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ABSTRACT

Background: Mutations in the Twinkle (PEO1) gene are a recognized cause of autosomal dominant

progressive external ophthalmoplegia (adPEO), resulting in the accumulation of multiple mito-

chondrial DNA (mtDNA) deletions and cytochrome c oxidase (COX)–deficient fibers in skeletal

muscle secondary to a disorder of mtDNA maintenance. Patients typically present with isolated

extraocular muscle involvement, with little apparent evidence of the clinical heterogeneity docu-

mented in other mtDNA maintenance disorders, in particular POLG-related disease.

Methods: We reviewed the clinical, histochemical, and molecular genetics analysis of 33 unre-

ported patients from 26 families together with all previous cases described in the literature to

define the clinical phenotype associated with PEO1 mutations.

Results: Ptosis and ophthalmoparesis were almost universal clinical features among this cohort, with

52% (17/33) reporting fatigue and 33% (11/33) having mild proximal myopathy. Features consistent

with CNS involvement were rarely described; however, in 24% (8/33) of the patients, cardiac abnor-

malities were reported. Mitochondrial histochemical changes observed in muscle showed remarkable

variability, as did the secondary mtDNA deletions, which in some patients were only detected by

PCR-based assays and not Southern blotting. Moreover, we report 7 novel PEO1 variants.

Conclusions: Our data suggest a shared clinical phenotype with variable mild multiorgan involve-

ment, and that the contribution of PEO1 mutations as a cause of adPEO may well be underesti-

mated. Direct sequencing of the PEO1 gene should be considered in adPEO patients prior to

muscle biopsy. Neurology® 2010;74:1619 –1626

GLOSSARY
adPEO � autosomal dominant progressive external ophthalmoplegia; COX � cytochrome c oxidase; IOSCA � infantile-onset
spinocerebellar ataxia; mtDNA � mitochondrial DNA; PEO � progressive external ophthalmoplegia; SANDO � sensory ataxic
neuropathy, dysarthria, and ophthalmoparesis; SDH � succinate dehydrogenase.

Mutations in an increasing number of nuclear genes involved in the maintenance of mitochon-

drial DNA (mtDNA) are being described, associated with an extensive spectrum of clinical

phenotypes ranging from severe encephalopathy in infancy and childhood to late-onset pro-

gressive external ophthalmoplegia (PEO), ataxia, and myopathy. Multiple mtDNA deletion

disorders are genetically heterogeneous, and may be linked to recessive mutations in polymer-

ase gamma, POLG,1 or TYMP,2 encoding thymidine phosphorylase, or dominant mutations in

POLG, POLG2, encoding the accessory beta-subunit of pol�,3 SLC25A4, encoding adenine

nucleotide translocator 1 (ANT-1),4 OPA1,5,6 RRM2B,7 or PEO1, encoding Twinkle,8 the

hexameric, replicative mtDNA helicase which is a key protein of the mtDNA replisome.

Pathogenic mutations in the PEO1 gene have been associated with a number of different

clinical presentations.8-13 Recessive PEO1 mutations cause severe, early-onset disorders of
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mtDNA maintenance, such as infantile-onset

spinocerebellar ataxia (IOSCA)14 and a hepato-

cerebral mtDNA depletion disorder,15,16 al-

though long-term follow up of IOSCA patients

indicates that severe epilepsy, migraine, and psy-

chiatric symptoms can manifest later.17 Con-

versely, the majority of adult-onset cases present

with autosomal dominant PEO (adPEO) char-

acterized by ptosis and ophthalmoparesis, with

cytochrome c oxidase (COX)–deficient and

ragged-red fibers and multiple mtDNA dele-

tions in muscle. Patients with PEO1-linked ad-

PEO may have other clinical features including

proximal muscle weakness, ataxia, peripheral

neuropathy, cardiomyopathy, cataracts, and de-

pression8; the sensory ataxic neuropathy, dysar-

thria, and ophthalmoparesis (SANDO) phenotype

has also been described.18

We present the clinical and laboratory

findings in 33 patients with PEO1 mutations,

highlighting the phenotypic spectrum of this

disorder.

METHODS Subjects. We identified and studied 26 unre-

lated probands with PEO and a suspected diagnosis of mito-

chondrial disease who had been referred to established UK

National Commissioning Group–funded Mitochondrial Diag-

nostic Centers at Oxford, Newcastle, and London, or diagnostic

services in Munich and Bonn, Germany, for clinical assessment

and molecular or biochemical analysis. For the majority of cases,

PEO1 gene testing was considered appropriate in view of the

clinical presentation of PEO and the presence of multiple

mtDNA deletions in muscle. PEO1 analysis was initiated in 3

patients due to the presence of PEO and a family history consis-

tent with an autosomal dominant inheritance pattern (patients

13, 24, and 25) and in another patient due to clinical phenotype,

family history, and presence of COX-deficient and ragged-red

fibers on muscle biopsy (patient 9), although the presence of

secondary mtDNA deletions was not investigated. For patient 5-1,

PEO1 gene analysis was undertaken in spite of normal mtDNA

rearrangement screening in muscle and very mild histochemical

changes due to the clinical phenotype. Patients 5-2 and 5-3 were

subsequently screened after the mutation was identified in patient

5-1. The clinical features of all 26 probands and an additional 7

family members (33 patients in total) are summarized in table e-1

on the Neurology® Web site at www.neurology.org. PEO1 sequenc-

ing, together with SLC25A4 gene analysis, was performed when

initial screening for POLG mutations did not reveal a molecular

defect.

Muscle histology and histochemistry. For patients who

underwent open or needle muscle biopsy, mitochondrial changes

were assessed in muscle using standard histologic and histochem-

ical assessments. Cryostat sections (10 �m) were cut from trans-

versely orientated muscle blocks and subjected to COX,

succinate dehydrogenase (SDH), and sequential COX-SDH his-

tochemical staining to identify COX-deficient fibers.19 The

SDH section was used to determine the number of fibers exhib-

iting increased levels of enzyme activity in the subsarcolemmal

region, so-called ragged blue fibers.

mtDNA studies. Multiple mtDNA deletions were investi-

gated in skeletal muscle DNA by Southern blotting or long range

PCR protocols as described previously.20

PEO1 gene screening. The 5 coding exons and adjacent in-

tronic regions of the PEO1 gene were amplified and sequenced

in the forward and reverse directions using the ABI Prism 3130

or 3730 Genetic Analyzer and Big Dye terminator kit 3.1 or 1.1

(Applied Biosystems, Foster City, CA). Primers and PCR cycling

conditions were as previously described.21 All substitutions were

compared to the cDNA sequence (GenBank Accession number

AF292005) and confirmed by resequencing. The frequency of

novel PEO1 substitutions in UK control alleles (n � 180 chromo-

somes) was determined by primer extension and matrix-associated

laser desorption/ionization time of flight (MALDI-TOF; Seque-

nom, San Diego, CA) mass spectrometry.

Standard protocol approvals, registration, and patient

consents. This study was approved and performed under the

ethical guidelines issued by each of our institutions for clinical

studies, with written informed consent obtained from all subjects.

Statistical analysis. Allele frequencies were compared using

Fisher exact test. Exact 95% confidence intervals were deter-

mined by the method of Clopper and Pearson.22

RESULTS Clinical phenotype. The clinical features

of 33 patients from 26 pedigrees are summarized in

table e-1 and table 1. Mean age at onset was 42 years

(range 8–65 years) with current age 57 years (range

19–78 years) (table 2). The most frequent clinical

presentations of our patients were ptosis (32 patients)

Table 1 Summary of the clinical data of 33

patients (26 probands) with

pathogenic mutations in the

PEO1 gene

Clinical presentation
No. of
patients

% of all
patients

Ptosis 32 97

Ophthalmoparesis 31 94

Fatigue 17 52

Proximal myopathy (MRC
grade 4�

a)
11 33

Mild cardiac involvement 8 24

Muscle pain 4 12

Dysphagia 4 12

Visual impairment 4 12

Endocrine dysfunction 4 12

Migraine 3 9

Lethargy 3 9

Gastrointestinal problem 3 9

Hearing loss 3 9

Cataract 3 9

Epilepsy 1 3

a Mean muscle force as graded by Medical Research Coun-

cil scale for muscle strength.
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and PEO (31 patients). This was often accompanied

by fatigue (17 patients) and mild proximal muscle

weakness (11 patients) resulting in minimal to mild

disability only. Other muscle-related symptoms such

as muscle pain (4 patients) and dysphagia (4 patients)

were less frequent. Cardiac findings occurred in 8

patients including ventricular enlargement (4 pa-

tients), nonfatal arrhythmias (3 patients, in 1 patient

both), and nonspecific ECG changes (2 patients),

suggesting that myocardial involvement and conduc-

tion defects may be part of the Twinkle phenotype.

Other symptoms were relatively uncommon and in-

cluded endocrinologic dysfunction (4 patients), mi-

graine (3 patients), visual impairment (4 patients),

lethargy (3 patients), gastrointestinal symptoms (3

patients), hearing loss (3 patients), cataracts (3 pa-

tients), and epilepsy (1 patient). The occurrence of

these symptoms in our patients, albeit mild and

minimally disabling, implies that adPEO may be

accompanied by multiorgan involvement; how-

ever, this needs to be further elucidated.

Muscle histology and histochemistry. Abnormal mus-

cle biopsy findings, in particular the finding of

COX-deficient fibers, are recognized as a pathologic

hallmark of mtDNA maintenance disorders associ-

ated with multiple mtDNA deletions. Of the 33 pa-

tients we studied (26 probands), 23 underwent

skeletal muscle biopsy for diagnostic purposes; 3 pro-

bands (patients 13, 24, and 25) were not biopsied,

with mtDNA maintenance gene testing being under-

taken on the grounds of a suggestive clinical presen-

tation and dominant family history (table 2, table

e-1); patient 4 was biopsied but was not subjected to

histochemical analysis.

All 22 available muscle biopsies showed evidence

of mitochondrial abnormalities, but with variable se-

verity. The biopsy of patient 5-1 only revealed a sin-

gle, COX-deficient (SDH positive) fiber, whereas

that of patient 26 showed marked histocytochemical

abnormalities (figure 1). For the majority of patients,

a quantitative assessment of these changes was not

possible but only a few COX-deficient fibers were

described (patients 2, 3, 7, 8-1, 10, 12, 14, 15, 19.1,

20, 21, 22, and 23).

Detection of multiple mtDNA deletions in muscle.

Muscle DNA samples were screened for the presence

of multiple mtDNA deletions by long-range PCR in

22 of the probands. Variable mtDNA deletions were

detected in all patients with the exception of 1 case,

patient 5-1, whose biopsy had revealed minimal his-

tochemical changes (figure 1). In some cases, marked

abnormalities were detected using this assay (patient

26, figure 1), reflecting the severity of the histochem-

ical defect. Southern blotting was performed as a di-

agnostic test in 15 patients; 11 patients had

detectable mtDNA rearrangements on Southern

blotting, but 4 patients (patients 5-1, 6, 11, and 18)

only showed wild type, full-length mtDNA. A simi-

lar finding has been reported previously in patients

with PEO1 mutation23 and other mtDNA mainte-

nance gene (e.g., POLG) disorders.24,25

Identification of PEO1 gene mutations. We identified

16 different mutations within the 26 unrelated pro-

bands; all changes were heterozygous missense muta-

Table 2 Muscle histochemistry and molecular genetic findings in 33 patients

with PEO1 mutations

Patient
Age at
onset, y

Current
age, y

Skeletal muscle
histochemistry
COX-ve/RRF

Multiple
mtDNA
deletions

cDNA
change

Amino acid
change

1 60 78 �/� Yes c.907C�T p.R303W

2 50 60 �/� Yes c.907C�T p.R303W

3 60 69 �/� Yes c.908G�A p.R303Q

4 �63 69 ND Yes c.908G�A p.R303Q

5.1 51 65 �
a/� No c.1001G�A p.R334Q

5.2 41 43 ND ND c.1001G�A p.R334Q

5.3 48 58 ND ND c.1001G�A p.R334Q

5.4 58 67 ND ND c.1001G�A p.R334Q

6 49 60 �/� Yes c.1001G�A p.R334Q

7 25 56 �/� Yes c.1061G�C p.R354P

8.1 48 53 �/� Yes c.1061G�C p.R354P

8.2 50 78 ND ND c.1061G�C p.R354P

8.3 47 50 ND ND c.1061G�C p.R354P

9 65 71 �/� ND c.1070G�C p.R357P

10 47 52 �/� Yes c.1075G�A p.A359T

11 ND 70 �/� Yes c.1075G�A p.A359T

12 49 52 �/� Yes c.1075G�A p.A359T

13 8 58 ND ND c.1084G�C p.A362P

14 50 72 �/� Yes c.1088G�T p.W363L

15 10 19 �/� Yes c.1109T�G p.F370C

16 30 35 �/� Yes c.1121G�A p.R374Q

17 10 32 �/� ND c.1121G�A p.R374Q

18 30 49 �/� Yes c.1121G�A p.R374Q

19.1 45 66 �/� yes c.1142T�C p.L381P

19.2 41 57 ND ND c.1142T�C p.L381P

19.3 51 67 ND ND c.1142T�C p.L381P

20 46 55 �/� Yes c.1374G�T p.Q458H

21 22 53 �/� Yes c.1374G�T p.Q458H

22 44 59 �/� Yes c.1374G�T p.Q458H

23 24 31 �/� Yes c.1378G�C p.A460P

24 50 68 ND ND c.1379C�G p.A460G

25 33 44 ND Yes c.1424C�A p.A475D

26 27 50 �/� Yes c.1435G�A p.E479K

Abbreviations: COX � cytochrome c oxidase; ND � not determined; RRF � ragged-red fiber.
a Only a single COX-deficient fiber was evident on COX/SDH histochemistry in this patient’s

biopsy (see figure 1).
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tions (figure 2; figure e-1). For clarity, we refer to the

mutation on the basis of the predicted amino acid

substitution although details of the cDNA changes

are presented in table 2 and table e-1. Interestingly,

all PEO1 mutations described in our collective and

all those described previously in adPEO patients,

with the exception of a 13–amino acid duplication,8

are missense changes; no nonsense, frameshift, or

splice site mutations have been detected in adPEO

patients to date.

Seven PEO1 mutations (p.R303W, p.R303Q,

p.R334Q, p.R354P, p.A359T, p.R374Q, p.Q458H)

were identified in more than one family; the remaining

9 mutations were unique to individual families. Seven

of the 16 mutations identified are previously unre-

ported (p.A362P, p.W363L, p.F370C, p.Q458H,

p.A460G, p.A460P, p.A475D). All pathogenic PEO1

mutations were excluded in a large collection of control

chromosomes, with the allele frequencies of all reported

PEO1 mutations shown in table e-1.

Affected relatives of patients 5, 8, and 19 were

subjected to mutation testing (table 2 and table e-1),

although formal segregation studies were not possible

for the majority of families. For patient 15, analysis

of parental samples indicated that p.F370C has

arisen de novo in the proband, corroborated by the

absence of any family history of PEO. For patient 25,

p.A475D was shown to segregate with disease in fa-

ther and son. Interestingly, we identified novel muta-

tions (p.F370C and p.A475D) at 2 codons where

different amino acid substitutions (p.F370L and

p.A475P/p.A475T) have previously been reported as

pathogenic,8-10 providing further evidence that these

novel PEO1 mutations cause disease; the finding of the

Figure 1 Skeletal muscle histochemistry and mtDNA analysis in patients with PEO1 mutations

(A, B) Dual COX-SDH histochemistry showing a mosaic distribution of COX-deficient muscle fibers (blue) among fibers with normal COX activity (brown).

Panel A shows the mild biopsy findings in patient 5-1 (p.R334Q mutation), contrasting with the markedly abnormal pattern of COX deficiency demon-

strated in patient 26 (p.E479K mutation) shown in B. (C) Long-range PCR of skeletal muscle mtDNA (extracted from a tissue homogenate) from these

patients, confirming the absence of detectable mtDNA deletions in patient 5–1. Lane 1, 1kb ladder (Mr); lane 2, adult control muscle (C); lane 3, patient 5–1;

lane 4, patient 26 showing multiple mtDNA deletions (highlighted by an asterisk).

Figure 2 Schematic highlighting the organization of the PEO1 gene (exons 1–5), and the location of the 16 different PEO1 mutations

detected in our patient cohort

All mutations are found within exons 1 and 2; novel PEO1 variants are shown in pink shading. The primase-related domain is highlighted in yellow, the linker

region in orange, and the helicase domain in red.
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p.Q458H mutation in 3 families (patients 20, 21, and

22) likewise supports pathogenicity at this site.

As described in previous studies, the 16 patho-

genic mutations were clustered within exons 1 and 2

of the PEO1 coding sequence, and found within dif-

ferent domains of the protein11 (table 2 and table

e-1): 3 mutations were present in the primase-related

domain, 7 in the linker domain, 1 at the N-terminal

end of the helicase domain, and 5 in the helicase

domain between the Walker A and B motifs. All 7 of

the novel PEO1 mutations identified show a high

degree of phylogenetic sequence conservation for the

affected amino acid; 4 codons are conserved at least

across all vertebrates (p.A362, p.F370, p.Q458, and

p.A475), and the other 2 codons (p.W363 and

p.A460) are conserved across all mammals except

opossum (figure e-1). Mutations in POLG and

SLC25A4 (ANT1) were excluded in these patients.

In spite of its size, we were unable to identify any

clear genotype–phenotype correlations in our patient

cohort.

DISCUSSION Familial PEO associated with multi-

ple mtDNA deletions was first described in 198926

and since then PEO has been used as a clinical hall-

mark of multiple mtDNA deletion syndromes, lead-

ing to the discovery of several disease genes.

Mutations in SLC25A4 (ANT1)4, PEO1,8 POLG,27

POLG2,3 and most recently RRM2B7 have been de-

scribed in autosomal dominant PEO families. Rou-

tine genetic analysis of these genes in patients with

PEO and multiple mtDNA deletions has led to the

better characterization of these genetic defects.

Within the frequently used PEO plus phenotype,

recognizable clinical syndromes were characterized

for the frequent autosomal dominant and recessive

POLG mutations. However, there is less known

about PEO1 defects. Mutations in POLG have been

identified in a wide range of mitochondrial diseases,

including severe childhood encephalopathy with

epilepsy associated with liver failure (Alpers-

Huttenlocher syndrome), adult onset spinocerebellar

ataxia, and sensory nerve degeneration with or with-

out epilepsy.1 In addition, Leigh syndrome28 and

parkinsonism and premature ovarian failure causing

early infertility have been described.29 Although the

first pathogenic POLG mutations were detected in

autosomal dominant PEO plus families, autosomal

recessive POLG disease appears to be more frequent.

The clinical presentation of dominant and recessive

cases may be similar and multiple mutations can

complicate the inheritance.

The clinical presentation of PEO1 mutations

seems to be less variable, and there is a clear differ-

ence between the more frequent autosomal domi-

nant and the rare recessive disease. We were able to

find detailed clinical information on 70 individuals

from 29 families reported in the literature to date

(table e-2). 9-13,18,30–38 In most patients, PEO was the

only clinical presentation; however, proximal muscle

weakness,30,32,36 sensory-axonal neuropathy,10,17 at-

axia,33 late-onset dementia,13 and parkinsonism35

were also reported in a small number of cases.

IOSCA and severe infantile hepatoencephalopa-

thy, clinically resembling POLG deficiency, have

been described in association with autosomal reces-

sive PEO1 mutations and mtDNA depletion.14-16

Most of these cases are caused by a Finnish founder

mutation (p.Y508C). Although the clinical presenta-

tions of autosomal recessive and autosomal dominant

POLG and PEO1 mutations show similarities, their

phenotypes may help to differentiate between these 2

genetic defects.

Ptosis and ophthalmoparesis are the predominant

clinical characteristics of autosomal dominant PEO1

mutation in our cohort and previously published

data36,39; however, isolated ptosis can occur (patient

8-3). Proximal myopathy, present in 11/33 patients

in our cohort, has been reported previously in the

literature, albeit to a lesser extent.11,12,17,30,32,34-36,39,40

Overt muscle wasting in one of the subjects has been

noted previously, including wasting of shoulder and

quadriceps muscles,32 facial weakness,30 and neck

flexor weakness,30,35,36 as well as being reported in

deceased family members suspected of harboring the

genetic defect.39 Muscle pain and cramps have only

been documented previously in one other cohort.39

Bulbar symptoms including dysphagia,11,32,34,40

dysphonia, and dysarthria11,17,34,39 are more common

than might occur by chance. Presenile cataracts,

present in 3 subjects in our cohort, have also been

described previously.11,12,39 Epilepsy and migraine

have only been noted in association with Twinkle

mutation in isolated cases,11,17 while depression, de-

mentia, and neuropsychiatric symptoms are more

widespread.11,12,17,35,39

Cardiac sequelae as reported in 8/33 subjects are a

common finding including sinus bradycardia and

ischemic heart disease,39 right bundle branch block,30

palpitations,30,32 dilated cardiomyopathy, atrial ar-

rhythmias,32 and hypertension.23 In addition, de-

ceased family members suspected of harboring the

mutation had documented cardiomyopathy.32

Respiratory muscle weakness and failure was oc-

casionally described previously, which warrants fur-

ther investigation30,34,35 and has also been reported in

deceased family members with other cardinal fea-

tures of the condition.32 Although no severe respira-

tory failure was detected in our patient collective, we

cannot exclude that the frequently observed daytime
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fatigue is at least partially caused by hypoventilation.

Therefore we suggest more thorough investigations

of respiratory function in patients with mutations in

PEO1. Endocrine dysfunction includes thyroid dis-

ease,11,39 diabetes,12 premature ovarian failure,11 and

mild primary hypogonadism.39 Neuropathy18,35 and

parkinsonian features9 are infrequently present.

We could not discern clear genotypic/phenotypic

correlations within the patients studied, and earlier

onset of symptoms was not associated with increased

disease severity; however, we can suggest in patients

with adPEO, a PEO1 defect is highly likely. We have

only identified 5 adPEO families with dominant

POLG mutations and 1 adPEO family with a domi-

nant SLC25A4 mutation at our 3 centers. These clin-

ical observations are in keeping with previously

published results and provide important information

about the disease prognosis, clinical management,

and counseling of PEO1 mutation families.

We detected 16 different PEO1 mutations in 26

families; 9 of these have been reported previously

(figure 2). However, we have identified 7 novel

PEO1 mutations in this study (p.A362P, p.W363L,

p.F370C, p.Q458H, p.A460G, p.A460P, and

p.A475D). Evidence for pathogenicity of the novel

changes is highly suggestive for the following reasons:

1) they affected conserved amino acids which are lo-

cated close to previously described pathogenic muta-

tions; 2) they were not present in a large number of

ethnically matched control DNA samples; 3) they

were associated with muscle histochemical abnor-

malities characteristic of mtDNA disease, and/or

multiple mtDNA deletions (no muscle biopsy stud-

ies for p.A362P or p.A460G mutations); 4) in fami-

lies where samples were available they cosegregated

with the clinical phenotype, consistent with an auto-

somal dominant pattern of inheritance. Although

segregation studies were not possible in all families,

other evidence to support a pathogenic role for these

changes included the mutation of amino acids al-

ready reported as linked to adPEO, and the finding

of the same, novel PEO1 mutation in more than one

family (table 2 and table e-1). Interestingly, all muta-

tions found in our patients and in previous studies

are either missense or in-frame duplications (1 case;

reference 8). The absence of nonsense, frameshift, or

splice-site PEO1 mutations suggests the possibility

that they are either not compatible with life or do not

cause a PEO plus phenotype. Furthermore, in pa-

tient 15, the p.F370C mutation was shown to have

arisen de novo. To our knowledge, this is the fifth

reported example of a de novo PEO1 gene muta-

tion.10,11,21 De novo mutation at the identical amino

acid site (c.1110C�A, p.F370L) was also previously

described, raising the possibility that this region

could be a mutation hot spot.10

Our study provides important information about

the clinical phenotype and disease prognosis in ad-

PEO due to PEO1 mutation, which can be used in

the clinical management of individual patients and

counseling of these families. These data suggest that

neurologic sequelae of autosomal dominant PEO1

mutations are relatively benign; however, the possi-

ble involvement of other organs would advocate

screening for predominantly cardiac and endocrine

abnormalities. Sequencing of the coding region of

the PEO1 gene is recommended in all patients with

an adPEO phenotype, irrespective of whether the

muscle biopsy findings and long-range PCR screen

for mtDNA rearrangements are normal. We there-

fore suggest that in families with a predominant ad-

PEO phenotype with or without mild additional

symptoms, sequencing of the PEO1 gene should be

performed prior to a muscle biopsy.
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