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Abstract

Mitochondrial DNA (mtDNA) is replicated by DNA polymerase γ in concert with accessory

proteins such as the mitochondrial DNA helicase, single-stranded DNA binding protein,

topoisomerase, and initiating factors. Defects in mtDNA replication or nucleotide metabolism can

cause mitochondrial genetic diseases due to mtDNA deletions, point mutations, or depletion,

which ultimately cause loss of oxidative phosphorylation. These genetic diseases include mtDNA

depletion syndromes such as Alpers or early infantile hepatocerebral syndromes, and mtDNA

deletion disorders, such as progressive external ophthalmoplegia, ataxia-neuropathy, or

mitochondrial neurogastrointestinal encephalomyopathy. This review focuses on our current

knowledge of genetic defects of mtDNA replication (POLG, POLG2, C10orf2, and MGME1) that

cause instability of mtDNA and mitochondrial disease.
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Introduction

The mitochondrial genome is a closed circular genome of 16 569 bp that codes for 37 genes,

all of which are directly or indirectly involved in the production of adenosine triphosphate.

Thirteen of these genes encode protein subunits involved in electron transport to carry out

oxidative phosphorylation. The remaining 24 genes encode the transfer RNAs (22 genes)

and ribosomal RNAs (2 genes) required for mitochondrial protein synthesis of the 13

polypeptides. Animal tissue cells can contain several thousand copies of mitochondrial DNA

(mtDNA) spread out over hundreds of mitochondria.1

Corresponding Author: Dr William C Copeland, Laboratory of Molecular Genetics, National Institute of Environmental Health
Sciences, P.O. Box 12233, Research Triangle Park, North Carolina 27709; Phone: 919-541-4792; Fax: 919-541-7613;
copelan1@niehs.nih.gov.

Presented at the Neurobiology of Disease in Children Symposium: Mitochondrial Disease, in conjunction with the 42nd Annual
Meeting of the Child Neurology Society, Austin, TX, October 30, 2013. The author thanks Melanie Fridl Ross, MSJ, ELS, for editing
this paper.

Declaration of Conflicting Interests
The author declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.

Ethical Approval
Not applicable

NIH Public Access
Author Manuscript
J Child Neurol. Author manuscript; available in PMC 2015 September 01.

Published in final edited form as:
J Child Neurol. 2014 September ; 29(9): 1216–1224. doi:10.1177/0883073814537380.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Mitochondrial DNA is replicated and repaired by DNA polymerase γ (pol γ) only known

DNA polymerase to be found in animal cell mitochondria. The holoenzyme of pol γ in

humans consists of a catalytic subunit (encoded by POLG at chromosomal locus 15q25) and

a dimeric form of its accessory subunit (encoded by POLG2 at chromosomal locus 17q24.1).

The catalytic subunit is a 140 kDa enzyme (p140) that has DNA polymerase, 3’–5’

exonuclease, and 5’ dRP lyase activities.2,3 The accessory subunit is a 55 kDa protein (p55)

required for tight DNA binding and processive DNA synthesis.4 The pol γ holoenzyme

functions in conjunction with the mtDNA helicase, Twinkle or C10orf2, and mitochondrial

single-stranded binding protein (mtSSB) to form the minimal replication apparatus.5,6 A

recently identified 5’-3’ exonuclease, MGME1, also appears crucial in the replication of

mtDNA.

Mitochondrial diseases can be caused by genetic defects in mtDNA or in nuclear genes that

encode proteins that function in the mitochondria.7 During the past 10 years, researchers

have defined a list of genes linked to instability of mtDNA, either due to mitochondrial

DNA depletion syndrome or disorders characterized by multiple deletions, with or without

pointmutations. Table 1 lists the current genes associated with mitochondrial DNA depletion

syndrome and other deletion syndromes. Disorders associated with deletions and point

mutations include commonly known disorders such as progressive external ophthalmoplegia

and ataxia-neuropathy syndromes, but also some very rare disorders of tricarboxylic acid

cycle abnormalities.8 Mitochondrial DNA depletion syndrome includes early childhood

disorders such as Alpers syndrome, hepatocerebral syndromes, myocerebrohepatopathy

spectrum disorders, and fatal myopathies.9,10 Gene mutations in POLG, POLG2, C10orf2,

and MGME1 have been implicated in mitochondrial disease and are discussed below.

POLG, the Catalytic Subunit of the Human DNA Polymerase γ

In 2001, Van Goethem and colleagues published a paper describing 4 mutations in the

POLG gene associated with progressive external ophthalmoplegia.11 This was the first of

many papers to follow identifying disease mutations in the POLG gene. To date, there are

nearly 250 pathogenic mutations in POLG (http://tools.niehs.nih.gov/polg/)8,12–15) (Figure

1). POLG-related disorders are currently defined by at least 6 major phenotypes of

neurodegenerative disease that include Alpers-Huttenlocher syndrome, childhood

myocerebrohepatopathy spectrum, myoclonic epilepsy myopathy sensory ataxia, the ataxia

neuropathy spectrum, autosomal recessive progressive external ophthalmoplegia, and

autosomal dominant progressive external ophthalmoplegia.9,10,16,17 Also, alteration of the

(CAG)10 repeat in the second exon of POLG has been implicated in male infertility,

testicular cancer, and Parkinsonism, and has been reviewed by Saneto and Naviaux.10 The

POLG gene is unique in the number of pathogenic mutations spread out over the gene and

by the variety of diseases they cause, some of which follow an autosomal dominant pattern

of inheritance (although the majority are autosomal recessive).

Progressive external ophthalmoplegia is a mitochondrial disorder associated with mtDNA

deletions and point mutations.11,18–20 It is characterized by late-onset (between 18 and 40

years of age) bilateral ptosis and progressive weakening of the external eye muscle, resulting

in blepharoptosis and ophthalmoparesis, proximal muscle weakness and wasting, and
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exercise intolerance. The disease is often accompanied by cataract, hypogonadism,

dysphagia, and hearing loss, and may, within several years, lead to development of

neuromuscular problems.18,21 Neurological problems may include depression or avoidant

personality.22 Skeletal muscles of patients with progressive external ophthalmoplegia

present red ragged fibers and lowered activity of respiratory chain enzymes. Progressive

external ophthalmoplegia can be inherited in an autosomal dominant or recessive manner.

Autosomal dominant progressive external ophthalmoplegia mutations in POLG are

generally found in very conserved residues within the active site of the DNA polymerase

domain,23 whereas recessive progressive external ophthalmoplegia mutations are spread

throughout the gene.

Alpers syndrome is an autosomal recessive mitochondrial DNA depletion disorder that

affects children and young adults. It is a devastating disease characterized by psychomotor

retardation, hepatic failure, and intractable seizures, as well as tissue-specific mtDNA

depletion. Alpers patients rarely survive past 10 years of age.

Childhood myocerebrohepatopathy spectrum includes myopathy or hypotonia,

developmental delay or dementia, and liver dysfunction.9 In addition, patients can have

either a liver biopsy that excluded classical Alpers hepatopathy,24 or at least 2 of the

following 8 findings: (1) neuropathy, (2) seizures, (3) elevated blood or cerebrospinal fluid

lactic acid, (4) dicarboxylic aciduria, (5) renal tubular dysfunction with aminoaciduria,

glucosuria, or bicarbonaturia, (6) hearing loss, (7) abnormal MRI with either cerebral

volume loss, delayed myelination, or white matter disease, and (8) deficiency of either

Complex IV (cytochrome c oxidase, [COX]) in isolation, or 2 or more electron transport

complexes in skeletal muscle or liver biopsy.9 In some cases, patients came to diagnosis

without, or before, the onset of liver dysfunction. In these cases, at least 3 of the 8

supportive diagnostic findings were required. Patients with POLG mutations meeting the

diagnostic features for childhood myocerebrohepatopathy spectrum were first described by

Ferrari et al25 and de Vries et al26.

Myoclonus epilepsy myopathy sensory ataxia is an overlapping spectrum of disorders of

myopathy, epilepsy, and ataxia in the absence of ophthalmoplegia with or without ragged

red fibers.27 A subclinical sensory polyneuropathy leading to ataxia is usually the first sign

of the disease. Usually seen later in the disease course, myoclonic seizures are often focal,

frequently involving an arm, and can become generalized over time and comorbid with a

progressive encephalopathy.

Ataxia-neuropathy resulting from mutations in POLG is an autosomal recessive disorder

affecting patients in their mid-teens to later years, usually resulting in premature death. The

disease is accompanied mainly by mtDNA deletions. The ataxia usually occurs in

combination with various central nervous system features, including myoclonus, epilepsy,

cognitive decline, nystagmus, dysarthria, thalamic and cerebellar white matter lesions on

MRI, and evidence of neuronal loss in discrete gray nuclei.

Biochemical and genetic analysis of POLG mutations has provided a useful understanding

of the biochemical defect as well as prediction of the recessive or dominant nature of the
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mutation. A 3.2 Å structure of the human holoenzyme has been solved by Whitney Yin and

coworkers (Figure 2).28 The most valuable benefit of this structure is the understanding of

the subunit interface. The interaction of p140 with p55 is unique because of the asymmetric

binding of the accessory subunit dimer with the catalytic subunit. The catalytic subunit

extends an ‘arm’ partially around the p55 dimer using the first half of the linker region

between the exonuclease and polymerase active sites. The structure also illuminates a

subdomain composed of residues 1050–1090 that partially blocks the modeled DNA binding

channel. The availability of this structure helps to predict the consequence of POLG

mutations on function. Analysis of structure-function relationship of Alpers mutations has

revealed that recessive mutations cluster within 5 distinct functional modules in the POLG

catalytic subunit.29 This clustering can serve as a diagnostic tool to evaluate the

consequence of new POLG mutations.

The A467T mutation is the most common disease mutation in POLG and is estimated to

occur in 36% of all alleles associated with POLG disease.9,24–26,30 In the general

population, the frequency of the A467T mutation has been found to exist in 0.2%–1% of

asymptomatic European populations.11,30–32 Ataxic patients who are homozygous for the

A467T mutation present with symptoms in their early to late teens;31,33,34 however, patients

have often been reported to be compound heterozygous with A467T and at least one other

POLG disease-associated mutation. We found that the A467T mutant enzyme retains only

4% polymerase activity compared with wild-type enzymes and is also compromised for its

interaction with the accessory subunit.35 In 2004, Naviaux and colleagues reported the

genetic cause of Alpers syndrome by identification of the in trans recessive A467T with

E873stop mutations.36 The POLG messenger RNAs (mRNAs) that contain the Glu873

nonsense mutation are degraded from the pool of mRNAs by nonsense mediated decay,

resulting in mono-allelic expression of the other allele containing the A467T mutation.37

Haplotype analysis of the Finnish population demonstrates a carrier frequency of 1:125 for a

common polymerase domain mutation, W748S.38 We showed that the W748S mutation

caused the polymerase to have a low catalytic activity and a severe DNA-binding defect.39

The W748S mutation is often found in combination with E1143G in ataxia patients31,40 and

was originally identified as a single-nucleotide polymorphism in 4% of the general

population.33,41 However, biochemical evidence shows that the E1143G substitution

partially reduces the deleterious effects of the W748S mutation, suggesting that E1143G

may modulate the effects of disease mutations in POLG.39

With the exception of one mutation, all dominant POLG mutations responsible for

developing progressive external ophthalmoplegia are mapped to the polymerase domain of

pol γ. Three of the substitutions, H932Y, R943H, and Y955C, change side chains that

interact directly with the incoming deoxynucleoside triphosphates (dNTP).23,42 These

enzymes retain less than 1% of the wild-type polymerase activity and display a severe

decrease in processivity,23 characteristics that likely cause the severe clinical presentation in

R943H and Y955C heterozygotes. In addition, in vitro assays showed that the Y955C

substitution also increases nucleotide misinsertion errors 10- to 100-fold in the absence of

exonucleolytic proofreading.43 Alteration of this conserved tyrosine in the mitochondrial
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polymerase gene of Saccharomyces cerevisiae, mip1, enhanced mtDNA damage, increased

mutagenesis, and resulted in cells with dysfunctional mitochondria.44,45

Similar to dominance seen in human patients, heterozygous yeast that alter the conserved

tyrosine show a dominant increase in mitochondrial dysfunction, suggesting that the mutant

enzymes compete with the wild-type polymerases for binding at the replication fork.45

Additionally, mouse transgenic model with the Y955C POLG allele targeted to the heart

resulted in cardiomyopathy, loss of mtDNA, and enlarged hearts.46 These models strongly

suggest that large reductions in pol γ polymerase activity are sufficient to cause

mitochondrial dysfunction that is central to POLG-related disease. Lastly, the Y955C pol γ

displays relaxed discrimination during incorporation of 8-oxo-dGTP or translesion synthesis

opposite 8-oxo-dG.47

Other POLG disease-associated mutations have been assayed for polymerase activity to

determine the potential to cause disease. The polymerase active site mutations G923D and

A957S found in patients with progressive external ophthalmoplegia exhibited 21% and 23%

polymerase activity, respectively.23 Analysis of a cluster of Alpers mutations in the thumb

domain has shown a striking correlation with the severity of the defect and the degree of

conservation of amino acid sequences among various eukaryotes.48 Mutations in the most

conserved sites represented by G848S, T851A, R852C, and R853Q exhibited less than 1%

wild-type enzyme activity.48 Mutations in codons for less conserved amino acids (Gln879

and Thr885) resulted in only moderate reduction in activity.48

To better understand the consequences of POLG disease-associated mutations in vivo, 31

mutations in the conserved regions of the S. cerevisiae MIP1 gene were altered to the

disease mutation found in humans.42 Twenty mip1 mutant enzymes were shown to disrupt

mtDNA replication and were sufficient to cause disease. Previously uncharacterized

sporadic mutations, Q308H, R807C, G1076V, R1096H, and S1104C, caused decreased

polymerase activity leading to mtDNA depletion and mitochondrial dysfunction. Despite

mutations residing in the exonuclease region, it was found that point mutagenesis by these

mutations plays a limited role in mitochondrial dysfunction and disease progression. Instead,

most mitochondrial defective mip1 mutants displayed reduced or depleted mtDNA. In

general, the severity of the phenotype of the mip1 mutant strain correlated with the age of

onset of disease associated with the human ortholog.

Role of the Exonuclease in Polymerase Gamma

The intrinsic 3' to 5' exonuclease activity that contributes to replication fidelity can be

completely eliminated by substitution of alanine for Asp198 and Glu200 in the conserved

ExoI motif of human pol γ.49 Comparing the in vitro error rates for the exonuclease

proficient and deficient forms of pol γ indicates that exonucleolytic proofreading contributes

at least 20-fold to the fidelity of mtDNA synthesis.50 The exonuclease function is also

necessary to suppress mtDNA deletions between direct repeats.51

Several groups have constructed mouse models with disrupted pol γ exonuclease activity by

creating knock-in mice homozygous for mutations that disrupted exonuclease function.52,53

These mice exhibit premature aging between 6 and 9 months, characterized by graying hair,
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loss of hair and hearing, curvature of the spine, enlarged hearts, and decreased body weight

and bone density.52,53 While the progeroid phenotype of mice lacking pol γ exonuclease

activity implied a causative role of mtDNA mutations in aging,52,53 asymptomatic

exonuclease deficient heterozygotic mice accumulate 500-fold more point mutations than

aged wild-type mice,54 suggesting that mtDNA point mutagenesis does not limit life span

and that mitochondria are rather tolerant of point mutagenesis up to a point, as the

homozygous mouse progeroid phenotype was associated with 2000-fold more point

mutations. This also demonstrates that disruption of exonuclease activity is not embryonic

lethal, as compare to the knockout of the entire POLG gene function.55

POLG2, the gene for the p55 Accessory Subunit of Pol γ

Using a partial human POLG2 clone identified during the cloning of the Drosophila

accessory subunit,56 the full-length cDNA of the human accessory subunit was isolated,

overexpressed, and protein purified from E. coli.4 The function of the accessory subunit was

demonstrated to impart high processivity on the pol γby increasing the affinity to DNA.4

The mammalian accessory subunit is a 55 kDa protein (p55) that forms a homodimer.57,58

The C-terminal region of one monomer (proximal subunit) in the dimer makes the majority

of contact with the catalytic subunit, primarily with the linker region of the catalytic

subunit.28

Mutation of the POLG2 gene is rarely described as compared with mutations in the gene for

the catalytic subunit. The first mutation described (c.1352G>A; G451E) was in a patient

with late-onset autosomal dominant progressive external ophthalmoplegia with multiple

mtDNA deletions in muscle and ptosis.59 The G451E substitution was in a region of the p55

protein that interacts with the p140 subunit (Figure 2), and caused a decreased in

processivity of the enzyme complex due to a compromised p55–p140 subunit interaction.59

The second case also involved a patient with late-onset autosomal dominant progressive

external ophthalmoplegia with mtDNA deletions who harbored a c.1207–1208ins24

mutation, causing mis-splicing and skipping of exon 7, thus impairing the C-terminal

domain required for enzyme processivity.13

In an exploration of nuclear genes for mtDNA maintenance linked to mitochondrial disease,

8 heterozygous mutations (7 novel) in POLG2 were identified in a cohort of 112 patients

suspected of POLG involvement but absent of POLG mutations.60 These 7 novel mutations

(G103S, L153V, P205R, R369G, D386E, S423Y, and L475DfsX2) encode amino acid

substitutions that map throughout the protein, including the p55 dimer interface and the C-

terminal domain that interacts with the catalytic subunit. Recombinant proteins harboring

these alterations were assessed for stimulation of processive DNA synthesis, binding to the

p140 catalytic subunit, binding to double-stranded DNA and self-dimerization. Whereas the

G103S, L153V, D386E, and S423Y proteins displayed wild-type behavior, the P205R and

R369G p55 variants had reduced stimulation of processivity and decreased affinity for the

catalytic subunit.60 The R369G mutation was subsequently found to be associated with

autosomal dominant progressive external ophthalmoplegia in a patient displaying multiple

mtDNA deletions and COX-deficient muscle fibers.61 The L475DfsX2 variant, which

possesses a C-terminal truncation, was unable to bind the p140 catalytic subunit and unable
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to bind dsDNA, and formed aberrant oligomeric complexes. The failure to enhance

processivity in the catalytic subunit by these mutant variants would cause the complex to

stall during DNA replication and is consistent with the accumulation of mtDNA deletions

detected in progressive external ophthalmoplegia.

Although the catalytic subunit has been shown to be essential for embryo development,55

genetic data regarding the accessory subunit has been lacking in mammalian systems. To

address the role of POLG2, we generated heterozygous (Polg2(+/−)) and homozygous

(Polg2(−/−)) knockout (KO) mice.62 Polg2(+/−) mice are haplosufficient and developed

normally with no discernible difference in mitochondrial function through 2 years of age. In

contrast, the Polg2(−/−) was embryonic lethal at day 8.0–8.5 p.c. with concomitant loss of

mtDNA and mtDNA gene products. This finding was similar to the mouse knockout of the

POLG catalytic subunit.55 Electron microscopy showed severe ultrastructural defects and

loss of organized cristae in mitochondria of the Polg2(−/−) embryos as well as an increase in

lipid accumulation compared with both wild-type (WT) and Polg2(+/−) embryos. This data

indicates that Polg2 function is crucial to mammalian embryogenesis and mtDNA

replication, but that a single copy of Polg2 is sufficient to sustain life.

Twinkle Helicase, C10orf2, the Mitochondrial DNA Helicase

The mitochondrial helicase, referred to as the Twinkle helicase, and encoded by the C10orf2

gene (sometimes referred as PEO1) was originally identified by Spelbrink and coworkers in

2001.63 The protein shows striking homology to the T7 helicase-primase sequence, but lacks

specific primase motifs. Missense mutations in the human C10orf2 gene co-segregate with

mitochondrial diseases such as adult-onset progressive external ophthalmoplegia,

hepatocerebral syndrome with mtDNA depletion syndrome, and infantile-onset

spinocerebellar ataxia. Screening of the C10orf2 gene in individuals with autosomal

dominant progressive external ophthalmoplegia, associated with multiple mtDNA deletions,

identified 11 different mutations that co-segregated with the disorder in 12 affected

families.63 At least 23 additional missense mutations in C10orf2 associated have been

reported in autosomal dominant progressive external ophthalmoplegia.64,65 Although

mutations in C10orf2 are mainly associated with autosomal dominant progressive external

ophthalmoplegia, several reports have described recessive mutations as a cause of either

epileptic encephalopathy with mtDNA depletion or infantile-onset spinocerebellar

ataxia.66–68

Expression of this protein in baculovirus, purification, and characterization has verified that

the gene functions as a DNA helicase.69 Further studies with pol γ and single-stranded

binding protein demonstrated that these 3 protein complexes act in concert to carry out DNA

replication, lending support for the role of Twinkle as the mtDNA replicative helicase.5

Overexpression of dominant disease variants of the mtDNA helicase in cultured human or

Schneider cells results in stalled mtDNA replication or depletion of mtDNA,70–72 which

emulates the disease state. Two of 5 autosomal dominant progressive external

ophthalmoplegia mutants exhibited a dominant negative phenotype with mtDNA depletion

in Schneider cells.71 Disease mutations in the linker region were shown to disrupt protein
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hexamerization and abolish DNA helicase activity.73 Four mutations in the N-terminal

domain demonstrated a dramatic decrease in ATPase activity.74

A comprehensive study of recombinant disease variants overproduced and purified from E.

coli has revealed that all of the disease variants display some level of activity where mild to

moderate defects were seen variably over 20 different variants with defects in helicase

activity, adenosine triphosphate hydrolysis and stability.12 All 20 mutant variants retain

helicase function under optimized in vitro conditions despite partial reductions in DNA

binding affinity, nucleotide hydrolysis, or thermal stability for some mutants. Such partial

defects are consistent with the delayed presentation of mitochondrial diseases associated

with mutation of C10orf2.

A mouse model of Twinkle deficiency has been produced by transgenic expression of

Twinkle cDNA with the autosomal dominant disease mutation found in patients.75,76 The

mouse developed progressive respiratory chain deficiency at 1 year of age in skeletal

muscle, cerebellar Pukinje cells, and hippocampal neurons. The affected cells accumulated

multiple mtDNA deletions. This ‘Deletor’ mouse model recapitulates many of the symptoms

associated with progressive external ophthalmoplegia and provides a useful model for

further study.

MGME1, a New Player on the Block

Two families exhibiting a severe, recessive multi-systemic mitochondrial disorder were

described in a recent report.77 Causative mutations in mtDNA and known nuclear genes

associated with mitochondrial disease were excluded by targeted conventional sequencing,

prompting deep exome sequencing of affected families. Homozygous nonsense mutations in

the orphan C20orf72 gene were identified in affected members of 2 families with

heterozygous carrier parents and unaffected siblings. Renamed MGME1, the C20orf72 gene

encodes a mitochondrial RecB-type exonuclease of the PD-(D/E)XK nuclease superfamily.

Cellular fractionation indicated mitochondrial localization and protease-resistance for the

native protein, and confocal microscopy convincingly demonstrated mitochondrial

localization of a green-fluorescent protein (GFP)-tagged recombinant form. Patient samples

exhibited partial deletion and depletion of mtDNA, and the postulated direct involvement of

MGME1 in maintenance of mtDNA and turnover of prematurely terminated 7S DNA

replication intermediates is quite compelling. Indeed, patient fibroblasts (MGME1 null)

depleted of mtDNA by continuous culture in the presence of 2’, 3’-dideoxycytidine failed to

repopulate their mtDNA upon release from ddC, whereas wild-type fibroblasts were able to

do so. The accumulation of mtDNA replication intermediates in HeLa cells subjected to

MGME1 small interfering RNA (siRNA) was clearly demonstrated by 2D native agarose gel

electrophoresis, further supporting a role for MGME1 in maintenance of mtDNA replication

in vivo. Full-length, strep-tagged MGME1 protein was produced in HEK293 cells and

purified by biotin-affinity chromatography. Preliminary qualitative characterization revealed

the recombinant enzyme cleaves DNA but not RNA, requires a free 5’-end to a nucleic acid

substrate, and prefers single-stranded DNA over double-stranded DNA in vitro.77 The
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MGME1 protein is postulated to have direct involvement in maintenance of mtDNA and

turnover of prematurely terminated 7S mtDNA replication intermediates.

Conclusion

Mutations in nuclear genes that function to maintain our mitochondrial DNA are clearly

common disease alleles in mitochondrial disease. Diseases of mtDNA stability are found in

core proteins of mtDNA replication or in genes involved in supplying the mitochondrial

nucleotide precursors needed for DNA replication (Table 1). With our awareness of disease

mutations in these genes, the number of mitochondrial patients identified as having mutation

in these genes will continue to increase. As an example, the number of individuals harboring

a recessive pathogenic mutation in POLG has been estimated to approach 2% of the

population.78 However, the varied polymorphic nature of these diseases as well as the age of

presentation due to these gene mutations stumps our understanding and challenges clinician

and researchers. Continued in vitro biochemistry and yeast models along with animal

models are essential to understand the consequence of these disease mutations and to predict

the in vivo consequences of newly identified mutations with these genes.
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Figure 1.
Schematic diagram of the human DNA polymerase γ gene and protein illustrating the

positions of disease mutations.
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Figure 2.
Three-dimensional structure of the human DNA polymerase γ holoenzyme.28 The color

scheme of the catalytic subunit is: light blue for the polymerase domain, dark blue for the

exonuclease region, red for the accessory interacting domain, and orange for the intrinsic

processivity domain. The 2 accessory subunits are colored in green for the proximal subunit

and grey for the distal subunit. Common disease mutations and the active site residues in the

polymerase and exonuclease are colored red and labeled accordingly.
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Table 1

Nuclear Genes That Affect the Stability of Mitochondrial DNA

Gene Disorder Chromosomal
locus

Function

POLG PEO / Alpers / ataxia 15q25 Mitochondrial DNA polymerase

POLG2 PEO 17q23–24 Pol γ accessory subunit

PEO1 (Twinkle) PEO / ataxia 10q24 Mitochondrial DNA helicase

MGME1 PEO, MtDNA depletion 20p11.23 RecB type exonuclease

ANT1 PEO 4q34–35 Adenine nucleotide translocator

TP MNGIE 22q13.32 Thymidine phosphorylase

DGUOK MtDNA depletion 2p13 Deoxyguanosine kinase

TK2 MtDNA depletion 16q22 Mitochondrial thymidine kinase

MPV17 MtDNA depletion 2p21–23 Mt inner membrane protein

SUCLA2 MtDNA depletion 13q12.2–13.3 ATP-dependent Succinate-CoA ligase

SUCLG1 MtDNA depletion 2p11.2 GTP-dependent Succinate CoA ligase

RRM2B MtDNA depletion 8q23.1 p53-Ribonucleotide reductase, small subunit

OPA1 Dominant optic atrophy 3q28–29 Dynamin-related GTPase

FBXL4 MtDNA depletion, Encephalopathy 6q16.1–16.3 Mitochondrial LRR F-Box protein

Abbreviations: ATP, adenosine- 5’-triphosphate; CoA, coenzyme A; GTP, guanosine-5'-triphosphate; LLR, leucine-rich repeats; PEO, progressive
external ophthalmoplegia; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; mtDNA, mitochondrial DNA.
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