna_pacos/1-1561 -AAAG- -CTAECC - - -TGGLGCGMT AT AlEA - G-
Nenopus Ioevis/1-1631 AAAAC- -CTAMECALt ----TAGET AT AEA - A -
Danio_rerio_AB/1-1683 -AAATagCTAECTt. - -CTAAGEAAT A[EA - G-
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