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Low frequency of mtDNA point mutations in patients
with PEO associated with POLG1 mutations
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Mitochondrial myopathy in progressive external ophthalmoplegia (PEO) has been associated with POLG1

mutations. POLG1 encodes the catalytic a subunit of polymerase c and is the only polymerase known to be
involved in mtDNA replication. It has two functionally different domains, one polymerase domain and one
exonuclease domain with proofreading activity. In this study we have investigated whether mtDNA point
mutations are involved, directly or indirectly, in the pathogenesis of PEO. Muscle biopsy specimens from
patients with POLG1 mutations, affecting either the exonuclease or the polymerase domain, were
investigated. Single cytochrome c oxidase (COX)-deficient muscle fibers were dissected and screened for
clonally expanded mtDNA point mutations using a sensitive denaturing gradient gel electrophoresis
analysis, in which three different regions of mtDNA, including five different tRNA genes, were
investigated. To screen for randomly distributed mtDNA point mutations in muscle, two regions of mtDNA
including deletion breakpoints were investigated by high-fidelity PCR, followed by cloning and
sequencing. Long-range PCR revealed multiple mtDNA deletions in all the patients but not the controls.
No point mutations were identified in single COX-deficient muscle fibers. Cloning and sequencing of
muscle homogenate identified randomly distributed point mutations at very low frequency in patients and
controls (o1:50 000). We conclude that mtDNA point mutations do not appear to be directly or indirectly
involved in the pathogenesis of mitochondrial disease in patients with different POLG1 mutations.
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Introduction
Whereas single mitochondrial DNA (mtDNA) point muta-

tions are usually maternally inherited and single mtDNA

deletions are usually sporadic, a group of disorders with

multiple mtDNA deletions display a Mendelian trait of

inheritance.1–4 Mutations in the nuclear gene POLG1

(MIM# 174763), encoding the catalytic subunit of mito-

chondrial DNA polymerase g (Pol g), have been reported in

both autosomal dominant (ad) and autosomal recessive

(ar) progressive external ophthalmoplegia (PEO) with

multiple deletions in mtDNA.1,5 Pol g is the only known

polymerase for mitochondrial replication.6 The gene

consists of 23 exons and has two functional domains;

one polymerase (pol) domain in the carboxy-terminal

region and one 30 –50 exonuclease (exo) domain in the

amino-terminal region with proofreading activity.7 The
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mechanism for the secondary accumulations of mtDNA

deletions caused by the primary nuclear gene defects is

presently unknown. Deletions have been shown to expand

clonally within muscle fiber segments and thereby cause

mitochondrial myopathy with cytochrome c oxidase

(COX)-deficient muscle fibers.8 It has also been demon-

strated that mutated Pol g has reduced fidelity and gives

rise to error-prone DNA synthesis with increased frequency

of base substitutions in cultured human cells9 as well as in

transgenic mice.10 A model for large-scale deletions to

occur secondary to base substitutions near direct repeats in

mtDNA in patients with POLG1 mutations has been

proposed.11 In this study, we investigated, in PEO patients

with POLG1 mutations, whether point mutations, like

deletions, are clonally expanded in muscle fibers and thus

contribute to the pathogenesis in PEO. We also studied

whether point mutations appear near direct repeats in

mtDNA, and thus may contribute to the formation of

large-scale deletions. Since POLG1 contains different func-

tional domains, patients with mutations affecting either

the polymerase or the exonuclease part of Pol g were

selected.

Materials and methods
Patients

Three female patients (P1–P3) from a Swedish family with

adPEO and a POLG1 mutation were included in the single

fiber study (Table 1). For the cloning/direct sequencing

analysis, one female and one male patient from the same

adPEO family were selected (P3–P4), together with a 75-

year-old man (P5) with apparently sporadic PEO and

POLG1 mutations. A more detailed description of the

adPEO patients is given elsewhere,8 where P1–P4 corre-

spond to IV:5, IV:8, IV:2 and IV:4. The clinical features of

P5 related to the mtDNA disease were restricted to severe

ophthalmoplegia and ptosis, which appeared insidiously

and had been present clinically since the age of 55. Muscle

biopsy at age 68 revealed mitochondrial myopathy, as well

as muscle inflammation with granulomas. Subsequent

investigations confirmed that the patient suffered from

sarcoidosis. At that time, the patient had developed a mild

generalized muscle weakness that responded well to

prednisolone treatment. Subsequent biopsies revealed only

mitochondrial myopathy. Family members of P5 were not

available. As controls, we used muscle biopsies from two

individuals aged 75 and 78, with no sign of neuromuscular

disease.

Morphological analysis

Muscle biopsy specimens were obtained from m. quad-

riceps femoris from patients and controls. Morphological

and enzyme histochemical analyses were performed as

described.12

Analysis of POLG1 mutations

Mutations in POLG1 were identified by direct sequencing

of genomic DNA, using an ABI Prism 377 DNA sequencer,

and the Big Dye Terminator Kit v.1.1. (Applied Biosystems,

Foster City, CA, USA). We used a set of primers that

amplified all the exons with flanking intronic sequences of

POLG1, except the nontranslated exon 1 (primers and PCR

conditions available on request).

Analysis of mtDNA deletions

Total DNA was extracted from frozen muscle tissue using

the DNA Extraction Kit (Qiagen, Hilden, Germany). Long

expand polymerase chain reaction (LX-PCR) was per-

formed as described.13 Using this method, a 10.8 kb

fragment of mtDNA, including the ‘major arc’, is amplified.

The PCR products were separated on a 0.6% agar gel

stained with GelStars and visualized on a Dark Reader Blue

light transilluminator (Clare Chemical Research, Dolores,

CO, USA).

Analysis of clonal expansion of mtDNA mutations in
single muscle fibers

Single COX-deficient muscle fiber segments from

patients P1–P3 were dissected with a tungsten needle

and subjected to alkaline lysation as described.8

Since mtDNA mutations causing COX deficiency usually

affect tRNA genes, point mutations were searched for

in three different regions of mtDNA, containing five

mitochondrial tRNA genes, tRNALeu(UUR), tRNAIle, tRNAGln,

tRNAMet and tRNALys (Table 2). PCR analysis with Pwo

Table 1 Age at biopsy, clinical phenotype, Pol g mutation and screening methods used

Subject, age (years) Gender Clinical phenotype Pol g mutation DGGE Cloning

P1, 55 F adPEO Y955C X
P2, 53 F adPEO Y955C X
P3, 60 F adPEO Y955C X X
P4, 60 M adPEO Y955C X
P5, 75 M PEO T251I, P587L, G848S X
C1, 75 F Healthy F X
C2, 78 F Healthy F X

A denaturing gradient gel electrophoresis (DGGE) was used for the point mutational screening of single COX-deficient fibers. Cloning followed by
direct sequencing was performed in PCR products amplified from muscle homogenate.
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polymerase and denaturing gradient gel electrophoresis

(DGGE) were performed as described,14,15 using the

DcCodeTM Detection System (Bio-Rad Laboratories AB,

Sundbyberg, Sweden) for gel casting and migration. The

conditions for DGGE are described in Table 2.

Analysis of mtDNA point mutations in muscle
homogenate

Two mtDNA regions adjacent to deletion breakpoints13,16

were amplified from patients P3–P5 and controls. Primers

F8197–8216 and R8558–8537 were used to amplify a 362-

bp fragment including the 50 breakpoint of the ‘common

deletion’ (ie position 8469). Primers F15791–15810 and

R16150–16130 were used to amplify a 360bp fragment,

which includes a cluster of predominant 30 deletion

breakpoints, associated with PEO, at nucleotide position

16069–78. This fragment also contains part of the D-loop

and the hypervariable segment 1 (HV1). In addition,

within the PCR products, three tRNA genes are also

amplified: tRNALys (nt 8295–8364), tRNAThr (nt 15888–

15953) and tRNAPro (nt 15955–16023). The numbering of

mtDNA is according to the revised Cambridge sequence.17

The thermocycling reactions were performed in a 50 ml

volume containing approximately 50ng of total DNA,

2.5U of Pwo polymerase (Roche Diagnostics GmbH,

Mannheim, Germany), 0.8mM dNTP mix, 1–1.5mM

MgSO4, and 1� PCR-buffer without MgSO4 supplied by

the manufacturer. The PCR parameters were as follows:

initial 941C for 3min, 35 cycles of 941C/1min, 571C/1min,

721C/1min, and a final extension step at 721 for 7min.

Purified PCR products were ligated into a pCRs-Blunt II-

TOPOs vector using the Zero Blunt TOPO PCR cloning kit

(Invitrogen, Carlsbad, CA, USA) and transformed into

Escherichia coli. Bacterial colonies were grown on selective

Kans plates for 24–48h. For screening, colonies were

resuspended in aliquots of ReddyMixt PCR Master Mix

(ABgenesHouse, Surrey, UK), together with M13 Forward

and Reverse primers, 10pmol of each. Verifications for the

presence of inserted fragments were made on a 1% agarose

gel. Plasmids positive for inserts were sequenced and

analyzed with MacVectors software 7.1.1. All PCR ampli-

fications were performed with a GeneAmp PCR system

2700 (Applied Biosystems, Foster City, CA, USA).

Results
Morphological analysis

Muscle biopsies from all patients displayed mitochondrial

myopathy with numerous COX-negative fibers and ragged

red fibers (Figure 1). Biopsies from the two normal controls

contained no COX-negative fibers.

Analysis of POLG1 mutations

In patients from the adPEO family, the sequencing of exon

18 identified a heterozygous A2864G transition, leading to

amino-acid substitution Y955C in the polymerase domain

Table 2 Primers and gel conditions for DGGE

Primers (length of GC-tail at 50end) Function Gradient in the gel (top-bottom) (%) Duration of electrophoresis (h)/voltage (V)

F 3162–3182 tRNALeu(UUR) 10–60 4h/150 V
R 3401–3420 (35)
F 8128–8147 (7) tRNALys 10–60 18h/75V
R 8538–8557
F 4242–4261 tRNAGln,Met 25–75 15h/100V
R 4538–4560 (30)
F 4242–4261 tRNAIle 10–60 5h/150 V
R 4538–4560 (30)

Figure 1 Muscle biopsy from patients 5 (a and b) and 4 (c and d)
showing mitochondrial myopathy with frequent cytochrome c oxidase
(COX)-deficient muscle fibers (arrows). (a) and (c) Succinate dehy-
drogenase, (b and d) COX. Bar: 20 mm.
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of Pol g (Figure 2). In the sporadic case (P5), all the coding

exons of POLG1 were sequenced and revealed three

heterozygous mutations: C752T in exon 3, C1760T in

exon 10 and G2542A in exon 16, leading to amino-acid

substitutions T251I, P587L and G848S, respectively

(Figure 2). T251 is located between the exonuclease motifs

I and II, while P587 and G848 reside in the spacer tract

between the two functional domains. Numbering is

according to the reference sequence (NM_002693).

Analysis of mtDNA deletions

All patients had multiple mtDNA deletions in muscle

tissue. Most deletions described in PEO reside within the

‘major arc’ between the origins of replications in the heavy

and light chains of mtDNA, which is amplified with the

LX-PCR method used here. Separation with gel electro-

phoresis revealed that, in addition to a normal 10.8-kb

band, several smaller bands corresponding to multiple

deleted fragments of mtDNA were visible in PCR-products

from patients but not in the normal controls. LX-PCR

products from P4 and P5 are illustrated in Figure 3.

Analysis of clonal expansion of mtDNA mutations in
single muscle fibers

Among 136 analyzed COX-deficient fibers from adPEO

patients P1–P3, no fibers with point mutations were

detected with the DGGE method.

Analysis of mtDNA point mutations in muscle
homogenate

In total, 323 plasmids containing one of the regions

(8197–8558) and 309 plasmids with the other region

(15791–16150) were sequenced, which corresponds to

228166bp of mtDNA. In the colonies from the patient

with sporadic PEO, P5, two unique mutations were

identified, T8240C and C8532A, in two separate colonies.

These mutations are novel and not reported elsewhere. In

addition, this patient had three other variants in mtDNA

compared with the revised Cambridge sequence:17 two

homoplasmic variants (G8251A, A15924G) and one het-

eroplasmic variant (G16129A). They are reported to be

common polymorphisms among populations, even the

heteroplasmic variant in HV1. In P3, a single A-G

transition at position 16070 was found in one colony. This

variant is reported as a polymorphism. The same poly-

morphism as in P5, the homoplasmic A15924G substitu-

tion, was present in P3 and was also present as the only

variant in P4. In the control samples there was one single

base substitution, A15923C, and one of the controls had a

homoplasmic polymorphic G15928A transition. The re-

sults are summarized in Table 3. Single mutations were

confirmed by resequencing the same insert by analyzing an

additional sample of the colony.

Figure 2 The upper part illustrates the map of human Pol g with its different functional domains. Sequencing analysis of the 22 coding exons of
POLG1 revealed one heterozygous mutation in individuals from the adPEO family (black box) and three presumably recessive mutations in the sporadic
PEO case (white boxes).

Figure 3 GelStars staining of Long PCR amplifications separated
on a 0.6% agar gel, which illustrates a normal 10.8 kb amplified
fragment from two of the PEO patients, P4 (adPEO) and P5 (arPEO).
Several smaller bands, corresponding to multiple deleted mtDNA
fragments, are present in patients. NC¼normal control (50 years).
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Discussion
PEO (MIM# 157640) is associated with multiple mtDNA

deletions in postmitotic tissues such as skeletal muscle and

brain. The deletions are clonally expanded in single muscle

fibers.8 The identification of mutations in POLG1 in

patients with PEO has raised the question of whether

mtDNA point mutations contribute to the pathogenesis of

the disease.

We investigated the hypothesis that point mutations

associated with direct repeats contribute to the formation

of multiple deletions. In a model for the formation of large-

scale deletions, it was suggested that an enhanced base

substitution error rate of Y955C Pol g, in association with

direct repeats in mtDNA, would promote deletions

between such repeats, for example, the 4977-bp ‘com-

mon-deletion’ that is flanked by a 13-bp exact repeat on

each side.11 We examined cloned PCR-products from two

different regions in mtDNA, including the 50-breakpoint

for common deletion (mtDNA position 8469) and a cluster

of 30-deletion breakpoints in the D-loop (position 16069–

16078) associated with PEO. All the patients in our study

harbored the common deletion as well as deletions with

breakpoints in the investigated part of the D-loop (Mosle-

mi et al13 and unpublished results). The frequency of point

mutations was very low in patients and controls. The two

identified point mutations of 5.3�104 examined bases in

P5 can be explained by the patient’s age at the time of

biopsy (75 years), in agreement with findings in normal

elderly people, where clonally expanded point mutations

in addition to large-scale deletions have been identified in

COX-deficient fibers.15

To identify clonal expansions of mtDNA point mutations

in COX-deficient single muscle fibers, we used a highly

sensitive DGGE method.14,15 In total, 136 COX-deficient

fibers were analyzed, but no point mutations were

identified in any of them. Since the whole mtDNA genome

has not been examined, and thereby not all the regions

associated with COX deficiency (ie COX genes and tRNA

genes), pathogenic point mutations in the analyzed COX-

deficient fibers cannot be excluded. It is, however, very

unlikely that five of 22 tRNA genes would have been

spared, if scattered point mutations were present in the

mtDNA of adPEO patients. In addition, the cloned PCR

products from muscle homogenate did not reveal any

pathogenic point mutations in the amplified tRNA genes.

Our findings support the concept that the clonal expan-

sion of large-scale deletions and not point mutations

account for the pathogenesis of mitochondrial myopathy

in adPEO. This differs from the findings obtained in studies

on COX-deficient fibers from normal elderly individuals15

and, therefore, the events leading to mitochondrial myo-

pathy with COX-deficient fibers are probably different in

adPEO and aging.

Wanrooij et al18 investigated in a recent study the levels

of mtDNA point mutations in ad/arPEO patients with

Twinkle or POLG1 mutations. They performed mutation

analyses in both deleted and nondeleted mtDNAmolecules

and found an age-dependent increase of point mutations

in patients specifically in the mtDNA control region. The

deleted molecules did not prove to have higher mutation

load than the nondeleted. Their results, as well as ours, do

not support a generalized decrease in mtDNA replication

fidelity in patients with POLG1 mutations. The authors

proposed replication stalling as the principal cause of

deletion formation. Another recently published study19

indicated a high load of point mutations in mtDNA

amplified from the muscle tissue of PEO patients with

POLG1 mutations, particularly in the exonuclease domain.

Methodological differences can explain the discrepancy

between the results, since we used a polymerase with

proofreading activity, Pwo, which increases the fidelity of

DNA synthesis compared with Taq polymerase at PCR.

Among the nuclear gene defects associated with either

adPEO or arPEO, mutations in POLG1 appear to be the

Table 3 Frequency of point mutations in mtDNA of the investigated patients and controls

Subject mtDNA region No. of colonies sequenced (no. of nucleotides) Unique mutations Mutation frequency (�10�5) Other variations

P3 8197–8558 74 (26788) 0 F F

P4 77 (27874) 0 F F

P5 83 (30046) 2 6.66 A8251Ga

C1, C2 89 (32218) 0 F F

P3 15791–16150 81 (29160) 1 3.43 A15924Ga

P4 79 (28440) 0 F A15924Ga

P5 74 (26640) 0 F A15924Ga

G16129A (75%)b

C1, C2 75 (27000) 1 3.70 G15928Ac

aHomoplasmic variants found in all sequenced inserts and in muscle homogenate of the corresponding region.
bThis mutation was heteroplasmic and found in 75% of the sequenced inserts. The heteroplasmy was also visible in the sequenced PCR-product
amplified from muscle homogenate.
cHomoplasmic variant in one of the controls.
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most frequent.5,20 The dominant mutations in Pol g

described thus far are located in the polymerase domain

of the enzyme, whereas recessive mutations are located

mainly in the exonuclease part or in the spacer tract

between the two functional domains. This might indicate

differences in pathogenicity between dominant and reces-

sive POLG1 mutations. Indeed, Y766A- and Y766S-sub-

stituted pol I in E. coli have been shown to enhance the

formation of deletions between direct repeat sequences,21

and amino-acid sequence alignment reveals equivalence

with the highly conserved Tyr-955 residue in the poly-

merase domain of Pol g in humans.11 Moreover, the

expression of Pol g with abolished proofreading activity

was shown to induce point mutations in cultured human

cells9 and, in proofreading-deficient mtDNA ‘mutator-

mice’, there was a substantial mtDNA mutation load

already by 2 months of age.10 However, the first and most

prominent features in mtDNA of these mice were dele-

tions.

In patients with POLG1 mutations, similar hallmarks are

observed despite clinical and genetic heterogeneity, that is,

PEO and multiple deletions in mtDNA. These facts,

together with our results, support the concept of similar

pathogenic mechanisms in both adPEO and arPEO.

How multiple mtDNA deletions arise are not known, but

Nishigaki et al22 made speculations concerning mtDNA

deletion formation in a recent study on patients with

mitochondrial neurogastrointestinal encephalomyopathy

(MNGIE). MNGIE is caused by mutations in the nuclear

gene encoding thymidine phosphorylase (TP) and is also

associated with secondary mtDNA deletions.3 In addition

to slipped mispairing or illegitimate elongation models, a

homologous recombination mechanism was discussed.

Homologous recombination can occur in nonreplicating

mtDNA and generate deleted molecules lacking OH. This

mechanism can also cause branch migration within

imperfectly homologous sequences and explain features

like microdeletions. It appears that the pattern of deletion

breakpoints is similar in conditions with impaired mtDNA

maintenance due to mutations in different nuclear genes

such as POLG1,13 Twinkle18 and TP,22 but to make detailed

comparisons, mapping of deletion breakpoints should be

performed with the same method for all conditions.

The Y955C substitution identified in the adPEO family

was first described in a large Belgian family in 20011 and

was subsequently found in several families with adPEO.5

The mutation is fully penetrant and associated with a

severe phenotype. In P5, there were three heterozygous

mutations leading to previously described amino-acid

substitutions; T251I,5,23 P587L23,24 and G848S.5 The precise

role of the three mutations acting together remains to be

further evaluated.

Our results indicate that it is very unlikely that point

mutations in mtDNA contribute to the pathogenesis of the

mitochondrial myopathy in PEO associated with POLG1

mutations, which is characterized by accumulation of

multiple large-scale deletions of mtDNA. To understand

the molecular mechanism for causing these deletions, it is

important to develop tools to study the functional effects

of different POLG1 mutations.25 Furthermore, it would be

of interest to compare the spectrum of mtDNA deletion

breakpoints in PEO associated with mutations in different

nuclear genes to investigate whether such nuclear gene

mutations act by common mechanisms causing multiple

mtDNA deletions.
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