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The accumulation of multiple mitochondrial DNA (mtDNA) deletions in stable tissues is a 
distinctive feature of several autosomal disorders, characterized by Progressive External 
Ophthalmoplegia (PEO), ptosis, and proximal myopathy. At least three nuclear genes are 
responsible for these disorders: ANT1 and C10orf2 cause autosomal dominant PEO, while 
mutations of DNA polymerase γA (POLG1 or POLG) gene on chromosome 15q25 causes 
both autosomal dominant and recessive forms of PEO. To investigate the contribution of 
these genes to the sporadic cases of PEO with multiple mtDNA deletions, we studied 31 
mitochondrial myopathy patients without any family history for the disorder: 23 had PEO 
with myopathy, with or without the additional features of pigmentary retinopathy, ataxia, 
neurosensorial hypoacusia and diabetes mellitus, 7 presented isolated myopathy and one a 
peripheral neuropathy with ptosis. In all patients Southern blot of muscle DNA showed 
multiple mtDNA deletions; screening for ANT1 and C10ORF2 genes was negative. POLG 
analysis revealed mutations in eight patients; in six of them the mutations were allelic, while 
two patients were heterozygous. Five mutations were new, namely one stop codon 
(c.2407C>T / p.R709X) and four missense mutations (c.1085G>C / p.G268A;  c.1967G>A / 
p.R562Q; c.2702G>C / p.R807P; c.3076C>T / p.H932W). A high degree of conservation was 
observed for all the new missense mutations. Only patients presenting PEO as part of their 
clinical phenotype had POLG mutations, in seven of them together with myopathic signs and 
in one with a sensori-motor peripheral neuropathy. © 2003 Wiley-Liss, Inc. 
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INTRODUCTION 

Multiple deleted molecules of mitochondrial DNA accumulate in stable tissues in different mitochondrial 
disorders, due to mutations of nuclear genes controlling mtDNA synthesis and maintenance. These disorders 
include the autosomal dominant and autosomal recessive Progressive External Ophthalmoplegias (adPEO, arPEO), 
genetically heterogeneous diseases associated with at least three different loci, on chromosomes 4q34-35 
(Kaukonen et al., 1999), 10q24 (Suomalainen et al., 1995) and 15q25 (Van Goethem et al., 2001) respectively. 
ANT1 (MIM# 103220), the gene responsible for adPEO on chromosome 4q, encodes the heart/muscle isoform of 
the ATP/ADP translocator (Kaukonen et al., 2000). C10orf2 (MIM# 606075), the gene responsible for the 
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chromosome 10q24-linked adPEO form, encodes a protein, called Twinkle, homologous to the primase/helicase 
encoded by phage T7 gene 4 (Spelbrink et al., 2001). The gene on chromosome 15q25, called POLG (MIM# 
174763), encodes the main subunit of mtDNA polymerase (Pol γA). Mutation of POLG gene has been found to 
segregate in heterozygous status in adPEO families (Van Goethem et al., 2001; Lamantea et al., 2002), while 
compound heterozygous mutations have been reported in families with autosomal recessive transmission of the 
disease (Van Goethem et al, 2003a) and in sporadic PEO patients (Agostino et al, 2003). Furthermore partial 
depletion and multiple mtDNA deletions of muscle mtDNA coexist in a different condition, named Mitochondrial-
Neuro-Gastro-Intestinal Encephalomyopathy (MNGIE), an autosomal recessive disorder due to mutations of 
Thymidine Phosphorylase (TP; MIM# 131222), an enzyme involved in the salvage pathway of pyrimidine 
nucleotides (Nishino et al., 1999). Finally mtDNA multiple deletions have been described in sporadic patients 
affected with Sensory Ataxic Neuropathy, Dysarthria and Ophthalmoparesis (SANDO) syndrome (Fadic et al., 
1997). Autosomal recessive mutations of POLG were recently observed in one SANDO patient (Van Goethem et 
al., 2003a). 

Southern blot analysis of muscle mtDNA reveal the presence of multiple deletions also in several patients 
affected with mitochondrial disorders featuring PEO and myopathy, isolated myopathy or multisystem 
involvement, without any family history of similar defects (Checcarelli et al., 1994). The identification of nuclear 
genes responsible for syndromes associated with mtDNA multiple deletions now offers the opportunity to directly 
screen these patients for mutations in the known genes. Here we present data on the molecular analysis of 31 
“sporadic” patients with muscle mtDNA multiple deletion, showing that a proportion of them are due to mutations 
of POLG gene, therefore expanding the correlation of POLG-associated phenotypes. 

MATERIALS AND METHODS 

The study includes 31 mitochondrial myopathy patients without any family history for the disorder (15 males, 
16 females; mean age: 53 + 16 years; mean age at disease onset: 44 years, range 16-58 years). In all patients 
Southern blot of muscle DNA showed the presence of multiple mtDNA deletions. 

The clinical picture of these patients was heterogeneous: 23 had PEO with myopathy, with or without the 
additional features of pigmentary retinopathy, ataxia, sensorineural hypoacusia and diabetes mellitus, 7 presented 
isolated myopathy and one a peripheral neuropathy with ptosis. 

A schematic summary of clinical phenotypes of the eight patients carrying POLG mutations is given in Table 1. 
Here we detail clinical features of the two homozygous patients. 

Patient P5: 57 year-old man. His 83 year-old mother is healthy, as well as his four brothers. The father died at 
age 72 for an intestinal cancer. At age 52 years, he noticed an extension deficit of the last three fingers of both 
hands associated with tingling paresthesias.  Episodic dysphagia with solid food and easy fatigability were also 
present.  At the neurological examination he had mild bilateral ptosis, defective horizontal and vertical gaze, 
proximal and distal upper and lower limb muscle weakness, Romberg sign, bilateral pes cavus, absent tendon 
reflexes, distal tactile hypoesthesia and apallesthesia, and hyperhydrosis. Serum creatinkinase levels (CK) were 
increased (507 IU/l; n.v.: <190), as well as rest serum lactate: 2.83 mmol/l  (n.v.: 0.7-2.4). Cerebrospinal fluid 
analysis was normal. 

A moderate sensorineural bilateral hypoacusia was present at the audiometric test. The electroneuronography 
showed a severe reduction of Sensory Action Potentials, with sparing of the motor function. The EMG 
demonstrated fibrillation potentials at the tibialis anterior muscles, with diffuse chronic neurogenic signs at the 
four limb muscles. Proximal upper limb girdle muscles showed also myopathic signs. A sural nerve biopsy 
revealed a marked reduction of myelinated fibers, with increased connective tissue. At the teasing fiber analysis 
many nerve showed also segmental demyelination. A biceps brachii muscle biopsy showed fiber type grouping and 
many Cytochrome c Oxidase (COX)-negative, Succinate Dehydrogenase (SDH)-intensely positive fibers. 

Patient P7: A 32-year-old female had been suffering of recurrent headache attacks and irregular menstrual 
cycles since her adolescence. Family history was negative. The father died at age 50 of an unrelated disorder, while 
her mother and sister were normal. At about age 20 years, she noticed a bilateral eyelid ptosis and fatigability at 
muscle exercise. When first seen at age 27 years, she had short stature, bilateral ptosis and ophthalmoplegia, 
pigmentary retinopathy reduced muscle bulk with reduced tendon reflexes. Brain CT scan was normal. EEG 
revealed a mild diffuse slowed activity. The EMG revealed both myogenic and chronic neurogenic signs at the 
limb muscles. Rest serum lactate was 49 mg/dl (n.v.: 5.7-22). The ECG and Echocardiogram were normal. A 
muscle biopsy revealed the presence of many COX negative fibers intensely staining for SDH. 



POLG Mutations 3 

Molecular analysis 

All patients tested negative to a previous screening analysis for ANT1 and C10orf2 genes. 
DNA extracted from skeletal muscle and from lymphocytes was used as template to amplify the 22 coding 

exons and adjacent intronic regions of the POLG gene (exons 2-23), as described (Lamantea et al., 2002). We used 
as reference for POLG nucleotide positions the cDNA sequence corresponding to GenBank ID NM_002693 
(nucleotide numbering uses the A of the ATG translation initiation start site as nucleotide + 283).  

Sequence analysis was performed on PCR products previously purified by ExoSAP treatment (Amersham 
Biosciences, Buckinghamshire, UK), using the BigDye terminator Ready Reaction Kit v.3 on a 3100 Genetic 
Analyzer Automatic Sequencer, Applied Biosystems. All observed mutations were double confirmed by RFLP 
analysis, using appropriate restriction enzymes. 

Furthermore the PCR fragments containing mutations were further analyzed by DHPLC apparatus (Helix 
ProStar, Varian Analytical Instruments, Walnut Creek, CA, USA) following the procedures recommended by the 
manufacturer. 

A DHPLC-suitable, detergent-free buffer was used for PCR amplification of exons 3-23 of POLG.  
After PCR amplification, all fragments were denatured at 95°C for 5 min, slowly (1°C/min) reannealed at 65°C 

for 5 min and cooled to 4°C in order to allow the formation of heteroduplexes. The optimal conditions for DHPLC 
analysis of each PCR fragment were calculated using the DHPLC Melt program (http://insertion.stanford.edu/cgi-
bin/melt.pl).  

Finally, POLG exons corresponding to those of patients carrying mutations or polymorphisms were DHPLC-
analyses using DNA samples from 100 independent healthy Italian individuals, in the same conditions. 

To establish allelic inheritance, muscle tissue RNA was extracted and POLG cDNA was amplified by RT-PCR, 
with a Ready-to-goTM You Prime First Strand Beads Kit (Amersham Biosciences, Piscataway, NJ). Two cDNA 
fragments encompassing exon 3-10 and 9-18 were subcloned with Topo TA Cloning Kit (Invitrogen, Italy) and 
sequenced with appropriate primers. 

 
Table 1. Clinical and Genetic Features of Mitochondrial Myopathy Patients with POLG Gene Mutations 

Patient Sex Age (yrs) Onset (yrs) Clinical features Mutation 
P1 M 71 60 PEO, axonal sensorimotor polyneuropathy [c.1034C>T;  c.2042>T]+ [c.2702G>C] 
P2 F 52 45 PEO, dysphagia [c.1034C>T;  c.2042>T]+ [c.2702G>C] 
P3 M 47 46 PEO [c.1034C>T;  c.2042>T]+ [c.2702G>C] 
P4 M 57 54 PEO, hypoacusia [c.1034C>T;  c.2042>T]+ [c.?] 
P5 M 57 52 PEO, Sensori-motor polyneuropathy, dysphagia [c.1216T>C]+ [c.1216T>C] 
P6 F 82 65 PEO [c.1085G>C]+[c.1681G>A] 
P7 F 32 20 PEO, pigmentary retinopathy, amenorrhea [c.1085G>C]+[c.1085G>C] 
P8 F 71 62 PEO, myopathy [c.1967G>A]+[?] 

Mutations are heterozygous unless otherwise specified. Novel mutations are highlighted in bold.  
In italics is the c.2042C>T substitution (see text) 

RESULTS 

POLG gene sequence analysis revealed mutations in eight mitochondrial myopathy patients without family 
history and with multiple mtDNA deletions in muscle tissue. All discovered mutations were confirmed by two 
independent validation techniques: DHPLC and RFLP analyses. Both analyses showed a different pattern between 
the tested mutation and its respective control (reviewed but not shown).  The mutation load was accounted for by 
eight missense mutations (which include four undescribed ones: c.1085G>C / p.G268A; c.1967G>A / p.R562Q; 
c.2702G>C / p.R807P; c.3076C>T / p.H932W) and a novel stop codon mutation (c2407C>T / p.R709X) (Table 1). 
None of these mutations were found in a series of 100 healthy control individuals. 

Two patients are homozygous, respectively for the G268A mutation in exon 3 and W312R in exon 4. Four 
patients are compound heterozygous for two point mutations: four of them carry a common heterozygous T251I 
mutation in the DNA polymerase domain in combination with either a R807P, or H932W or the R709X; these four 
patients also share the heterozygous P587L aminoacid change; while one patient combines the heterozygous exon 
3 G268A mutation with A467T in exon 7. Finally in two patients only one allele was characterized, namely T251I 
in P4 and R562Q in P8.  

Sequence analysis of the cloned muscle POLG cDNA showed that in patients P1, 2 and 3 and 4, the mutation  
c.1034C>T was in the same allele of nucleotide change c.2042C>T, while the other mutations in patients P1-3  
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(c.2702G>C, c2407C>T, c.3076C>T) were in the second allele (not shown). The same analysis in P6 showed the 
allelic nature of the mutations c.1085G>C and c.1681G>A (not shown). 

 
Table  2. Alignments of Mutation-containing POLG Regions in Different Species 

G268A 
Homo sapiens QRDWQEQLVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Rattus norv. QRDWQEQLVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Afr. Clawed frog QRDWQEQLVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Anopheles gambiae QRDWQEQLVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Drosophila melanogaster -------LVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Schizosaccharomyces pombe -------LVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSMHAISGLSS 
Caenorhabditis elegans -----EQLVVGHNVSFDRAHIREQYLIQGSRMRFLDTMSM-------- 
  

R562Q 
Homo sapiens LKGTTELLPKRPQHLPGHPGWYRKLCPRLDDPAWTPGPSLLSLQMRVTP 
Rattus norvegicus LKSTTDLLPKRPQHLPGHPGWYRKLCPRLDDPAWTPGPSLLSLQMRVTP  
Mus musculus LRSTTDLLPKRPQHLPGHPGWYRKLCPRLDDPAWAPGPSLLSLQMRVTP  
Drosophila melanogaster ------LLPARRPLLPGYPLWYRKLCRKDDEEPWSPGASEISTGMQIAP 
Anopheles gambiae str. ------LPVRRPLLPGYPAWYRALCSKPTAGDWCPGPSGKLGTGMQIAP  
  

R807P 
Homo sapiens ALEINKMISFWRNAHKRISSQMVVWLPRSA 
Mus musculus ALEINKMISFWRNAHKRISSQMVVWLPRSA 
African clawed frog ALEINKMISFWRNAHKRISSQMVVWMKKN- 
Gallus gallus ALEINKMVSFWRNAHKRVSSQVVVWLKK--  
Drosophila melanogaster -IDIARMMSYWRNNRDRIMGQMVVWL----  
Schizosacch. Pombe ALEMSASCSYWSSARDRIRSQMVVW-----  
Neurospora crassa ALEMNASCSYWISARERIKNQMVVY-----  
  

H932W 
Homo sapiens WMTLQGRKSRGTDLHSKTATTVGISREHA 
Mus musculus WMTLQGRKSRGTDLHSKTAATVGISREHA  
Rattus norvegicus WMTLQGRKSRGTDLHSKTAATVGISREHA  
African clawed frog WMTLQGKKSSGTDLHSKTASTVGISREHA  
Gallus gallus WMTLQGKKSDGTDLHSKTAATVGISREHA  
Pichia pastoris WMTLEGTKNEGTDLHSKTAKILGISRNEA  
Drosophila melanogaster WMTLSGSKSNGSDMHSITAKAVGISRDHA  
Schizosacch. Pombe -MTLEGKKSEGTDLHSKTAAILGVSRDSA  
Neurospora crassa FMTLEGTKSQGTDLHSRTASILGITRNDA  

The symbol "-" means a gap in the alignment within the aminoacid sequence in a particular organism 
compared to the human aminoacid sequence. 

 
The mutation G268A is located in the 3’->5’ exonuclease region associated with the proofreading activity of 

Pol γΑ, while the H932W lies within the polymerase domain. Multiple alignments revealed that the four novel 
missense mutations (G268A, R562Q, R807P, and H932W) affect aminoacids highly conserved from Drosophila 
Melanogaster and different species of yeast to humans (Table 2).  
Additional heterozygous polymorphisms were observed in other patients: only once the substitution c.3710A>G 
(E1143G) and the neutral polymorphism c.3162C>T (P960P) and in five patients the substitution c.3990G>T 
(Q1236H) in exon 23 (NCBI: Single Nucleotide Polymorphism: E1143G cluster ID: rs2307441; Q1236H ID:  
rs3087374). 

DISCUSSION 

Two human disease groups are examples of disturbed mtDNA maintenance mechanism. These disorders show 
either quantitative loss of mtDNA, depletion, or accumulation of multiple large-scale mtDNA deletions. Their 
inheritance is autosomal, indicating that a primary nuclear gene defect secondarily causes the mtDNA mutations or 
depletion. The factors known to be needed for mammalian mtDNA maintenance are all encoded by nuclear genes, 
and transported into the mitochondria. They include those involved directly in DNA processing, such as the 
mitochondrial DNA polymerase γ, the helicase-primase activity known as Twinkle, the enzymes involved in 
mitochondrial nucleotide/nucleoside metabolism such as TP, deoxyguanosine kinase, thymidine kinase 2 and the 
adenin-nucleotide transporter ANT1 (Suomalainen et al., 2001).  
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POLG is the only DNA polymerase active in mitochondria, it mediates mtDNA replication and base excision 
repair, but its precise roles in mtDNA metabolism have not been documented. This enzyme is found as an α,β 
heterodimer. The α subunit (PolγA) is catalytic and contains both the polymerase near the aminoterminal and the 
3'-to 5' proof-reading exonuclease activities at the carboxyterminal (Lecrenier et al., 1997). The β subunit is 
believed to increase the polymerase processivity (Longley et al., 2001). 

The accumulating knowledge regarding familial autosomal dominant and recessive disorders associated with 
multiple mtDNA deletions may also clarify the molecular etiology of apparently sporadic mitochondrial myopathy 
patients with similar mtDNA findings. Investigating a relatively large group of such patients, we have found that a 
discrete proportion of them are due to allelic mutations of POLG and that these mutations were present only in the 
subgroup with PEO and myopathy or peripheral neuropathy, while POLG was unaffected in patients with isolated 
myopathy. 

POLG mutations may cause both ad and arPEO (Van Goethem et al., 2001; Lamantea et al. 2002; Van Goethem 
et al. 2003a). Autosomal recessive inheritance of POLG mutations has been previously established. Two families 
described by Van Goethem et al. (2001) were compound heterozygous for missense POLG mutations (A467T and 
L304R in family B; A467T and R3P in family C), therefore suggesting the existence of arPEO. Lamantea et al. 
(2002) reported on three families sharing the heterozygous T251I mutation in association with either R309L, or 
G848S or the 2345Gins. Furthermore, Van Goethem et al. (2003a) described one further apparently sporadic case 
due to recessive inheritance of the common Belgian A467T mutation together with a so far private R627W. 
Finally, investigating sporadic PEO patients, Agostino et al. (2003) suggested a recessive mode of inheritance in 
three compound heterozygous Italian patients.  

We present data on eight new patients carrying POLG mutations. Six of them have allelic mutations, while in 
two patients only one mutation could be identified. Mutations in gene regulatory structures, as well as large 
deletions, cannot be rule out in these patients. Also a de novo dominant nature of R562Q mutation cannot be 
excluded. It should be mentioned that in the above quoted manuscript (Agostino et al. 2003), four patients had a 
POLG mutation in one allele only; one of them was heterozygous for the W312R mutation observed in 
homozigous state in our patient P5). However we have found that the W312R heterozygous status is not associated 
in the mother of patient P5 with any clinical manifestation. Therefore, at least this mutation seems to act in a 
recessive way, unless a different genetic background may act as a modifier factor. 

The following criteria suggest that the identified mutations are indeed pathogenic: 1) they are associated with a 
consistent phenotype consisting of PEO and myopathy or peripheral neuropathy and mtDNA multiple deletions at 
the Southern blot analysis of muscle mtDNA; 2) no mutation was found in two other known (though probably not 
exclusive) genes associated with similar phenotypes, namely ANT1 and C10orf2; 3) all the new mutations affect 
evolutionary relevant aminoacid residues 

The clinical features of POLG-mutated patients include both late-onset, slowly progressive PEO phenotype (P1-
6, P8) and early-onset more complex presentation, featuring PEO, generalized fatigability and pigmentary 
retinopathy at the age of 25 years (P7). A peculiar presentation was observed in patient P5 in association with the 
homozygous W312R: indeed this patient presented with a bilateral sensori-motor polyneuropathy, with episodic 
dysphagia and easy fatigability.  

In-vitro experiments showed that transient and permanent expression of POLG variants depresses endogenous 

mitochondrial DNA polymerase activity and reduces or abolishes the 3'-5' (proofreading) exonuclease activity 
(Spelbrink et al., 2000; Ponomarev et al., 2002; Jazayeri et al., 2003). A schematic representation of the POLG 
functions would suggest a differential effect of mutations on the two activities, however the in-vitro 
overexpression of the prevalent human mutant Y955C results in a 45-fold decreased affinity for nucleoside 
triphosphate and in an increased rate of base pair substitutions (Ponomarev et al., 2002). 

Four patients presented the previously described T251I mutation located in the 3’-5’ exonuclease region, always 
associated with the heterozygous c.1860C>T substitution leading to the P587L aminoacid change and, in three of 
them, with another heterozygous substitution affecting the highly conserved aminoacid residue 807 and 932 in P1 
and P3, and leading to a premature stop-codon in P2. Based on the criteria of potential functional relevance, the 
P587L may appear as a polymorphism though the degree of phylogenetic conservation of P587L is higher than of 
T251I. Similar data were observed in a PEO patient with features similar, but not identical, to MNGIE (Van 
Goethem et al., 2003b). Whether the T251I and P587L are indeed either pathogenic or synergistic awaits further 
experimental confirmation.  
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In conclusion mutations of POLG gene are a relatively frequent cause of sporadic PEO associated with muscle 
multiple mtDNA deletions, although other genes are likely to be involved.  
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