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Different genetic code



mtDNA structure

…and
22 tRNAs plus 2 rRNAs





mtDNA REPLISOME













NATURE REVIEWS | NEUROLOGY  ADVANCE ONLINE PUBLICATION | 9

(types 2A and 4A).91–93 However, mutations in the MFN2 

gene have also been associated with a multisystem dis-

order that includes mitochondrial myopathy with multi-

ple mtDNA deletions and depletion—that is, a defect of 

mtDNA maintenance (discussed below).94,95 Disorders 

of mitochondrial fission are less common than dis-

orders of mitochondrial fusion, but mutations in DRP1 

have been reported in an infant with mitochondrial and 

peroxisomal abnormalities, lactic acidosis, and a rapidly 

fatal encephalopathy with microcephaly, abnormal brain 

development and optic atrophy.96 A second patient with 

defective mitochondrial fission was identified through 

homozygosity mapping and mito-exome sequencing in 

the child of a consanguineous family with developmen-

tal delay, microcephaly and optic atrophy.97 This infant 

harboured a homozygous mutation in MFF, and both 

his clinical presentation and the morpho logical features 

of his cultured fibroblasts (excessive tubular pattern of 

mitochondria and peroxisomes) were similar to those 

observed in the aforementioned patient with a DRP1 

mutation. The role of altered mitochondrial dynamics in 

neurological diseases is beyond the scope of this Review, 

but is addressed elsewhere.98–100

Defects of mtDNA maintenance
Mitochondria in eukaryotic cells have lost much of 

their original independent function, with the nucleus 

performing the role of mtDNA maintenance, including 

replication and integrity. When the dialogue between 

the two genomes becomes impaired, the resulting 

diseases are characterized by mtDNA depletion, mul-

tiple mtDNA deletions, and site-specific mtDNA 

point mutations.101

Initially, a simplistic concept was proposed whereby 

mtDNA depletion and mtDNA multiple deletions were 

distinct conditions with characteristic and distinguish-

able phenotypes. Following the advent of whole-genome 

sequencing, however, it is now recognized that the two 

conditions often coexist, and that mutations in the same 

genes can predominantly cause either mtDNA depletion 

or multiple mtDNA deletions (Table 2). Impairment of 

mtDNA maintenance can be attributable to defects in 

the replication machinery or in the intramitochondrial 

pool of deoxynucleoside triphosphates (dNTPs), the 

DNA building blocks.

Defects in replication machinery

The replicative machinery (replisome) includes the 

cata lytic subunit of polymerase γ (encoded by the POLG 

gene), the accessory subunit (encoded by POLG2), and 

the replicative helicases Twinkle (encoded by PEO1)102 

and DNA2.103 Study of the POLG gene provides the ulti-

mate example of how a single mutant gene can cause 

either mtDNA depletion or multiple mtDNA deletions 

and result in diverse syndromes. Depending largely on 

which of the three POLG domains (polymerase, exo-

nuclease or linker region) harbours the mutation(s), the 

clinical phenotype ranges from a severe hepatocerebral 

disorder of infancy or childhood (known as Alpers syn-

drome), through to adult-onset autosomal dominant or 

autosomal recessive progressive external ophthalmo-

plegia (AD-PEO or AR-PEO, respectively), to par-

kinsonism and other clinical phenotypes, including 

sensory ataxic neuropathy, dysarthria and ophthalmo-

paresis (SANDO), or mitochondrial recessive ataxia syn-

drome.102,104 Mutations in PEO1 usually cause adult-onset 

AD-PEO with multiple mtDNA deletions, but can also 

cause Alpers-like autosomal recessive hepatocerebral 

syndrome with mtDNA liver depletion, or infantile-

onset spinocerebellar ataxia (IOSCA)—a disease that is 

prevalent in the Finnish population and is characterized 

by mtDNA depletion in the brain.105

Defects involving the dNTP pool

An adequate and balanced pool of the four dNTPs 

(dATP, dGTP, dCTP and dTTP) is necessary to provide 

the precursors of mtDNA replication. Defects in six 

enzymes that control the delicate balance of the dNTP 

pool have been associated primarily with mtDNA 

depletion,106 and result in four major syndromes 

(Table 2): myopathy (caused by mutations in TK2); 

hepato encephalopathy (associated with mutations in 

DGUOK); encephalomyopathy (linked to mutations 

in SUCLA2, SUCLG1 or RRM2B); and mitochondrial 

neuro gastrointestinal encephalomyopathy (MNGIE; 

caused by mutations in TYMP). The function of a 

seventh protein, MPV17, which is localized to the MIM, 

has not yet been clarified, but mutations in MPV17 

cause severe mtDNA depletion associated with either 

encephalohepatopathy or Navajo neurohepatopathy, 

Table 2 | Defects of mtDNA maintenance

Mutated 
gene

mtDNA depletion Multiple mtDNA deletions

TK2 Infantile or adult myopathy 

SMA phenocopy

Adult autosomal recessive PEO

DGUOK Infantile hepato-cerebral syndrome Adult myopathy ± PEO

PEO1 Hepato-cerebral syndrome Infantile- 

onset spinocerebellar ataxia

Adult autosomal dominant PEO-plus

SUCLA2 Infantile encephalomyopathy —

SUCLG1 Infantile encephalomyopathy 

Methylmalonic aciduria

—

RRM2B Infantile encephalomyopathy Adult autosomal dominant or 

autosomal recessive PEO-plus

MPV17 Infantile hepatocerebral syndrome 

Navajo neurohepatopathy

Adult autosomal recessive PEO-plus

TYMP Mitochondrial neurogastrointestinal 

encephalomyopathy

Mitochondrial neurogastrointestinal 

encephalomyopathy

POLG Hepato-cerebral syndrome (Alpers 

syndrome)

Adult autosomal dominant or 

autosomal recessive PEO-plus; 

SANDO; MIRAS

POLG2 — Adult autosomal dominant PEO

ANT1 — Adult autosomal dominant PEO-plus

OPA1 — DOA; PEO-plus

MFN2 — DOA-plus

GFER — Congenital cataract, encephalomyopathy

Abbreviations: DOA, dominant optic atrophy; MIRAS, mitochondrial recessive ataxia syndrome; mtDNA, 
mitochondrial DNA; PEO, progressive external ophthalmoplegia; SANDO, sensory ataxic neuropathy, 
dysarthria and ophthalmoparesis; SMA, spinal muscular atrophy.

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved













Vision defect and sensorineural deafness



mtDNA depletion in multiple tissues
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CONCLUSIONS
• Unexpectedly, we identified a new disease 

characterized by mtDNA depletion in adults and 
associated with a prevalent ocular and kidney 
phenotype

• Mitochondrial SSBP1 carried dominant de novo 
pathogenic mutations, and in one case a recessive 
homozygous mutation 

• The current findings enlarge the landscape of 
diseases of mtDNA maintenance

• In deep dissection of the pathogenic mechanisms 
will increase our understanding of mtDNA
replication and control of mtDNA copy number
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