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Supplementary Table 1. Disease relevance of genes involved in mitochondrial protein synthesis. 

 

Gene Known functions Clinical phenotypes References 

Translation factors 

MTIF3 Translation initiation factor 

Polymorphism (rs7669) 

associated with increased risk of 

Parkinson’s disease (PD). 

1–3 

TUFM 

(mtEFTu) 

Translation elongation factor- 

facilitates the delivery of 

aminoacylated tRNA to the ribosome 

Cardiomyopathy; dysplastic 

leukoencephalopathy; ovarian 

insufficiency. 

Common polymorphisms 

associated with obesity4. 

5–9 

TSFM 

(mtEFTs) 

Translation elongation- 

Nucleotide exchange factor; converts 

mtEFTu·GDP into mtEFTu·GTP  

Cardiomyopathy; childhood-onset 

ataxia; early-onset chorea; hearing 

loss; liver failure. 

10–16 

GFM1 

(mtEFG1) 

Translation elongation factor- 

Facilitates the translocation step 

Cerebellar hypoplasia; 

encephalopathy; epilepsy; hepatic 

disease; hepatomegaly; lactic 

acidosis; neonatal axial hypotonia 

and dystonia; West syndrome. 

17–24 

GFM2 

(mtEFG2) 
Mitoribosome recycling factor 

Abnormalities on cranial MRI; 

arthrogryposis multiplex 

congenita; developmental delay; 

elevated CSF lactate; Leigh 

syndrome. 

25–27 

MRRF 

(mtRRF) 
Mitoribosome recycling factor 

mRNA expression upregulated in 

early-stage PD. 
28 

MTRF-R 

(C12orf65) 
Involved in mitoribosome rescue  

Charcot-Marie Tooth disease; 

encephalomyopathy; intellectual 

disability; Leigh syndrome; 

neuropathy; optic atrophy; spastic 

paraplegia. 

29–38 

GUF1 

(mtEF4) 

Involved in mitoribosome fidelity by 

facilitating back-translocation 
West syndrome. 39 

TACO1 
Alleviates mitoribosome stalling at 

polyproline stretches 

Basal ganglia lesions; Leigh 

syndrome; U-Fiber 

Leukoencephalopathy. 

40–44 

Other proteins involved in posttranscriptional regulation  

 COX14 

(C12orf62) 
Involved in CIV assembly Neonatal lactic acidosis. 45 

COA3 

(MITRAC12) 
Involved in CIV assembly 

Exercise intolerance; neuropathy; 

obesity; short stature. 
46 

LRPPRC 
mRNA-binding protein; interacts 

with mitoribosome 

Cardiomyopathy; congenital 

malformations; French-Canadian 

Leigh syndrome; lactic acidosis. 

47–51 

ERAL1 
GTPase involved in mtSSU 

biogenesis 
Perrault syndrome. 52 

MTG2 

(GTPBP5) 

GTPase involved in mtLSU 

biogenesis 
Congenital malformations. 53 

DHX30 
RNA helicase,involved in mtLSU 

assembly  

Autism spectrum disorders; 

dysgenesis of the corpus 

callosum; global developmental 

delay; intellectual disability; 

motor impairment; seizures. 

54–58 
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MRM2 
Methyltransferase involved in 

mtLSU biogenesis 

Dystonia; epilepsy; MELAS-like 

syndrome; strokes. 
59,60 

TFB1M 
Methyltransferase involved in 

mtSSU biogenesis 

Modifier of the mtA1555G 

mutation and hearing loss. 

Type 2 diabetes risk gene. 

61,62 

TRMT10C 

(MRPP1) 

Component of RNaseP; involved in 

tRNA maturation 

Deafness; feeding difficulties; 

hypotonia; lactic acidosis.  
63 

HSD17B10 

(MRPP2) 

Component of RNaseP; involved in 

tRNA maturation 

Cardiomyopathy; HSD10 disease; 

neurodegeneration; retardation; 

retinopathy;  

64–69 

FASTKD2 Involved in mtRNA processing 

Cardiomyopathy; 

encephalomyopathy; epilepsy; 

lactic acidosis; Lennox-Gastaut 

syndrome; MELAS-like 

syndrome; optic atrophy; 

podocytopathy; sinus tachycardia. 

70–76 

CLPP 
Serine protease; part of the ClpXP 

complex 
Perrault syndrome type 3. 77–79 

PNPT1 
Together with SUV3 involved in 

mtRNA degradation 

Choreoathetotic movements; 

encephalomyopathy; hearing loss; 

Leigh syndrome. 

80–83 

OXA1L 
Inner mitochondrial membrane 

insertase 

Encephalopathy, hypotonia and 

developmental delay  
84,85 

Mitoribosomal proteins 

MRPS2 

(uS2m) 
- 

Developmental delays; 

hypoglycaemia; lactic acidaemia; 

microcephaly. 

86–88 

MRPS6 

(bS6m) 
 

Polymorphisms associated with 

increased risk of myocardial 

infarction. 

89 

MRPS7 

(uS7m) 
 

Hearing loss; kidney disease; 

lactic acidaemia; liver disease. 
90 

MRPS9 

(uS9m) 
 

Developmental delay; intellectual 

disability. * 
91 

MRPS11 

(uS11m) 
 Ankylosing spondylitis. 92 

MRPS14 

(uS14m) 
 

Elevated lactate; Wolff-Parkinson 

White Syndrome. 
93 

MRPS16 

(bS16m) 
 

Agenesis of corpus callosum; 

lactic acidosis. 
94,95 

MRPS22 

(mS22) 
 

Cardiomyopathy; developmental 

delay; dysmorphism; 

encephalopathy; hypotonia; 

oedema; primary ovarian 

insufficiency; tubulopathy. 

96–101 

MRPS23 

(mS23) 
 

Developmental delay; 

hypoglycaemia; lactic acidosis; 

liver disease. 

102–104 

MRPS25 

(mS25) 
 

Agenesis of the corpus callosum; 

cerebral palsy; 

encephalomyopathy. 

105 

MRPS28 

(bS1m) 
 

Developmental delay; 

dysmorphism; hearing loss; 

intrauterine growth retardation 

106 



 3 

MRPS34 

(mS34) 
 Leigh syndrome. 107–109 

MRPS39 

(mS39) 
 

Abnormal brain development; 

Infantile onset Leigh syndrome. 
110,111 

MRPL3 

(uL3m) 
 

Hearing loss; hypertrophic 

cardiomyopathy; lactic acidosis; 

liver disease; psychomotor 

retardation. 

112–114 

MRPL12 

(bL12m)  

Growth retardation; kidney 

disease; neurological 

deterioration. 

115,116 

MRPL24 

(uL24) 
 

Cerebellar atrophy; 

choreoatheosis; intellectual 

disability; lactic acidosis. 

117 

MRPL44 

(mL44) 
 

Hemiplegic migraine 

hypoglycaemia; infantile onset 

cardiomyopathy; lactic acidosis; 

Leigh-like lesions; myopathy; 

renal insufficiency; steatosis; 

retinopathy. 

118–122 

MRPL50 

(mL50) 
 

Chronic kidney disease; hearing 

loss; ovarian insufficiency; 

ventricular hypertrophy. 

123 

* Present in a microdeletion also containing POU3F3. 

 

 

Supplementary Box 1. Ribosome biogenesis in human mitochondria. 

Mitoribosomes are confronted with the challenge to assemble from both mitochondrial and cytoplasmic 

components. Whereas the mitoribosome RNA moieties (12S, 16S and tRNAVal) are encoded by the 

mitochondrial genome, the 82 mitoribosomal proteins are nuclear encoded, synthesized in the cytosol 

and subsequently imported into mitochondria. Out of these 82 MRPs, 36 are mitochondria-specific and 

do not share a homolog with bacteria. The remaining MRPs are homologous of bacterial ribosomal 

proteins, but they commonly contain significant N-extensions and C-terminal extensions that are absent 

in their bacterial counterparts124,125. These differences in structure and composition compared to 

bacterial ribosomes are paralleled by distinct ribosome assembly pathways in mitochondria. 

Mitoribosomes assemble in a modular fashion, forming protein-only subcomplexes, which remain 

stable upon rRNA depletion126 (see the figure). These protein-only modules are predominantly clustered 

according to their spatial proximity within the mitoribosome and are formed in excess as primed 

building blocks; by contrast, the synthesis of the mitochondrial-encoded RNA components appears to 

be the rate-limiting step in mitoribosome biogenesis126.  

Mitoribosome assembly is facilitated by a set of specialised biogenesis (or assembly) factors. Currently, 

our understanding of their functions is limited largely to the late mitoribosome maturation steps, where 

they facilitate RNA folding and modification and recruitment of MRPs, or inhibit premature subunit 

joining127. These assisting factors include RNA modification enzymes (methyltransferases, 

pseudouridine synthase), helicases, GTPases and chaperones (recently reviewed ref.127,128). Ablation of 

these factors usually results in the accumulation of immature ribosomal particles and in translation 

deficiency, highlighting their vital functions. Interestingly, some factors such as malonyl-CoA-acyl 

carrier protein transacylase (MCAT) and acyl carrier protein, mitochondrial (mtACP) have also 

metabolic functions, suggesting that metabolic sensing modulates mitoribosome biogenesis 129–131. 

MCAT also has a function in mitochondrial fatty acid metabolism, and mtACP is involved in de novo 
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synthesis of fatty acids, Complex I assembly and synthesis of Fe–S cluster131,132. However, further 

investigation is required to elucidate a potential coordination between mitochondrial metabolism and 

mitoribosome biogenesis. Importantly, mitoribosome biogenesis does not strictly follow a linear 

pathway; several studies highlight the existence of alternative biogenesis pathways, which makes the 

system dynamic, flexible and more resilient to disruptions126,129,133,134. Especially during late maturation 

steps, alternative routes ensure efficient, proper maturation of mitoribosome subunits.  

 

 
 

 

References 

 

1. Behrouz, B. et al. Mitochondrial translation initiation factor 3 polymorphism and 
Parkinson’s disease. Neurosci Lett 486, 228–230 (2010). 

2. Belin, A. C. et al. Possible Involvement of a Mitochondrial Translation Initiation 
Factor 3 Variant Causing Decreased mRNA Levels in Parkinson’s Disease. 
Parkinsons Dis 2010, 491751 (2010). 

3. Belin, A. C. et al. Possible involvement of a mitochondrial translation initiation 
factor 3 variant causing decreased mRNA levels in parkinson’s disease. 
Parkinsons Dis 2010, (2010). 

4. Locke, A. E. et al. Genetic studies of body mass index yield new insights for 
obesity biology. Nature 518, 197 (2015). 

5. Hershkovitz, T. et al. A novel TUFM homozygous variant in a child with 
mitochondrial cardiomyopathy expands the phenotype of combined oxidative 
phosphorylation deficiency 4. J Hum Genet 64, 589–595 (2019). 

6. Valente, L. et al. Infantile encephalopathy and defective mitochondrial DNA 
translation in patients with mutations of mitochondrial elongation factors EFG1 
and EFTu. Am J Hum Genet 80, 44–58 (2007). 

7. Di Nottia, M. et al. Novel mutation in mitochondrial Elongation Factor EF-Tu 
associated to dysplastic leukoencephalopathy and defective mitochondrial DNA 
translation. Biochim Biophys Acta Mol Basis Dis 1863, 961–967 (2017). 

8. Zhang, J. et al. Novel Tu translation elongation factor, mitochondrial (TUFM) 
homozygous variant in a consanguineous family with premature ovarian 
insufficiency. Clin Genet 104, 516–527 (2023). 



 5 

9. Gokalp, S. et al. A very rare presentation of mitochondrial elongation factor Tu 
deficiency-TUFM mutation and literature review. Journal of Pediatric 
Endocrinology and Metabolism 37, 571–574 (2024). 

10. Smeitink, J. A. M. et al. Distinct clinical phenotypes associated with a mutation in 
the mitochondrial translation elongation factor EFTs. Am J Hum Genet 79, 869–
877 (2006). 

11. Vedrenne, V. et al. Mutation in the mitochondrial translation elongation factor 
EFTs results in severe infantile liver failure. J Hepatol 56, 294–297 (2012). 

12. Perli, E. et al. Novel compound mutations in the mitochondrial translation 
elongation factor (TSFM) gene cause severe cardiomyopathy with myocardial 
fibro-adipose replacement. Sci Rep 9, (2019). 

13. Scala, M. et al. Novel homozygous TSFM pathogenic variant associated with 
encephalocardiomyopathy with sensorineural hearing loss and peculiar 
neuroradiologic findings. Neurogenetics 20, 165–172 (2019). 

14. Emperador, S. et al. Molecular-genetic characterization and rescue of a TSFM 
mutation causing childhood-onset ataxia and nonobstructive cardiomyopathy. 
European Journal of Human Genetics 25, 153–156 (2016). 

15. van Riesen, A. K., Biskup, S., Kühn, A. A., Kaindl, A. M. & van Riesen, C. Novel 
Mutation in the TSFM Gene Causes an Early‐Onset Complex Chorea without 
Basal Ganglia Lesions. Mov Disord Clin Pract 8, 453 (2021). 

16. Traschütz, A. et al. TSFM mutations cause a complex hyperkinetic movement 
disorder with strong relief by cannabinoids. Parkinsonism Relat Disord 60, 176–
178 (2019). 

17. Smits, P. et al. Mutation in subdomain G’ of mitochondrial elongation factor G1 is 
associated with combined OXPHOS deficiency in fibroblasts but not in muscle. 
European Journal of Human Genetics 19, 275 (2010). 

18. Barcia, G. et al. Clinical, neuroimaging and biochemical findings in patients and 
patient fibroblasts expressing ten novel GFM1 mutations. Hum Mutat 41, 397–402 
(2020). 

19. Aleksic, D., Jankovic, M. G., Todorovic, S., Kovacevic, M. & Borkovic, M. The first 
case of combined oxidative phosphorylation deficiency-1 due to a GFM1 
mutation in the Serbian population: a case report and literature review. Turkish 
Journal of Pediatrics 65, 1018–1024 (2023). 

20. Su, C. & Wang, F. Clinical and molecular findings in a family expressing a novel 
heterozygous variant of the G elongation factor mitochondrial 1 gene. Exp Ther 
Med 20, 173 (2020). 

21. Khan, A. U. et al. Whole exome sequencing identifies a novel compound 
heterozygous GFM1 variant underlying developmental delay, dystonia, 
polymicrogyria, and severe intellectual disability in a Pakhtun family. Am J Med 
Genet A 188, 2693–2700 (2022). 

22. Brito, S. et al. Long-term survival in a child with severe encephalopathy, multiple 
respiratory chain deficiency and GFM1 mutations. Front Genet 6, 131732 (2015). 

23. Balasubramaniam, S. et al. Infantile progressive hepatoencephalomyopathy with 
combined OXPHOS deficiency due to mutations in the mitochondrial translation 
elongation factor gene GFM1. JIMD Rep 5, 113–122 (2012). 

24. You, C. et al. A novel composition of two heterozygous GFM1 mutations in a 
Chinese child with epilepsy and mental retardation. Brain Behav 10, (2020). 



 6 

25. Glasgow, R. I. C. et al. Novel GFM2 variants associated with early-onset 
neurological presentations of mitochondrial disease and impaired expression of 
OXPHOS subunits. Neurogenetics 18, 227–235 (2017). 

26. Fukumura, S. et al. Compound heterozygous GFM2 mutations with Leigh 
syndrome complicated by arthrogryposis multiplex congenita. J Hum Genet 60, 
509–513 (2015). 

27. Gouiza, I. et al. Expanding the genetic spectrum of mitochondrial diseases in 
Tunisia: novel variants revealed by whole-exome sequencing. Front Genet 14, 
(2023). 

28. Wu, Y., Yao, Q., Jiang, G. X., Wang, G. & Cheng, Q. Identification of distinct blood-
based biomarkers in early stage of Parkinson’s disease. Neurological Sciences 
41, 893–901 (2020). 

29. Tucci, A. et al. Novel C12orf65 mutations in patients with axonal neuropathy and 
optic atrophy. J Neurol Neurosurg Psychiatry 85, 486–492 (2014). 

30. Shimazaki, H. et al. A homozygous mutation of C12orf65 causes spastic 
paraplegia with optic atrophy and neuropathy (SPG55). J Med Genet 49, 777–784 
(2012). 

31. Wesolowska, M. et al. Adult Onset Leigh Syndrome in the Intensive Care Setting: 
A Novel Presentation of a C12orf65 Related Mitochondrial Disease. J 
Neuromuscul Dis 2, 409–419 (2015). 

32. Nishihara, H. et al. Autopsy case of the C12orf65 mutation in a patient with signs 
of mitochondrial dysfunction. Neurol Genet 3, (2017). 

33. Antonicka, H. et al. Mutations in C12orf65 in Patients with Encephalomyopathy 
and a Mitochondrial Translation Defect. Am J Hum Genet 87, 115–122 (2010). 

34. Spiegel, R. et al. Delineation of C12orf65-related phenotypes: A genotype-
phenotype relationship. European Journal of Human Genetics 22, 1019–1025 
(2014). 

35. Perrone, E. et al. Leigh syndrome in a patient with a novel c12orf65 pathogenic 
variant: Case report and literature review. Genet Mol Biol 43, (2020). 

36. Heidary, G. et al. Optic atrophy and a leigh-like syndrome due to mutations in the 
C12orf65 gene: Report of a novel mutation and review of the literature. Journal of 
Neuro-Ophthalmology 34, 39–43 (2014). 

37. Imagawa, E. et al. Homozygous p.V116∗ mutation in C12orf65 results in Leigh 
syndrome. J Neurol Neurosurg Psychiatry 87, 212–216 (2016). 

38. Buchert, R. et al. Mutations in the mitochondrial gene C12ORF65 lead to 
syndromic autosomal recessive intellectual disability and show genotype 
phenotype correlation. Eur J Med Genet 56, 599–602 (2013). 

39. Alfaiz, A. A. et al. West syndrome caused by homozygous variant in the 
evolutionary conserved gene encoding the mitochondrial elongation factor GUF1. 
European Journal of Human Genetics 24, 1001–1008 (2016). 

40. Sferruzza, G. et al. U-Fiber Leukoencephalopathy Due to a Novel Mutation in the 
TACO1 Gene. Neurol Genet 7, (2021). 

41. Weraarpachai, W. et al. Mutation in TACO1, encoding a translational activator of 
COX I, results in cytochrome c oxidase deficiency and late-onset Leigh syndrome. 
Nat Genet 41, 833–837 (2009). 

42. Oktay, Y. et al. Confirmation of TACO1 as a Leigh Syndrome Disease Gene in Two 
Additional Families. J Neuromuscul Dis 7, 301–308 (2020). 



 7 

43. Richman, T. R. et al. Loss of the RNA-binding protein TACO1 causes late-onset 
mitochondrial dysfunction in mice. Nature Communications 2016 7:1 7, 1–14 
(2016). 

44. Seeger, J. et al. Clinical and neuropathological findings in patients with TACO1 
mutations. Neuromuscular Disorders 20, 720–724 (2010). 

45. Weraarpachai, W. et al. Mutations in C12orf62, a factor that couples COX i 
synthesis with cytochrome c oxidase assembly, cause fatal neonatal lactic 
acidosis. Am J Hum Genet 90, 142–151 (2012). 

46. Ostergaard, E. et al. Mutations in COA3 cause isolated complex IV deficiency 
associated with neuropathy, exercise intolerance, obesity, and short stature. J 
Med Genet 52, 203–207 (2015). 

47. Oláhová, M. et al. LRPPRC mutations cause early-onset multisystem 
mitochondrial disease outside of the French-Canadian population. Brain 138, 
3503–3519 (2015). 

48. Debray, F. G. et al. LRPPRC mutations cause a phenotypically distinct form of 
Leigh syndrome with cytochrome c oxidase deficiency. J Med Genet 48, 183–189 
(2011). 

49. Piro, E. et al. Novel LRPPRC compound heterozygous mutation in a child with 
early-onset Leigh syndrome French-Canadian type: Case report of an Italian 
patient. Ital J Pediatr 46, (2020). 

50. Sasarman, F. et al. Tissue-specific responses to the LRPPRC founder mutation in 
French Canadian Leigh Syndrome. Hum Mol Genet 24, 480–491 (2015). 

51. Xu, F., Addis, J. B. L., Cameron, J. M. & Robinson, B. H. LRPPRC mutation 
suppresses cytochrome oxidase activity by altering mitochondrial RNA transcript 
stability in a mouse model. Biochemical Journal 441, 275–283 (2012). 

52. Chatzispyrou, I. A. et al. A homozygous missense mutation in ERAL1, encoding a 
mitochondrial rRNA chaperone, causes Perrault syndrome. Hum Mol Genet 26, 
2541–2550 (2017). 

53. Solomon, B. D. et al. De Novo Deletion of Chromosome 20q13.33 in a Patient with 
Tracheo-esophageal Fistula, Cardiac Defects and Genitourinary Anomalies 
Implicates GTPBP5 as a Candidate Gene. Birth Defects Res A Clin Mol Teratol 91, 
862 (2011). 

54. Haratz, K. K. et al. A de novo pathogenic variant in DHX30 gene in a fetus with 
isolated dysgenesis of the corpus callosum. Prenat Diagn 44, 357–359 (2024). 

55. Miyake, N. et al. De novo pathogenic DHX30 variants in two cases. Clin Genet 
100, 350–351 (2021). 

56. Mannucci, I. et al. Genotype–phenotype correlations and novel molecular 
insights into the DHX30-associated neurodevelopmental disorders. Genome Med 
13, (2021). 

57. Alomaim, M. M. & Mushiba, A. M. A Novel De Novo Mutation of the DHX30 Gene in 
a Patient With Neurodevelopmental Disorder, Severe Motor Impairment, and 
Absent Language (NEDMIAL). Cureus 15, (2023). 

58. Lessel, D. et al. De Novo Missense Mutations in DHX30 Impair Global Translation 
and Cause a Neurodevelopmental Disorder. Am J Hum Genet 101, 716–724 
(2017). 

59. Shafique, A. et al. MRM2 variants in families with complex dystonic syndromes: 
evidence for phenotypic heterogeneity. J Med Genet 60, 352–358 (2023). 



 8 

60. Garone, C. et al. Defective mitochondrial rRNA methyltransferase MRM2 causes 
MELAS-like clinical syndrome. Hum Mol Genet 26, 4257–4266 (2017). 

61. Sharoyko, V. V. et al. Loss of TFB1M results in mitochondrial dysfunction that 
leads to impaired insulin secretion and diabetes. Hum Mol Genet 23, 5733–5749 
(2014). 

62. Bykhovskaya, Y. et al. Human mitochondrial transcription factor B1 as a modifier 
gene for hearing loss associated with the mitochondrial A1555G mutation. Mol 
Genet Metab 82, 27–32 (2004). 

63. Metodiev, M. D. et al. Recessive Mutations in TRMT10C Cause Defects in 
Mitochondrial RNA Processing and Multiple Respiratory Chain Deficiencies. Am J 
Hum Genet 98, 993–1000 (2016). 

64. Oerum, S. et al. Novel patient missense mutations in the HSD17B10 gene affect 
dehydrogenase and mitochondrial tRNA modification functions of the encoded 
protein. Biochim Biophys Acta Mol Basis Dis 1863, 3294–3302 (2017). 

65. Zschocke, J. HSD10 disease: Clinical consequences of mutations in the 
HSD17B10 gene. J Inherit Metab Dis 35, 81–89 (2012). 

66. Deutschmann, A. J. et al. Mutation or knock-down of 17β-hydroxysteroid 
dehydrogenase type 10 cause loss of MRPP1 and impaired processing of 
mitochondrial heavy strand transcripts. Hum Mol Genet 23, 3618–3628 (2014). 

67. Yang, S. Y. et al. Mental retardation linked to mutations in the HSD17B10 gene 
interfering with neurosteroid and isoleucine metabolism. Proc Natl Acad Sci U S A 
106, 14820 (2009). 

68. Jiang, T., Ouyang, W., Yang, H. & Li, S. A novel c.59 C > T variant of the HSD17B10 
gene as a possible cause of the neonatal form of HSD10 mitochondrial disease 
with hepatic dysfunction: a case report and review of the literature. Orphanet 
Journal of Rare Diseases 20, 1–10 (2025). 

69. Seaver, L. H. et al. A Novel Mutation in the HSD17B10 Gene of a 10-Year-Old Boy 
with Refractory Epilepsy, Choreoathetosis and Learning Disability. PLoS One 6, 
e27348 (2011). 

70. Wei, X. et al. Mutations in FASTKD2 are associated with mitochondrial disease 
with multi-OXPHOS deficiency. Hum Mutat 41, 961–972 (2020). 

71. Shah, R. & Balasubramaniam, S. Clinical Phenotype of FASTKD2 Mutation. J 
Pediatr Neurosci 16, 319 (2021). 

72. Wu, T., Mao, L., Chen, C., Yin, F. & Peng, J. A novel homozygous missense 
mutation in the FASTKD2 gene leads to Lennox-Gastaut syndrome. Journal of 
Human Genetics 2022 67:10 67, 589–594 (2022). 

73. Gonçalves, F. P. et al. Homozygosity for a Rare FASTKD2 Variant Resulting in an 
Adult Onset Autosomal Recessive Mitochondrial Podocytopathy. American 
Journal of Kidney Diseases 85, 119–123 (2024). 

74. Yoo, D. H. et al. Identification of FASTKD2 compound heterozygous mutations as 
the underlying cause of autosomal recessive MELAS-like syndrome. 
Mitochondrion 35, 54–58 (2017). 

75. Ghezzi, D. et al. FASTKD2 Nonsense Mutation in an Infantile Mitochondrial 
Encephalomyopathy Associated with Cytochrome C Oxidase Deficiency. The 
American Journal of Human Genetics 83, 415–423 (2008). 



 9 

76. Astner-Rohracher, A. et al. A case report: New-onset refractory status epilepticus 
in a patient with FASTKD2-related mitochondrial disease. Front Neurol 13, 
1063733 (2023). 

77. Brodie, E. J., Zhan, H., Saiyed, T., Truscott, K. N. & Dougan, D. A. Perrault 
syndrome type 3 caused by diverse molecular defects in CLPP. Scientific Reports 
2018 8:1 8, 1–11 (2018). 

78. Gispert, S. et al. Loss of mitochondrial peptidase clpp leads to infertility, hearing 
loss plus growth retardation via accumulation of CLPX, mtDNA and inflammatory 
factors. Hum Mol Genet 22, 4871–4887 (2013). 

79. Jenkinson, E. M. et al. Perrault syndrome is caused by recessive mutations in 
CLPP, encoding a mitochondrial ATP-dependent chambered protease. Am J Hum 
Genet 92, 605–613 (2013). 

80. Sato, R. et al. Novel biallelic mutations in the PNPT1 gene encoding a 
mitochondrial-RNA-import protein PNPase cause delayed myelination. Clin 
Genet 93, 242–247 (2018). 

81. Matilainen, S. et al. Defective mitochondrial RNA processing due to PNPT1 
variants causes Leigh syndrome. Hum Mol Genet 26, 3352–3361 (2017). 

82. Vedrenne, V. et al. Mutation in PNPT1, which encodes a polyribonucleotide 
nucleotidyltransferase, impairs RNA import into mitochondria and causes 
respiratory-chain deficiency. Am J Hum Genet 91, 912–918 (2012). 

83. Von Ameln, S. et al. A mutation in PNPT1, encoding mitochondrial-RNA-import 
protein PNPase, causes hereditary hearing loss. Am J Hum Genet 91, 919–927 
(2012). 

84. Zhan, Y. et al. OXA1L deficiency causes mitochondrial myopathy via reactive 
oxygen species regulated nuclear factor kappa B signalling pathway. Clin Transl 
Med 15, e70385 (2025). 

85. Thompson, K. et al.   OXA 1L  mutations cause mitochondrial encephalopathy and 
a combined oxidative phosphorylation defect . EMBO Mol Med 10, (2018). 

86. Gardeitchik, T. et al. Bi-allelic Mutations in the Mitochondrial Ribosomal Protein 
MRPS2 Cause Sensorineural Hearing Loss, Hypoglycemia, and Multiple OXPHOS 
Complex Deficiencies. Am J Hum Genet 102, 685–695 (2018). 

87. Papadopoulos, T. et al. New description of an MRPS2 homozygous patient: 
Further features to help expend the phenotype. Eur J Med Genet 67, (2024). 

88. Liu, C. Z., Zhou, W. R., Liu, Q. E. & Peng, Z. X. Hypoglycemia with lactic acidosis 
caused by a new MRPS2 gene mutation in a Chinese girl: a case report. BMC 
Endocr Disord 22, (2022). 

89. Kathiresan, S. et al. Genome-wide association of early-onset myocardial 
infarction with single nucleotide polymorphisms and copy number variants. Nat 
Genet 41, 334–341 (2009). 

90. Menezes, M. J. et al. Mutation in mitochondrial ribosomal protein S7 (MRPS7) 
causes congenital sensorineural deafness, progressive hepatic and renal failure 
and lactic acidemia. Hum Mol Genet 24, 2297–2307 (2015). 

91. Dheedene, A., Maes, M., Vergult, S. & Menten, B. A de novo POU3F3 deletion in a 
boy with intellectual disability and dysmorphic features. Mol Syndromol 5, 32–35 
(2014). 

92. Lee, Y. & Song, G. Meta-analysis of differentially expressed genes in ankylosing 
spondylitis. Genetics and Molecular Research 14, 5161–5170 (2015). 



 10 

93. Jackson, C. B. et al. A variant in MRPS14 (uS14m) causes perinatal hypertrophic 
cardiomyopathy with neonatal lactic acidosis, growth retardation, dysmorphic 
features and neurological involvement. Hum Mol Genet 28, 639–649 (2019). 

94. Miller, C. et al. Defective mitochondrial translation caused by a ribosomal protein 
(MRPS16) mutation. Ann Neurol 56, 734–738 (2004). 

95. Emdadul Haque, M., Grasso, D., Miller, C., Spremulli, L. L. & Saada, A. The effect 
of mutated mitochondrial ribosomal proteins S16 and S22 on the assembly of the 
small and large ribosomal subunits in human mitochondria. Mitochondrion 8, 
254–261 (2008). 

96. Chen, A. et al. Mutations in the mitochondrial ribosomal protein MRPS22 lead to 
primary ovarian insufficiency. Hum Mol Genet 27, 1913–1926 (2018). 

97. Smits, P. et al. Mutation in mitochondrial ribosomal protein MRPS22 leads to 
Cornelia de Lange-like phenotype, brain abnormalities and hypertrophic 
cardiomyopathy. European Journal of Human Genetics 19, 394–399 (2011). 

98. Kılıç, M. et al. A patient with mitochondrial disorder due to a novel mutation in 
MRPS22. Metab Brain Dis 32, 1389–1393 (2017). 

99. Baertling, F. et al. MRPS22 mutation causes fatal neonatal lactic acidosis with 
brain and heart abnormalities. Neurogenetics 16, 237–240 (2015). 

100. Smits, P. et al. Mutation in mitochondrial ribosomal protein MRPS22 leads to 
Cornelia de Lange-like phenotype, brain abnormalities and hypertrophic 
cardiomyopathy. European Journal of Human Genetics 2011 19:4 19, 394–399 
(2010). 

101. Saada, A. et al. Antenatal mitochondrial disease caused by mitochondrial 
ribosomal protein (MRPS22) mutation. J Med Genet 44, 784 (2007). 

102. Ittiwut, C. et al. Genetic, metabolic and clinical delineation of an MRPS23-
associated mitochondrial disorder. Sci Rep 13, (2023). 

103. Kohda, M. et al. A Comprehensive Genomic Analysis Reveals the Genetic 
Landscape of Mitochondrial Respiratory Chain Complex Deficiencies. PLoS 
Genet 12, (2016). 

104. Correia, S. P. et al. Quantitative proteomics of patient fibroblasts reveal 
biomarkers and diagnostic signatures of mitochondrial disease. JCI Insight 9, 
(2024). 

105. Bugiardini, E. et al. MRPS25 mutations impair mitochondrial translation and 
cause encephalomyopathy. Hum Mol Genet 28, 2711 (2019). 

106. Pulman, J. et al. Mutations in the MRPS28 gene encoding the small mitoribosomal 
subunit protein bS1m in a patient with intrauterine growth retardation, 
craniofacial dysmorphism and multisystemic involvement. Hum Mol Genet 28, 
1445–1462 (2019). 

107. Richman, T. R. et al. Mutation in MRPS34 Compromises Protein Synthesis and 
Causes Mitochondrial Dysfunction. PLoS Genet 11, (2015). 

108. Lake, N. J. et al. Biallelic Mutations in MRPS34 Lead to Instability of the Small 
Mitoribosomal Subunit and Leigh Syndrome. Am J Hum Genet 101, 239–254 
(2017). 

109. Lenzini, L. et al. A novel MRPS34 gene mutation with combined OXPHOS 
deficiency in an adult patient with Leigh syndrome. Mol Genet Metab Rep 30, 
100830 (2022). 



 11 

110. Muñoz-Pujol, G. et al. Leigh syndrome is the main clinical characteristic of PTCD3 
deficiency. Brain Pathology 33, e13134 (2022). 

111. Borna, N. N. et al. Mitochondrial ribosomal protein PTCD3 mutations cause 
oxidative phosphorylation defects with Leigh syndrome. Neurogenetics 20, 9–25 
(2019). 

112. Galmiche, L. et al. Exome sequencing identifies MRPL3 mutation in mitochondrial 
cardiomyopathy. Hum Mutat 32, 1225–1231 (2011). 

113. Cahill, L. S. et al. Structural variant in mitochondrial-associated gene (MRPL3) 
induces adult-onset neurodegeneration with memory impairment in the mouse. 
Journal of Neuroscience 40, 4576–4585 (2020). 

114. Bursle, C. et al. COXPD9 an evolving multisystem disease; congenital lactic 
acidosis, sensorineural hearing loss, hypertrophic cardiomyopathy, cirrhosis and 
interstitial nephritis. JIMD Rep 34, 105–109 (2017). 

115. Serre, V. et al. Mutations in mitochondrial ribosomal protein MRPL12 leads to 
growth retardation, neurological deterioration and mitochondrial translation 
deficiency. Biochim Biophys Acta Mol Basis Dis 1832, 1304–1312 (2013). 

116. Gu, X. et al. Transcription of MRPL12 regulated by Nrf2 contributes to the 
mitochondrial dysfunction in diabetic kidney disease. Free Radic Biol Med 164, 
329–340 (2021). 

117. Di Nottia, M. et al. A homozygous MRPL24 mutation causes a complex movement 
disorder and affects the mitoribosome assembly. Neurobiol Dis 141, (2020). 

118. Distelmaier, F. et al. MRPL44 mutations cause a slowly progressive multisystem 
disease with childhood-onset hypertrophic cardiomyopathy. Neurogenetics 16, 
319–323 (2015). 

119. Friederich, M. W. et al. Pathogenic variants in MRPL44 cause infantile 
cardiomyopathy due to a mitochondrial translation defect. Mol Genet Metab 133, 
362–371 (2021). 

120. Carroll, C. J. et al. Whole-exome sequencing identifies a mutation in the 
mitochondrial ribosome protein MRPL44 to underlie mitochondrial infantile 
cardiomyopathy. J Med Genet 50, 151–159 (2013). 

121. Horga, A. et al. Uniparental isodisomy of chromosome 2 causing MRPL44-related 
multisystem mitochondrial disease. Mol Biol Rep 48, 2093–2104 (2021). 

122. Okamoto, R. et al. MRPL44 haploinsufficient mouse spontaneously develops 
hypertrophic cardiomyopathy and shows systolic dysfunction after aldosterone 
treatment. Eur Heart J 45, (2024). 

123. Bakhshalizadeh, S. et al. Deficiency of the mitochondrial ribosomal subunit, 
MRPL50, causes autosomal recessive syndromic premature ovarian 
insufficiency. Hum Genet 142, 879–907 (2023). 

124. Amunts, A., Brown, A., Toots, J., Scheres, S. H. W. & Ramakrishnan, V. The 
structure of the human mitochondrial ribosome. Science (1979) 348, 95–98 
(2015). 

125. Greber, B. J. et al. The complete structure of the 55S mammalian mitochondrial 
ribosome. Science (1979) https://doi.org/10.1126/science.aaa3872 (2015) 
doi:10.1126/science.aaa3872. 

126. Lavdovskaia, E. et al. A roadmap for ribosome assembly in human mitochondria. 
Nat Struct Mol Biol https://doi.org/10.1038/s41594-024-01356-w (2024) 
doi:10.1038/s41594-024-01356-w. 



 12 

127. Khawaja, A., Cipullo, M., Krüger, A. & Rorbach, J. Insights into mitoribosomal 
biogenesis from recent structural studies. Trends Biochem Sci 48, 629–641 
(2023). 

128. Brischigliaro, M., Sierra-Magro, A., Ahn, A. & Barrientos, A. Mitochondrial 
ribosome biogenesis and redox sensing. FEBS Open Bio 14, 1640–1655 (2024). 

129. Harper, N. J., Burnside, C. & Klinge, S. Principles of mitoribosomal small subunit 
assembly in eukaryotes. Nature 614, 175–181 (2023). 

130. Brown, A. et al. Structures of the human mitochondrial ribosome in native states 
of assembly. Nat Struct Mol Biol 24, 866–869 (2017). 

131. Masud, A. J., Kastaniotis, A. J., Rahman, M. T., Autio, K. J. & Hiltunen, J. K. 
Mitochondrial acyl carrier protein (ACP) at the interface of metabolic state 
sensing and mitochondrial function. Biochim Biophys Acta Mol Cell Res 1866, 
(2019). 

132. Gerber, S., Orssaud, C., Kaplan, J., Johansson, C. & Rozet, J. M. Mcat mutations 
cause nuclear lhon-like optic neuropathy. Genes (Basel) 12, 521 (2021). 

133. Itoh, Y. et al. Mechanism of mitoribosomal small subunit biogenesis and 
preinitiation. Nature 2022 606:7914 606, 603–608 (2022). 

134. Heinrichs, M. et al. Coupling of ribosome biogenesis and translation initiation in 
human mitochondria. Nature Communications 2025 16:1 16, 1–16 (2025). 

  




