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 Abstract 
Mitochondrial DNA (mtDNA) depletion is characterized by a profound reduction of mtDNA copy 

number. The maintenance of mtDNA copy number requires several nuclear-encoded factors involved 

in replication and in dNTP supply. In the past decade mutations in several of these factors have been 

reported in a growing number of syndromes. This article reviews the current knowledge of genes 

causing mitochondrial DNA depletion syndromes. 
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Introduction 
Mutations in either mitochondrial DNA (mtDNA) or nuclear genes that encode proteins involved in 

various functions, including mtDNA maintenance may cause mitochondrial disease. Pathological 

alterations of mtDNA fall into three major classes: point mutations, deletion-duplications and 

disordered mtDNA content, that is, copy number.  Reduction of mtDNA copy number to less than 30% 

of normal mtDNA content is defined as mtDNA depletion, which causes a heterogeneous group of 

severe and usually lethal diseases in infancy and childhood. While genetic causes are the focus of this 

review, mtDNA depletion can also be drug-induced [1]. Mitochondrial DNA depletion syndrome (MDS) 

was first described as congenital myopathy or hepatopathy [2]. Since then, many patients have been 

reported with different clinical presentations such as hepatocerebral, myopathic and 

encephalomyopathic forms. In these patients, there is a marked (usually tissue specific) deficiency in 

mtDNA level.  MtDNA encodes proteins of respiratory chain (RC) complexes I, III, IV and V.  Hence, 

mtDNA depletion results in deficiencies of multiple RC complexes, while nuclear encoded components 

such as complex II are expressed normally. Nevertheless, the precise RC defect may vary 

considerably, and an isolated deficiency in a single complex may be apparent. The recurrence of the 

disease in some families and the consanguinity of parents in others demonstrate that MDS is inherited 

in an autosomal recessive pattern, with a primary nuclear gene defect causing secondary mtDNA loss. 

Several gene mutations are known to result in mtDNA depletion and most of them are involved directly 

or indirectly in mtDNA replication or in replenishing the mitochondrial deoxyribonucleoside 

triphosphate (dNTP) pool for mtDNA synthesis. 

 Maintenance and integrity of the mitochondrial genome depend on several poorly understood 

factors. mtDNA is packaged into protein-DNA complexes called nucleoids,  Nucleoids in cultured 

mammalian cells contain 5-10  mtDNA molecules [3] [4] and appear to be tethered to the inner 

mitochondrial membrane. The protein composition of the nucleoid is still controversial, nevertheless it 

is now well established that the nucleoid contains the mtDNA replisome.  Crucial proteins or enzymes 

involved in either mtDNA replication (mtDNA polymerase γ, mtSSB, Twinkle helicase) or transcription 

(TFAM) are components of the nucleoid [3]. Theoretically, defects in any of the proteins involved in 

mtDNA replication might affect mtDNA copy number. MtDNA replication is also highly dependent on 

mitochondrial dNTPs supply, and mutations in several genes involved in mitochondrial dNTP synthesis 

may therefore cause MDS. 

Incidence of mtDNA depletion 
MtDNA depletion is a rare cause of mitochondrial disease, which is itself rare. There are no published 

prevalence studies of MDS. Based on the Necker Hospital series of patients, roughly 8% of pediatric 

patients with respiratory chain deficiency present with mtDNA depletion. Patients with POLG1 

mutations comprise the largest single group of individuals with MDS, and in Oxford this is one of the 

commonest distinct types of paediatric mitochondrial myopathy.  The prevalence of Alpers-

Huttenlocher syndrome, the major POLG1 phenotype, is held to be around 1 in 100,000 [5]. 

MDS and abnormal mitochondrial nucleotide salvage 
 MtDNA replication occurs throughout the whole cell cycle, depending on specific 

intramitochondrial 2’-deoxyribonucleoside 5’-triphosphate (dNTP) pools [6].  Because mtDNA turns 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
3 

 

over in post mitotic cells [7], it is clear that mtDNA is able to replicate in the absence of normal cell 

cycling, but it may not be completely autonomous [8].  A constant supply of dNTP is therefore required 

for mtDNA replication. The synthesis of dNTPs for mtDNA replication is not completely elucidated. 

There is no de novo dNTP synthesis in mitochondria. Nucleotides are either imported from the cytosol 

or result from the mitochondrial salvage pathway. Cytosolic dNTPs are predominantly synthesized de 

novo by the ribonucleotide reductase (RNR). RNR is S-phase specific and therefore the cytosolic de 

novo synthesis cannot provide all required dNTPs for mtDNA replication in quiescent cells and non 

dividing tissues. dNTPs are also synthesized via the cytosolic salvage pathway (Fig. 1). These dNTPs 

are imported into the mitochondria by specific transporters [9, 10]. 

 The mitochondrial salvage pathway (Fig. 1) involves specific mitochondrial enzymes. Firstly 

deoxyribonucleosides are phosphorylated by deoxyribonucleoside kinases (dNK).  This is followed by 

two further phosphorylation steps, firstly involving nucleotide monophosphate kinase (NMPK) and 

secondly nucleotide diphosphate kinase (NDPK).  The two major dNKs are deoxyguanosine kinase 

(dGK) and thymidine kinase (TK), encoded by DGUOK and TK2 genes respectively. In non replicating 

tissues, cytosolic deoxyribonucleotides levels are low and mitochondrial dNTP salvage is the major 

source of nucleotides. Mutations in the mitochondrial dNTP salvage pathway have been reported in 

different forms of MDS. 

DGUOK mutations in hepatocerebral form of MDS 

 Mitochondrial DNA depletion of liver is the most common form of MDS, patients falling into two 

major phenotypes, the so-called hepatocerebral form and Alpers-Huttenlocher syndrome (see below).

 Homozygosity mapping in three different consanguineous families of Druze origin identified 

chromosome 2p13 as the first hepatocerebral MDS disease locus.  Candidate genes were sequenced 

and DGUOK was identified as the disease causing gene [11]. Since then, over 50 patients have been 

reported with DGUOK mutations (Table 1). The clinical presentation of the patients was relatively 

similar. Onset of the disease is in early infancy with neonatal or delayed forms (1 to 24 months). The 

initial symptoms are liver dysfunction, feeding difficulties, hypotonia and/or hypoglycemia. All patients 

manifested hyperlactatemia. Characteristically, such patients develop microvesicular steatosis in liver, 

with hepatocellular insufficiency progressing to liver failure. Patients usually die before reaching two 

years old [12].  Diagnosing such patients may be difficult unless liver is available for analysis, and 

such patients are frequently too sick to biopsy [13].  Enzymological measurement of the liver RC 

revealed combined deficiency of mtDNA-encoded complexes. The mtDNA content is usually reduced 

to less than 10% of normal copy number in liver of the patients and may be reduced in fibroblasts [14], 

whereas muscle mtDNA content is usually within the normal range. 

TK2 mutations in myopathic form of MDS 

TK2 was also an obvious candidate gene for MDS because its function is similar to that of 

DGUOK. Analysis of this gene revealed two missense mutations in four patients with isolated 

myopathy and muscle mtDNA depletion [15]. The mutation was shown to be pathogenic because TK2 

activity was decreased in muscle mitochondria (Table 1). TK2 mutations were then described in 

additional myopathic patients [16] but the phenotypic spectrum of TK2 mutations turned out to be more 

complex than a simple myopathy. Firstly, patients with lower motor neuron disease reminiscent of 
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spinal muscular atrophy and encephalopathy were found to have TK2 mutations [17]. Very recently, 

Finnish TK2 patients were also reported, presenting with seizures, cardiomyopathy or dystrophic 

changes in muscle [18]. Secondly, depletion of mtDNA at presentation may become less apparent as 

the disease progresses, despite clinical and biochemical deterioration [16]. The mechanism behind the 

increase in mtDNA copy number in this and other patients with a similar molecular progression [14, 19] 

remains unexplained. 

Succinyl CoA synthase deficiency 

 Succinyl CoA synthase (SCS) is a mitochondrial matrix enzyme that catalyzes the reversible 

synthesis of succinate and ATP (or GTP) from succinyl-CoA and ADP in the tricarboxylic acid (TCA) 

cycle. This enzyme is composed of an α-subunit (SCS-G) and a β-subunit (SCS-A), encoded by the 

SUCLG1 and SUCLA2 genes respectively. By homozygosity mapping in a small consanguineous 

pedigree with autosomal recessive encephalomyopathy and mtDNA depletion, Elpeleg‘s group 

identified a homozygous deletion of exon 6 and part of exon 7 of SUCLA2 gene [20]. The patients 

presented psychomotor retardation, muscle hypotonia, hearing impairment and seizures (Table 1). 

Brain MRI suggested Leigh syndrome. A deficiency of multiple RC complexes was observed in muscle 

and the mtDNA content was reduced to 32% of the mean value. Following this initial report, SUCLA2 

mutations were found in several patients from the remote Faroe Islands presenting 

encephalomyopathy, muscle mtDNA depletion, and methylmalonic aciduria [21]. The high incidence of 

this disorder in the Faroe Islands (1/1700) is due to a founder effect, with a carrier frequency of 1 in 

33. SUCLA2 mutations were then also reported in Italian patients with methylmalonic aciduria [22]. 

Mutations in SUCLG1 encoding the SCS α-subunit were also reported in patients with fatal infantile 

lactic acidosis, multiple RC deficiency and a decreased amount of mtDNA (15% of normal) [23]. The 

mutation, a 2 bp deletion, resulted in a frame shift and a premature stop codon. A useful diagnostic 

clue in both of these subtypes is a mildly elevated urinary methylmalonic acid. 

 The pathogenesis of this disorder is poorly understood. It is not clear how the enzyme 

deficiency results in mtDNA depletion and RC deficiency. Under some conditions SCS-A copurifies 

with the nucleoside diphosphate kinase (NDPK) that catalyzes the last step of mitochondrial dNTP 

salvage [24]. Thus it could be that SCS deficiency, due to SUCLA2 or SUCLG1 mutations, disrupts an 

association between SCS and NDPK, resulting in an unbalanced mitochondrial dNTP pool and 

eventually mtDNA depletion. Moreover, the mtDNA depletion is frequently mild in muscle. The 

modesty of this depletion, along with the methylmalonic aciduria, suggests that SCS deficiency may 

also impair at least one collateral pathway that plays a role in the development of the disease. 

 

MDS and cytosolic deoxynucleotide metabolism 
 The mitochondrial dNTP pool is highly dependent on cytosolic dNTPs and an unbalanced 

cytosolic dNTP pool can be genotoxic for mtDNA. 

 The first reported example of mitochondrial disease related to defective cytosolic dNTP pool is 

mitochondrial neurogastrointestinal encephalomyopathy (MNGIE). MNGIE is characterized clinically 

by ptosis, progressive external ophthalmoplegia (PEO), gastrointestinal dysmotility, peripheral 

neuropathy, myopathy, leukoencephalopathy and lactic acidosis. Patients may present with some or 
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all of these features, quite frequently as a progressive generalized mixed motor and sensory 

neuropathy [25]. In most cases, the onset of symptomatic disease is between the second to fifth 

decades, but many patients will always have been underweight. Patients present with decreased RC 

activities in muscle and multiple mtDNA deletion or mtDNA depletion, or both (Table 1). The disease is 

autosomal recessive and by linkage analysis and sequencing candidate genes, Hirano’s group 

demonstrated that it was caused by mutations in the thymidine phosphorylase (TYMP) gene [26]. 

Thymidine phosphorylase is a catabolic enzyme that degrades thymidine and deoxyuridine and 

participates in the regulation of thymidine phosphate pools (Fig. 1). Interestingly thymidine 

phosphorylase is a cytosolic enzyme and is not directly involved in mitochondrial dNTP pool 

regulation. Because MNGIE patients have elevated circulating and urinary thymidine and uridine levels 

[27], many investigators suggest that thymidine toxicity is the cause of the phenotype. Nevertheless, 

there is evidence that most of the filtered thymidine is likely to be reabsorbed by the kidney which 

should therefore worsen the phenotype [28]. Furthermore, renal dialysis was not helpful, suggesting 

that the problem might be imbalance in mitochondrial dNTP pools [28] [29] rather than thymidine 

excess [14]. The study of intramitochondrial dNTP levels in cells from patients with MNGIE directly is 

technically difficult as crudely purified preparations of mitochondria are substantially contaminated with 

nuclear or cytoplasmic dTTP. Nevertheless, it is clear that nucleotide imbalance may be mutagenic, 

because as little as 4 hours’ treatment of HeLA cells with thymidine supplements induced an increase 

of mitochondrial dTTP and dGTP pools, and multiple mtDNA deletions were apparent after 8 months 

of culture [30]. Finally, the thymidine phosphorylase (TYMP) and uridine phosphorylase (UP) double 

knockout (TYMP-/-UP-/-) mice manifested increased thymidine and deoxyuridine in various tissues and 

altered mitochondrial dNTP pools [31]. They also displayed mtDNA depletion and respiratory chain 

dysfunction in brain recapitulating some features of patients with MNGIE. 

 Ribonucleotide reductase (RNR) is a cytosolic enzyme that catalyses dNDP synthesis from 

NDP [32]. This is the rate limiting step for nuclear DNA synthesis. This ribonucleotide reductase 

consists of one homodimer of the large subunit R1 and one homodimer of the small subunit R2. The 

large subunit R1 is constitutively expressed whereas R2 gene is transcribed only during S-phase and 

R2 protein is destroyed in late mitosis. Thus, this R1-R2 complex is essential for dNDP synthesis for 

nuclear DNA replication during S-phase. However, dNTP synthesis is essential during other phases of 

the cell cycle for both DNA repair (after DNA damage) and for mtDNA replication. Another small 

subunit (p53R2 encoded by RRM2B gene) was identified in 2000 that is 80% identical with R2 and 

whose expression is cell-cycle independent [33]. RRM2B is a target of the p53 transcription factor 

which is induced by DNA damage, the R1-p53R2 complex possibly enabling dNDP synthesis for DNA 

repair after DNA damage. It is now clear that p53R2 plays an additional role in supplying dNTPs for 

mtDNA replication [34] as genetic mapping in a small North-African pedigree with profound muscle 

mtDNA depletion (1-2% of normal mtDNA content) demonstrated that RRM2B was the disease gene 

[35]. The first patients in whom RRM2B mutations were identified presented early with severe trunk 

hypotonia and lactic acidosis, as well as proximal tubulopathy (Table 1). Less severe clinical 

presentations were later reported [36]. This shows that p53R2 plays a crucial role in dNTP synthesis 

for mtDNA replication, especially in non-proliferating tissues such as muscle and brain. 
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MDS and mtDNA replication 

 mtDNA is replicated by the DNA polymerase γ (pol γA), encoded by the POLG1 gene and its 

accessory subunit (pol γB), encoded by the POLG2 gene, and replication factors such as the 

mitochondrial single strand DNA binding protein (mtSSB) and the Twinkle helicase (encoded by 

PEO1). Diseases resulting from mutations in POLG and PEO1 genes are associated with diverse 

disorders such as progressive external ophthalmoplegia (PEO) [37], SANDO syndrome (Sensory 

ataxia, neuropathy, dysarthria, ophthalmoparesis), MIRAS (mitochondrial-associated recessive ataxia 

syndrome) [38], IOSCA (infantile onset spinocerebellar ataxia), Alpers-Huttenlocher syndrome [39] 

and MDS. Moreover, diseases associated with mutations of these two genes can be inherited as 

autosomal dominant [37] or recessive traits [38]. Patients present either qualitative (multiple deletions) 

[37] or quantitative (depletion) mtDNA abnormalities [39]. 

 Alpers-Huttenlocher syndrome is characterized by psychomotor retardation, intractable 

epilepsy, and liver failure in infants and young children. Nevertheless, patients may present with 

isolated neurological or liver disease, most commonly convulsions. The clinical picture overlaps with 

hepatocerebral syndrome [39-41]. Intractable epilepsy and/or movement disorders are a major feature 

of Alpers-Huttenlocher syndrome, continuous seizure activity (epilepsia partialis continua) being a 

frequent terminal event [42]. The outcome is universally poor, with progressive neurologic deterioration 

characterized by spasticity, myoclonus, cortical blindness, and dementia. Patients with Alpers-

Huttenlocher syndrome usually, but not always, exhibit RC deficiency and mtDNA depletion in liver, 

but both may be normal in skeletal muscle [43]. Patients with the most severe phenotypes, manifesting 

as mtDNA depletion in liver and muscle as well as mosaic mtDNA depletion in fibroblasts, have 

mutations in a catalytic domain in both POLG alleles. These mutations may involve either the 

polymerase or exonuclease domain or both [42]. More than 120 POLG mutations have been reported 

to date (http://tools.niehs.nih.gov/polg/) and many of these mutations may also cause PEO. The two 

most common POLG mutations found in Alpers-Huttenlocher syndrome are A467T and W748S, and 

patients can be homozygotes or compound heterozygotes combined with other mutations (Table 1). 

 Mutations in PEO1 can cause dominant disorders such as pure PEO associated with multiple 

mtDNA deletions or recessive disorders including IOSCA syndrome or hepatocerebral form of MDS 

(Table 1). IOSCA is a severe autosomal recessively inherited neurodegenerative disorder 

characterized by progressive atrophy of the cerebellum, brain stem and spinal cord and sensory 

axonal neuropathy. This syndrome has been reported in Finnish patients and by genetic mapping a 

recessive homozygous Y508C founder mutation in PEO1 gene has been found [44]. Surprisingly, RC 

and mtDNA copy number were normal in muscle of the patients while autosomal dominant PEO1 gene 

mutations result in multiple RC deficiency and multiple mtDNA deletions in muscle. However, it has 

been recently shown that IOSCA syndrome is associated with brain-specific mtDNA depletion and 

complex I deficiency in tissue samples taken at autopsy [45]. 

MPV17 mutations and hepatocerebral form of MDS 
 The hepatocerebral form of MDS is associated with not only DGUOK or POLG mutations, but 

also with mutations in the MPV17 gene (Table 1). These mutations have been identified by genetic 

mapping in several unrelated consanguineous families of Italian, Canadian or North-African origin [46]. 
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The patients presented with severe hypoglycemic episodes, jaundice and elevated levels of lactate 

and hepatic enzymes in blood. Most of the patients died of liver failure during the first year of life. 

Patients who survived then developed neurological symptoms and multiple brain lesions. All probands 

had profound mtDNA depletion (5-15% of normal mtDNA content) in liver associated with defects of 

mtDNA-related respiratory chain complexes. MPV17 mutations are also associated with Navajo 

neurohepatopathy, an autosomal recessive multisystem disorder prevalent in the Navajo population of 

the southwestern United States [47]. Patients present with liver disease, severe sensory and motor 

neuropathy, corneal anesthesia and scarring, cerebral leukoencephalopathy, failure to thrive, and 

recurrent metabolic acidosis with intercurrent illness. They all carry the same R50Q founding mutation. 

 MPV17 encodes a protein of yet unknown function and its role in the pathogenesis of mtDNA 

depletion is still unclear. In contrast to previous reports suggesting that Mpv17 isoforms are localized 

in peroxisomes [48] it has recently been shown that Mpv17 is actually a mitochondrial protein bound to 

the inner mitochondrial membrane [46].  

Tissue specificity 
 Despite the ubiquitous expression of their gene products, the mtDNA depletion arising from 

these mutant genes is frequently restricted to specific tissues. For instance, the main tissue where 

depletion is apparent is liver in patients with DGUOK, POLG, MPV17 or PEO1 mutations, and muscle 

in patients with TK2 or RRM2B mutations. Nevertheless, the expression of these genes is different in 

various organs and tissues as well as the expression of other genes involved in the affected metabolic 

pathway. The tissue specific regulation of these genes, especially those involved in mitochondrial 

dNTP pools allows some times to understand the tissue specificity of MDS. 

 TK2 deficiency results in muscle mtDNA depletion whereas other tissues usually display 

normal mtDNA copy number. Several factors could contribute to this tissue specificity. Firstly, the de 

novo cytosolic dNTP synthesis by RNR is down regulated in non-dividing tissues. Hence, the 

mitochondrial dNTP pool is strictly dependent on the mitochondrial salvage pathway. TK2 deficiency 

should be therefore highly detrimental in these tissues whereas dividing tissues, such as liver, show 

normal mtDNA copy number. However, brain and heart are also non-dividing tissues and some 

patients also manifest cardiomyopathy and encephalopathy. A second reason is that the mitochondrial 

dNTP pools are different among different organs, at least in rat [49] and in mouse [10] and muscle 

dTTP content being very low compared to dATP, dCTP and dGTP. Thus a decreased dTTP synthesis 

due to TK2 deficiency can be much more detrimental in muscle tissue than in other organs. Finally, 

basal TK2 activity is very low in human muscle tissue compared to liver or heart and low TK2/COX 

and TK2/mtDNA ratios are observed in muscle [50]. This could also contribute to the vulnerability of 

skeletal muscle to TK2 deficiency. 

 The RRM2B gene is ubiquitously expressed in humans, with high expression in skeletal 

muscle. In contrast, transcripts encoding R2 are undetectable in heart, brain and muscle, implying that 

these tissues rely entirely on p53R2 for dNTPs synthesis, whereas a low but significant amount of R2 

is detected in kidney [51]. Why RRM2B mutations resulted only in severe neurological and/or renal 

involvement remains an open question. Other mechanisms, including post-translational modifications 
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of p53R2 or R2 or post-transcriptional modifications of their respective mRNAs, could help explain the 

tissue-specific phenotype of p53R2 mutations.  

 The tissue specificity associated with DGUOK, MPV17, POLG, PEO1, SUCLA2 or SUCLG1 

mutations is still not understood. 

Animal models 
 Several mouse models with deficiencies in genes able to cause human mtDNA depletion are 

now available and will constitute tools for improving both the knowledge of the control of mtDNA copy 

number and for identifying clues for treatment. 

 Both TK2 knock-in (H126N) and TK2-/- knockout mice have been generated [52, 53]. They 

were both normal at birth but rapidly developed progressive weakness or growth retardation and died 

before 4 weeks of age. They also manifested mtDNA depletion. The knock-in mouse displayed 

unbalanced dNTP pools. 

 The RRM2B -/- mouse developed normally until they were weaned but from then on had growth 

retardation and early mortality. They manifested multiorgan failure and died of renal failure [54]. Even 

though the role of p53R2 is to supply dNTP for DNA repair, there was no evidence of any malignancy. 

However, a severe mtDNA depletion was detected in muscle and kidney confirming the role of p53R2 

in dNTP supply for mtDNA synthesis [35]. 

 The MPV17-/- mouse was generated by random insertion of a retroviral construct in the 

genome of mouse embryonic stem cells [55]. This mouse had severe mtDNA depletion restricted to 

liver but moderate decrease of RC activities. Surprisingly the animals did not develop overt hepatic 

failure at any age, but did develop grey hair early in adulthood and focal segmental glomerulosclerosis 

with massive proteinuria and cochlear lesions [56]. 

 Whereas these various mouse models show clear alteration either of the mitochondrial dNTP 

pools or decreased mtDNA copy number, they do not always display RC deficiency suggesting 

compensatory mechanisms. This compensation may occur at the level of mtDNA transcription and 

possibly translation as shown for the MPV17-/- mouse [56]. 

 Mice with targeted deletion of both thymidine phosphorylase and uridine phosphorylase genes 

develop leukoencephalopathy and myopathy, but not the gastrointestinal features that are a hallmark 

of MNGIE [31]. 

Therapeutic approaches 
 For the majority of patients with MDS, there is as yet no treatment other than supportive care, 

even though this group of disorders are potentially the most treatable of mitochondrial diseases [57]. 

Liver transplantation is contra-indicated in Alpers-Huttenlocher syndrome because of the inevitable 

brain involvement that may not be apparent until later. Furthermore, 6 out of 9 infants who underwent 

liver transplantation for hepatocerebral syndrome due to DGUOK mutations died [13]. Very few 

DGUOK patients responded well to liver transplantation suggesting that which may be a therapeutic 

option in selected cases [17]. 

This contrasts with the options available for patients with thymidine phosphorylase deficiency 

(MNGIE) in whom there is nucleotide imbalance with systemic accumulation of its substrates, 

thymidine (dThd) and deoxyuridine (dUrd). While reducing the concentrations of the allegedly toxic 
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nucleosides to normal or nearly normal levels by dialysis was ineffective, enzyme replacement by 

infusion of platelets from healthy donors to patients with MNGIE reduced plasma dThd and dUrd levels 

[58]. Concomitantly, reduced intensity allogeneic stem cell transplantation has been performed in two 

patients that partially restored buffy coat thymidine phosphorylase activity and lowered plasma 

nucleosides in one of them [59]. While it is not yet certain that such patients improve clinically, this is 

nevertheless extremely encouraging, bone marrow transplant being the first potential cure for a 

mitochondrial disease. 

 

Figure Legends 
Figure 1. dNTP synthesis for mtDNA synthesis. 

 
 
References 
[1] E. Arnaudo, M. Dalakas, S. Shanske, C.T. Moraes, S. DiMauro and E.A. Schon,  Lancet 337 

(1991) 508-10. 
[2] C.T. Moraes, S. Shanske, H.J. Tritschler, J.R. Aprille, F. Andreetta, E. Bonilla, E.A. Schon and 

S. DiMauro,  Am J Hum Genet 48 (1991) 492-501. 
[3] D.F. Bogenhagen, D. Rousseau and S. Burke,  J Biol Chem 283 (2008) 3665-75. 
[4] F.J. Iborra, H. Kimura and P.R. Cook,  BMC Biol 2 (2004) 9. 
[5] K.V. Nguyen, F.S. Sharief, S.S. Chan, W.C. Copeland and R.K. Naviaux,  J Hepatol 45 (2006) 

108-116. 
[6] C. Rampazzo, P. Ferraro, G. Pontarin, S. Fabris, P. Reichard and V. Bianchi,  J Biol Chem 

279 (2004) 17019-26. 
[7] N. Gross and M. Rabinowitz,  Biochim Biophys Acta 157 (1968) 648-51. 
[8] L. Pica-Mattoccia and G. Attardi,  J Mol  Biol 64 (1972) 465-484. 
[9] E.G. Bridges, Z. Jiang and Y.C. Cheng,  J Biol Chem 274 (1999) 4620-5. 
[10] P. Ferraro, L. Nicolosi, P. Bernardi, P. Reichard and V. Bianchi,  Proc Natl Acad Sci U S A 103 

(2006) 18586-91. 
[11] H. Mandel, R. Szargel, V. Labay, O. Elpeleg, A. Saada, A. Shalata, Y. Anbinder, D. Berkowitz, 

C. Hartman, M. Barak, S. Eriksson and N. Cohen,  Nat Genet 29 (2001) 337-41. 
[12] A. Slama, I. Giurgea, D. Debrey, D. Bridoux, P. de Lonlay, P. Levy, D. Chretien, M. Brivet, A. 

Legrand, P. Rustin, A. Munnich and A. Rotig,  Mol Genet Metab 86 (2005) 462-5. 
[13] S. Rahman and J. Poulton,  Archives Dis Child (in press). 
[14] K.J. Morten, N. Ashley, F. Wijburg, N. Hadzic, J. Parr, S. Jayawant, S. Adams, L. Bindoff, H.D. 

Bakker, G. Mieli-Vergani, M. Zeviani and J. Poulton,  Mitochondrion 7 (2007) 386-95. 
[15] A. Saada, A. Shaag, H. Mandel, Y. Nevo, S. Eriksson and O. Elpeleg,  Nat Genet 29 (2001) 

342-4. 
[16] R. Carrozzo, B. Bornstein, S. Lucioli, Y. Campos, P. de la Pena, N. Petit, C. Dionisi-Vici, L. 

Vilarinho, T. Rizza, E. Bertini, R. Garesse, F.M. Santorelli and J. Arenas,  Hum Mutat 21 
(2003) 453-4. 

[17] L. Salviati, S. Sacconi, M. Mancuso, D. Otaegui, P. Camano, A. Marina, S. Rabinowitz, R. 
Shiffman, K. Thompson, C.M. Wilson, A. Feigenbaum, A.B. Naini, M. Hirano, E. Bonilla, S. 
DiMauro and T.H. Vu,  Ann Neurol 52 (2002) 311-7. 

[18] A. Gotz, P. Isohanni, H. Pihko, A. Paetau, R. Herva, O. Saarenpaa-Heikkila, L. Valanne, S. 
Marjavaara and A. Suomalainen,  Brain  (2008). 

[19] P.H. Ducluzeau, A. Lachaux, R. Bouvier, H. Duborjal, G. Stepien, D. Bozon and B. Mousson 
de Camaret,  J Hepatol 36 (2002) 698-703. 

[20] O. Elpeleg, C. Miller, E. Hershkovitz, M. Bitner-Glindzicz, G. Bondi-Rubinstein, S. Rahman, A. 
Pagnamenta, S. Eshhar and A. Saada,  Am J Hum Genet 76 (2005) 1081-6. 

[21] E. Ostergaard, F.J. Hansen, N. Sorensen, M. Duno, J. Vissing, P.L. Larsen, O. Faeroe, S. 
Thorgrimsson, F. Wibrand, E. Christensen and M. Schwartz,  Brain  (2007). 

[22] R. Carrozzo, C. Dionisi-Vici, U. Steuerwald, S. Lucioli, F. Deodato, S. Di Giandomenico, E. 
Bertini, B. Franke, L.A. Kluijtmans, M.C. Meschini, C. Rizzo, F. Piemonte, R. Rodenburg, R. 
Santer, F.M. Santorelli, A. van Rooij, D. Vermunt-de Koning, E. Morava and R.A. Wevers,  
Brain  (2007). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
10 

 

[23] E. Ostergaard, E. Christensen, E. Kristensen, B. Mogensen, M. Duno, E.A. Shoubridge and F. 
Wibrand,  Am J Hum Genet 81 (2007) 383-7. 

[24] A. Kowluru, M. Tannous and H.Q. Chen,  Arch Biochem Biophys 398 (2002) 160-9. 
[25] R.S. Bedlack, T. Vu, S. Hammans, S.A. Sparr, B. Myers, J. Morgenlander and M. Hirano,  

Muscle Nerve 29 (2004) 364-8. 
[26] I. Nishino, A. Spinazzola and M. Hirano,  Science 283 (1999) 689-92. 
[27] M. Loffler, L.D. Fairbanks, E. Zameitat, A.M. Marinaki and H.A. Simmonds,  Trends Mol Med 

11 (2005) 430-7. 
[28] A. Spinazzola, R. Marti, I. Nishino, A.L. Andreu, A. Naini, S. Tadesse, I. Pela, E. Zammarchi, 

M.A. Donati, J.A. Oliver and M. Hirano,  J Biol Chem 277 (2002) 4128-33. 
[29] R. Marti, A. Spinazzola, I. Nishino, A.L. Andreu, A. Naini, S. Tadesse, J.A. Oliver and M. 

Hirano,  Mitochondrion 2 (2002) 143-7. 
[30] S. Song, L.J. Wheeler and C.K. Mathews,  J Biol Chem 278 (2003) 43893-6. 
[31] L.C. Lopez, H.O. Akman, A. Garcia-Cazorla, B. Dorado, R. Marti, I. Nishino, S. Tadesse, G. 

Pizzorno, D. Shungu, E. Bonilla, K. Tanji and M. Hirano,  Hum Mol Genet  (2008). 
[32] H. Eklund, U. Uhlin, M. Farnegardh, D.T. Logan and P. Nordlund,  Prog Biophys Mol Biol 77 

(2001) 177-268. 
[33] H. Tanaka, H. Arakawa, T. Yamaguchi, K. Shiraishi, S. Fukuda, K. Matsui, Y. Takei and Y. 

Nakamura,  Nature 404 (2000) 42-9. 
[34] G. Pontarin, P. Ferraro, P. Hakansson, L. Thelander, P. Reichard and V. Bianchi,  J Biol 

Chem 282 (2007) 16820-8. 
[35] A. Bourdon, L. Minai, V. Serre, J.P. Jais, E. Sarzi, S. Aubert, D. Chretien, P. de Lonlay, V. 

Paquis-Flucklinger, H. Arakawa, Y. Nakamura, A. Munnich and A. Rotig,  Nat Genet 39 (2007) 
776-80. 

[36] B. Bornstein, E. Area, K.M. Flanigan, J. Ganesh, P. Jayakar, K.J. Swoboda, J. Coku, A. Naini, 
S. Shanske, K. Tanji, M. Hirano and S. Dimauro,  Neuromuscul Disord  (2008). 

[37] G. Van Goethem, B. Dermaut, A. Lofgren, J.J. Martin and C. Van Broeckhoven,  Nat Genet 28 
(2001) 211-2. 

[38] A.H. Hakonen, S. Heiskanen, V. Juvonen, I. Lappalainen, P.T. Luoma, M. Rantamaki, G.V. 
Goethem, A. Lofgren, P. Hackman, A. Paetau, S. Kaakkola, K. Majamaa, T. Varilo, B. Udd, H. 
Kaariainen, L.A. Bindoff and A. Suomalainen,  Am J Hum Genet 77 (2005) 430-41. 

[39] R.K. Naviaux and K.V. Nguyen,  Ann Neurol 55 (2004) 706-12. 
[40] G. Ferrari, E. Lamantea, A. Donati, M. Filosto, E. Briem, F. Carrara, R. Parini, A. Simonati, R. 

Santer and M. Zeviani,  Brain 128 (2005) 723-31. 
[41] E. Sarzi, A. Bourdon, D. Chretien, M. Zarhrate, J. Corcos, A. Slama, V. Cormier-Daire, P. de 

Lonlay, A. Munnich and A. Rotig,  J Pediatr 150 (2007) 531-4, 534 e1-6. 
[42] N. Ashley, A. O'Rourke, C. Smith, S. Adams, V. Gowda, M. Zeviani, G.K. Brown, C. Fratter 

and J. Poulton,  Hum Mol Genet 17 (2008) 2496-2506. 
[43] M. Gauthier-Villars, P. Landrieu, V. Cormier-Daire, E. Jacquemin, D. Chretien, A. Rotig, P. 

Rustin, A. Munnich and P. de Lonlay,  Neuropediatrics 32 (2001) 150-2. 
[44] K. Nikali, A. Suomalainen, J. Saharinen, M. Kuokkanen, J.N. Spelbrink, T. Lonnqvist and L. 

Peltonen,  Hum Mol Genet 14 (2005) 2981-90. 
[45] A.H. Hakonen, S. Goffart, S. Marjavaara, A. Paetau, H. Cooper, K. Mattila, M. Lampinen, A. 

Sajantila, T. Lonnqvist, J.N. Spelbrink and A. Suomalainen,  Hum Mol Genet  (2008). 
[46] A. Spinazzola, C. Viscomi, E. Fernandez-Vizarra, F. Carrara, P. D'Adamo, S. Calvo, R.M. 

Marsano, C. Donnini, H. Weiher, P. Strisciuglio, R. Parini, E. Sarzi, A. Chan, S. DiMauro, A. 
Rotig, P. Gasparini, I. Ferrero, V.K. Mootha, V. Tiranti and M. Zeviani,  Nat Genet 38 (2006) 
570-5. 

[47] C.L. Karadimas, T.H. Vu, S.A. Holve, P. Chronopoulou, C. Quinzii, S.D. Johnsen, J. Kurth, E. 
Eggers, L. Palenzuela, K. Tanji, E. Bonilla, D.C. De Vivo, S. DiMauro and M. Hirano,  Am J 
Hum Genet 79 (2006) 544-8. 

[48] R.M. Zwacka, A. Reuter, E. Pfaff, J. Moll, K. Gorgas, M. Karasawa and H. Weiher,  Embo J 13 
(1994) 5129-34. 

[49] C.K. Mathews and S. Song,  Faseb J  (2007). 
[50] A. Saada, A. Shaag and O. Elpeleg,  Mol Genet Metab 79 (2003) 1-5. 
[51] B. Zhou, X. Liu, X. Mo, L. Xue, D. Darwish, W. Qiu, J. Shih, E.B. Hwu, F. Luh and Y. Yen,  

Cancer Res 63 (2003) 6583-94. 
[52] H.O. Akman, B. Dorado, L.C. Lopez, A. Garcia-Cazorla, M.R. Vila, L.M. Tanabe, W.T. Dauer, 

E. Bonilla, K. Tanji and M. Hirano,  Hum Mol Genet 17 (2008) 2433-40. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
11 

 

[53] X. Zhou, N. Solaroli, M. Bjerke, J.B. Stewart, B. Rozell, M. Johansson and A. Karlsson,  Hum 
Mol Genet 17 (2008) 2329-35. 

[54] T. Kimura, S. Takeda, Y. Sagiya, M. Gotoh, Y. Nakamura and H. Arakawa,  Nat Genet 34 
(2003) 440-5. 

[55] H. Weiher, T. Noda, D.A. Gray, A.H. Sharpe and R. Jaenisch,  Cell 62 (1990) 425-34. 
[56] C. Viscomi, A. Spinazzola, M. Maggioni, E. Fernandez-Vizarra, V. Massa, C. Pagano, R. 

Vettor, M. Mora and M. Zeviani,  Hum Mol Genet  (2008). 
[57] J. Poulton and I.J. Holt,  Neuromuscul Disord (in press) (2009). 
[58] M.C. Lara, B. Weiss, I. Illa, P. Madoz, L. Massuet, A.L. Andreu, M.L. Valentino, Y. Anikster, M. 

Hirano and R. Marti,  Neurology 67 (2006) 1461-3. 
[59] M. Hirano, R. Marti, C. Casali, S. Tadesse, T. Uldrick, B. Fine, D.M. Escolar, M.L. Valentino, I. 

Nishino, C. Hesdorffer, J. Schwartz, R.G. Hawks, D.L. Martone, M.S. Cairo, S. DiMauro, M. 
Stanzani, J.H. Garvin, Jr. and D.G. Savage,  Neurology 67 (2006) 1458-60. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
12 

 

 
 
 
 
 
Table 1. Nuclear gene mutations responsible of mtDNA depletion 
 
Gene Protein  Depleted tissue Clinical presentation Pathway  
TK2 TK2 Muscle Myopathy 
DGUOK dGK Liver  Hepatocerebral form 
SUCLA2 SCS Muscle Encephalomyopathy 

SUCLG1 SCS Muscle and Liver Fatal infantile lactic 
acidosis  

mitochondrial dNTP 
synthesis  

POLG1 POLG Liver  
Alpers-Huttenlocher 
syndrome, 
Hepatocerebral form  

PEO1 Twinkle Muscle PEO 

mt DNA replication 

RRM2B p53R2 Muscle Encepahlopathy 

TYMP 
Thymidine 
phosphorylase Muscle MNGIE 

cytosolic dNTP synthesis

MPV17  MPV17  Liver  Hepatocerebral form  Unknown  
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