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POLG mutations in neurodegenerative
disorders with ataxia but no
muscle involvement

G. Van Goethem, MD, PhD; P. Luoma, MSc*; M. Rantaméiki, MD*; A. Al Memar, MD;
S. Kaakkola, MD, PhD; P. Hackman, PhD; R. Krahe, PhD; A. Lofgren, MSc; J.J. Martin, MD, PhD;
P. De Jonghe, MD, PhD; A. Suomalainen, MD, PhD; B. Udd, MD, PhD; and C. Van Broeckhoven, PhD, DSc

Abstract—Objective: To identify POLG mutations in patients with sensory ataxia and CNS features. Methods: The
authors characterized clinical, laboratory, and molecular genetic features in eight patients from five European families.
The authors conducted sequencing of coding exons of POLG, C10orf2 (Twinkle), and ANT1 and analyzed muscle mitochon-
drial DNA (mtDNA), including Southern blot analysis and long-range PCR. Results: Ataxia occurred in combination with
various CNS features, including myoclonus, epilepsy, cognitive decline, nystagmus, dysarthria, thalamic and cerebellar
white matter lesions on MRI, and neuronal loss in discrete gray nuclei on autopsy. Gastrointestinal dysmotility, weight
loss, cardiomyopathy, and valproate-induced hepatotoxicity occurred less frequently. Two patients died without preceding
signs of progressive external ophthalmoplegia. In muscle, typical findings of mitochondrial disease, such as ragged red
fibers and Southern blot mtDNA abnormalities, were absent. POLG mutations were present in eight patients, including
two isolated cases, and one Finnish and two unrelated Belgian families contained in total six patients. All POLG
mutations were recessive, occurring in a homozygous state in seven patients and in a compound heterozygous state in one
patient. The novel W748S mutation was identified in five patients from three unrelated families. Conclusions: The clinical
spectrum of recessive POLG mutations is expanded by sensory ataxic neuropathy, combined with variable features of
involvement of CNS and other organs. Progressive external ophthalmoplegia, myopathy, ragged red fibers, and Southern
blot abnormalities of muscle mitochondrial DNA also are not mandatory features associated with POLG mutations.
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Mitochondrial DNA (mtDNA) maintenance disorders
are characterized by somatic depletion! or multiple
deletions of mtDNA in different, mainly postmitotic
tissues.? The majority of disorders characterized by
multiple mtDNA deletions present with progressive
external ophthalmoplegia (PEO),? but several other
phenotypes have been reported.?® In PEO, four nu-
clear genes associated with multiple mtDNA dele-

103220) encodes adenine nucleotide translocator 1.
C10orf2 (MIM 606075) encodes the mitochondrial he-
licase Twinkle. POLG (MIM 174763) encodes DNA
polymerase gamma subunit 1 (synonyms, mitochon-
drial DNA polymerase catalytic subunit or PolG-a
[Swiss-Prot ID, P54098; EC 2.7.7.7]). ECGF1 (MIM
131222) encodes thymidine phosphorylase, and mu-
tations are associated with mitochondrial neurogas-

tions have been identified. In autosomal dominant
PEO (adPEO; MIM 157640), mutations were demon-
strated in the genes ANT'1,° C10orf2,'* and POLG.*?
In autosomal recessive PEO (arPEO), mutations
were identified in ECGF1'3 and POLG .2 ANT1 (MIM

trointestinal encephalomyopathy (MNGIE; MIM
603041), an arPEO variant characterized by gastro-
intestinal dysmotility'* and leukodystrophy.®

POLG mutations are the most frequent cause of
multiple mtDNA deletions in PEO, both in families
with dominant or recessive inheritance!® and in iso-
lated patients. Isolated patients are most frequently
compound heterozygous for two distinct recessive
POLG mutations.'"18

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the October 12 issue to find the title link for this article.

*These authors contributed equally to this work as second authors.
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Figure 1. Segregation analysis of POLG mutations in Bel-
gian Families B1 and B2 and in Finnish Family F1.
Filled symbols represent affected individuals. All available
family members were clinically examined, including the
deceased affected individual, F1.111.7.

We previously reported that sensory ataxia or other
features of sensory neuropathy can precede PEO asso-
ciated with recessive POLG mutations.’* Here we re-
port POLG mutations in patients initially seeking
treatment for sensory ataxia or CNS abnormalities and
who subsequently do not develop PEO or only discrete
and asymptomatic ophthalmoparesis.

Methods. Clinical investigations. In seven of eight genotyped
patients, clinical examination was recently performed, including
testing of strength, tone, muscle bulk, eyelid elevation, and ex-
traocular movements. If possible, video-oculography was per-
formed. Unaffected family members, included in the segregation
analyses (figure 1), were also examined. In seven of eight patients,
electrophysiologic examination was performed, and the eighth pa-
tient had a nerve and muscle biopsy. Muscle biopsy was also
performed in four of five probands. Laboratory investigations are
presented in the patient reports and listed in table E-2 (available
on the Neurology Web site at www.neurology.org). Clinical data
from previous examinations and findings of deceased Patient
B1.I1.4 were extracted from hospital records or were collected
from a previous study (Family F1).2°

DNA analysis. Genomic DNA was isolated from total blood
using standard DNA extraction procedures. Mutation analyses
were performed using direct sequencing of PCR amplicons of cod-
ing exons of POLG on an ABI 3100 or ABI 3730 automated se-
quencer (Applied Biosystems, Foster City, CA).”> In index patients
carrying POLG mutations, mutations in ANT'1 and C10orf2 were
subsequently excluded.?* One hundred sixty-eight Belgian and 70
Finnish control individuals were examined for the presence of the
¢.2243G—C transition (W748S) and the ¢.3428A—G transition
(E1143G). We used pyrosequencing? to examine Belgian control
subjects and direct PCR sequencing for Finnish control subjects,
including 46 individuals from the genetic isolate of North Karelia
in Finland, from which family F1 originated.

Mitochondrial DNA analysis. DNA extraction from muscle
biopsy specimens and Southern blot analysis of mtDNA were per-
formed as described previously? with linearization of mtDNA by
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BamHI or Puull restriction enzymes and with a fragment of
mtDNA (nucleotides 1 to 740) as a hybridization probe. The radio-
active signals were detected with the Typhoon 9400 Imager (Am-
ersham Biosciences, Piscataway, NJ). Quantification of mtDNA
amounts compared with a nuclear 18S ribosomal RNA gene was
done with ImageQuant 5.1 software (Amersham Biosciences) to
detect possible mtDNA depletion. The same Southern blots were
hybridized with a nuclear 18S ribosomal RNA gene probe. The
amount of mtDNA signal on each lane was compared with that of
the nuclear gene in two different experiments.

Long-range PCR analysis was performed using a pair of oligonu-
cleotides that primed on 8.3-kb separated regions of mtDNA, namely,
at nucleotide positions 8,238 to 8,262 (forward) and 16,496 to 16,465
(reverse). PCR amplification was done using Expand Long PCR long
template PCR system (Roche, Basel, Switzerland) according to the
manufacturer’s instructions, but with 10 ng of total DNA template,
with buffer system 1, and either 8 minutes or 3 minutes of extension
time. The short extension time selectively amplifies smaller-sized
deletion-containing mtDNA fragments, whereas long time also al-
lows amplification of the wild-type template.

As controls, we used diagnostic muscle DNA samples from
healthy siblings of patients with POLG mutations or POLG pa-
tients’ leukocyte DNA. As controls for PCR reactions, we also used
a muscle sample of a patient with a dominant POLG mutation
(Y955C), known to harbor multiple mtDNA deletions, and a fibro-
blast DNA sample from a patient with Kearns—Sayre syndrome
carrying a single mtDNA deletion in muscle.

Brain autopsy studies. Fixation was performed with formalin
according to standard procedures. On frozen sections, cresyl violet
staining was used to assess neuronal loss, and the Spielmeyer
method was used to observe myelin pallor. On paraffin-embedded
sections, H-E staining and cresyl violet staining were performed
to study neuronal populations. The Bodian method was used to
evaluate axons, and the Kliiver—Barrera method was used to ob-
serve myelin. Immunohistochemistry was performed using mark-
ers of hyperphosphorylated tau (AT8), AR amyloid (4G8), glial
fibrillary acidic protein (GFAP), ubiquitin, and the macrophages/
microglia marker CD68.

Results. The clinical findings are summarized in table
E-1 (available on the Neurology Web site at www.neurolo-
gy.org). Laboratory features are summarized in table E-2.
Patient reports are presented in detail below.

Patient reports. Patients B1.I1.3 and B.1.I1.4. At age
18 years, B1.I1.3 was evaluated for status epilepticus last-
ing 8 days, followed by a “Todd paralysis” of the left arm
and face. Five years later, he had an acute psychiatric
illness, hyperventilation, gastrointestinal symptoms, gait
unsteadiness, and disturbed limb coordination. Between
32 and 35 years of age, he lost 13 kg of weight. On exami-
nation, he had sensory gait ataxia, limb ataxia, areflexia,
generalized dystrophy, and loss of vibration and static
joint position sense at the distal lower limbs, severe dysar-
thria, and a left-sided Babinski sign. Romberg test was
positive. On funduscopy, optic disks were pale without pig-
mentary retinopathy. At age 38 years, he had intestinal
pseudo-obstruction, anorexia, and further weight loss. A
few weeks later, he developed stupor (Glasgow coma scale,
5/15), hyperventilation, myoclonic jerks, and seizures ne-
cessitating intensive care and artificial ventilation. Be-
cause of lactic acidosis, sodium valproate was changed to
phenytoin and levetiracetam, but seizures and myoclonus
persisted. Postpyloric enteric feeding failed because of se-
vere gastroparesis and intestinal pseudo-obstruction, and
weight further decreased to 35 kg. Numerous medical com-
plications preceded death at age 39 years. Blepharoptosis
and ophthalmoparesis were never noted.

From onset, EEGs repeatedly showed slowed back-
ground activity. Nerve conduction studies and EMG, first
performed at age 34 years, were consistent with a predom-




Figure 2. Mitochondrial DNA analysis. Top, PCR analysis.
Mitochondrial DNA (mtDNA) fragment between the mtDNA
nucleotides 8.2 kb and 16.5 kb was amplified from total
muscle DNA. Left, 8-minute PCR extension time, allowing
amplification of full-length fragments. Single product of 8.3
kb, from wild-type mtDNA is present in lane 1, leukocyte
DNA of Patient F2.11.1, and in lane 4, loaded with DNA
from 58-year-old control muscle. Additional products corre-
sponding to multiple deleted mtDNA molecules can be seen
in lanes 2 and 3 of two ataxia patients (lane 2, F1.II1.7; lane
3, B1.11.3), and in lane 6, muscle DNA of a multiple-deletion
control progressive external ophthalmoplegia (PEO) patient
with a dominant Y955C mutation in POLG. Lane 5, as a
second disease control, shows a single mutant product from
an isolated patient harboring a single 5-kb mtDNA deletion.
M denotes marker VII (Roche Applied Sciences, Penzberg,
Germany); kb denotes the kilobase sizes of marker fragments.
Right, Same PCR as on the left, but with 3-minute extension
time, favoring the amplification of short mutant mtDNA.
Multiple products corresponding to mtDNA deletions are
present in samples of F1.111.7 and B1.11.3 (lanes 2 and 3), as
well as the multiple mtDNA deletion control Y955C POLG
mutant (lane 6). Only the mutant molecule containing a sin-
gle deletion can be seen in lane 5. No amplification product
was obtained from leukocytes of ataxia Patient F2.1I.1 or
from the healthy control muscle DNA. Bottom, Southern hy-
bridization analysis of m¢DNA. Samples: lane 1, muscle
DNA of Patient B1.I1.3; lane 2, muscle DNA of Patient
F1.II1.7; lane 3, fibroblast DNA of a disease control individ-
ual with a single mtDNA deletion; lane 4, control lympho-
blast DNA sample; lane 5, control myoblast DNA sample; kb,
denoting kilobases, is the molecular size marker. As indi-
cated, total DNA was digested with either Pvull or BamHI
restriction enzymes, linearizing m¢DNA. The blot was hy-
bridized with a short cloned mtDNA fragment (mtDNA nu-
cleotides 1 to 740). In lane 1, a faint “smear” signal is
present below the wild-type mtDNA signal. In lanes 2, 4, and
5, just wild-type mtDNA signal is present. Lane 3 shows two
signals: one from wild-type mtDNA and one from mtDNA
molecule containing a 5-kb single deletion.

inant sensory axonal peripheral neuropathy. On several
occasions, CSF analysis revealed elevated protein at 129 to
183 mg/dL but normal lactate. Total and unconjugated
serum bilirubin levels were slightly elevated, but liver en-
zymes were always normal. Serum lactate was initially
normal but was elevated at 8.1 mmol/L. (normal values <
2.0) with sodium valproate treatment. Creatine kinase
(CK) was mildly elevated at 342 U/L (normal values <
170). Brain MRI remained normal, even at age 39 years,
and SPECT was normal at age 34 years. Echocardiography
demonstrated dilated cardiomyopathy. There was no hear-
ing loss on audiometry. At age 34 years, a muscle biopsy
was performed, and succinate dehydrogenase (SDH) stain
showed no abnormalities. However, electron microscopy
demonstrated some fibers with subsarcolemmal accumula-
tion of mitochondria containing paracrystalline inclusions.
Diagnostic mtDNA analysis revealed no pathogenic
mtDNA point mutations.?* There was a faint smear but no
visible deletions on Southern analysis of muscle mtDNA
(figure 2).

The sister (Patient B1.I1.4) was examined at age 17
years for an acute encephalopathy, myoclonus, partial epi-
leptic seizures, and left hemianopsia, followed by cortical
blindness, stupor, Cheyne—Stokes respiration pattern, and
sudden death. DNA of this patient was not available for
molecular genetic studies. Three siblings appeared unaf-
fected on clinical examination at ages 43, 41, and 33 years,
as well as the father (age 67 years). The mother, who died
before this study was performed, was reportedly unaf-
fected. The pedigree is presented in figure 1.

Patients B2.IV.1 and B2.IV.2. The patients are a 49-
year-old Belgian man and his 47-year-old sister. Their un-
affected younger brother died at age 38 years from
leishmaniasis. Paternal and maternal grandmothers were
sisters (see figure 1). Clinical features were almost identi-
cal in both siblings (see tables E-1 and E-2 on the Neurol-
ogy Web site), but the sister (B2.IV.2) was more severely
affected. From adolescence, both patients experienced
gradually increasing gait unsteadiness, which was worse
in the dark. In her fourth decade, the sister had frequent
falls, and she became wheelchair dependent in the fifth
decade. The brother had mild cognitive decline in the fifth
decade. He underwent cataract surgery. Both siblings had
an ataxic gait. Heel-to-shin testing was more ataxic than
finger-to-nose testing, which markedly deteriorated with
eye closure. Deep tendon reflexes were absent. Vibration
and position sense were absent at the lower limbs early on,
whereas light touch sensation was decreased at a later
stage. Both had pes cavus. Dysarthria was only present in
the sister. There was no blepharoptosis. Mild and asymp-
tomatic upward gaze paresis appeared at age 48 years in
Patient B2.IV.1, whereas in Patient B.IV.2, from age 40
years, smooth pursuit ocular movements became saccadic,
and there was a horizontal and vertical gaze-evoked nys-
tagmus. Muscle strength was always preserved. Electro-
physiologic examinations in both patients showed signs of
axonal generalized peripheral neuropathy, predominantly
involving sensory nerves. Needle EMG was normal
(B2.1IV.2) or showed minor neurogenic abnormalities in dis-
tal lower-extremity muscles (B2.IV.1). Visual evoked po-
tential (VEP) and electroretinography (ERG) were normal
(B2.IV.2). Oculography confirmed gaze-evoked nystagmus
and saccadic pursuit movements and was suggestive of

October (1 of 2) 2004 NEUROLOGY 63 1253



brainstem dysfunction (B2.IV.2; age 40 years). Brain MRI
showed symmetric cerebellar white matter lesions similar
to those observed in Family F12° (B2.1V.2; age 49 years).

Patient UK1.II.1. This patient of British origin noticed
minor tremor of the hands from age 12 years. In his late
20s, he experienced tingling in both hands, followed by
tingling in the legs. In the early fourth decade, he became
unsteady at walking, especially in the dark. From his early
40s, his speech became slurred. When relaxed, he noticed
abnormal movements of the toes. His son died suddenly at
age 30 years, without obvious cause.

On examination at age 52 years, he had an ataxic gait,
and Romberg test was positive. There was dysarthria and
bilateral ophthalmoparesis. In the limbs, muscle tone and
strength were normal. There was generalized areflexia. Pin-
prick sensation was reduced in a stocking distribution; pro-
prioception was reduced bilaterally to the ankle; and
vibration sensation was reduced bilaterally to the iliac crests.

Brain MRI showed minor atrophy. CSF protein was 75
mg/dL. Sural nerve biopsy showed marked decrease of my-
elinated fibers of all diameters but no active demyelina-
tion. Pathologic findings were consistent with axonal
neuropathy. Muscle biopsy, performed at age 52 years,
showed no abnormalities on histochemical staining for ox-
idative enzymes.

Patients F1.II1.4, 5, and 7. The pedigree is presented
in figure 1. The detailed clinical and laboratory features of
these patients of Finnish (Karelian) origin have been re-
ported previously.?° Briefly, they had a combination of
adult-onset progressive ataxia with severe gait ataxia, dys-
arthria, mild cognitive impairment, and, in the case of
Patients F1.II1.4 and F1.II1.7, epilepsy. Patient F1.II1.7
unexpectedly died at age 36 years. She had no ophthalmo-
paresis, but her two affected siblings developed mild up-
ward gaze paresis in the fifth decade. Blepharoptosis was
absent on the original study in all three patients.?° Electro-
physiology was consistent with a predominantly sensory
axonal neuropathy. Brain MRI showed symmetric tha-
lamic lesions and white matter changes in the cerebellum.
Southern analysis on muscle DNA had not revealed large
mtDNA deletions (see figure 2), and pathogenic mtDNA
point mutations were not observed.?’ After we detected
POLG mutations in this pedigree, the authors re-examined
the two surviving patients, F1.II1.4 and F1.II1.5, with par-
ticular attention to external eye muscle function and other
muscular features. In both patients, mild blepharoptosis
and ophthalmoparesis had now appeared between ages 46
and 48 years. Patient F1.II1.4 also had mild diffuse muscle
weakness and atrophy, particularly at distal lower limbs.
In both patients, ataxia of gait and stance had progressed,
necessitating help or a walker. At age 47 years, needle
EMG and nerve conduction velocity studies were consis-
tent with moderate to severe axonal sensorimotor neurop-
athy, whereas CK was normal (Patient F1.II1.4).

Patient F2.I1.1. This 33-year-old Finnish man is one of
three children from unrelated parents originating from
North Karelia and Central Lapland. He was not closely
related to Family F1. He reported balance problems in two
maternal second cousins. He had plurimetabolic syndrome.
At age 30 years, he noted disturbed balance, and ataxia
and severe axonal neuropathy were diagnosed. On exami-
nation at age 32 years, he had slowed ocular pursuit move-
ments but with full range of motion. There were
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spontaneous slow lateral eye movements but no nystag-
mus. He had no blepharoptosis. He had severe gait ataxia,
imbalance, and trunk ataxia, as well as clumsiness of the
hands. Achilles tendon reflexes were absent. Vibration
sensation was decreased at the lower limbs, and pain and
touch sensations were decreased in a stocking-like distri-
bution to knee level at the lower extremities. His speech
was dysarthric. He was obese. Brain MRI showed bilateral
symmetric intense signals in the cerebellar white matter
on T2-weighted images. Electrophysiology revealed severe
sensory and moderate chronic motor axonopathy at the
lower limbs and moderate sensory neuropathy at the up-
per limbs. Muscle biopsy showed mild neurogenic atrophy,
no ragged red fibers, and 1:100s cytochrome c oxidase-
negative fibers. Analysis of muscle mtDNA revealed no
pathogenic mutations.?* Biochemical analysis of respira-
tory chain function was normal.

Morphologic studies and autopsy findings. In muscle
biopsy, no findings suggestive of mitochondrial disease
were detected on light microscopy, including histochemical
SDH and cytochrome c oxidase stains (Patients B.II.3,
UK1.I1.1, F1.II1.7, and F.I1.2.1).

On autopsy of Patient B1.I1.3, cerebellum and cerebral
hemispheres were preserved. All gray nuclei appeared
paler than normal, particularly in the substantia nigra
and locus ceruleus. Unfortunately, because of incomplete
autopsy, the peripheral nerves, dorsal root ganglia, spinal
cord, medulla oblongata, and lower part of the pons were
unavailable for this study. Frozen material was not avail-
able for histochemical studies and DNA extraction.?

On light microscopy, optic nerves and cerebral and cer-
ebellar cortex were normal. Caudate nucleus, putamen,
and pallidum were normal. In the thalamus, there was
mild neuronal loss in some nuclei belonging to the lateral
formation and in the magnocellular part of the centrome-
dian nucleus, whereas the large association nuclei (pulvi-
nar and dorsomedial nucleus) were normal. Neuronal loss
was present, most prominent in the subthalamic nucleus
and in the cerebellar dentate nucleus (figure 3). The locus
ceruleus was also affected, whereas the compact zone of
the substantia nigra was barely affected. Gliosis, strongly
reactive to GFAP antibodies, was present in the white
matter, particularly at the level of the subcortical U fibers
and in subependymal and subpial regions. Myelin was nor-
mally stained. Moderate amounts of CD68% cells were
present in the perivascular spaces in the white matter.

Genetic findings. POLG analysis. In all eight pa-
tients, we sequenced POLG because of the presence of a
sensory ataxic neuropathy. Mutations in POLG are pre-
sented in the table.

Four Finnish ataxia patients (F1.II1.4, 5, and 7 and
F2.I1.1) carried a single base change in POLG, namely,
¢.2243G—C, predicting a W748S substitution. This muta-
tion occurred in the homozygous state in all patients and
in the heterozygous state in unaffected siblings and par-
ents of Family F1 (see figure 1). The British ataxia patient
was compound heterozygous for W748S and for the previ-
ously reported A467T mutation.'? Interestingly, in addition
to the W748S mutation, all four Finnish patients and the
British patient also carried the previously reported
¢.3428A— G mutation, predicting an E1143G substitution
(http://www.ncbi.nlm.nih.gov/SNP/). E1143G occurred in
the homozygous state in the Finnish patients and in the



Figure 3. Neuropathology. (A) Subthalamic nucleus of Pa-
tient B1.11.3: severe neuronal losses and astrocytic gliosis.
A few neurons are remaining, some of which are arrowed.
(B) Subthalamic nucleus of control individual. (C) Cere-
bellar nucleus dentatus of Patient B1.I1.3: neuronal losses
and astrocytic gliosis. The thin arrows point to the curves
of the dentate nucleus, and similar curves can easily be
seen in the control nucleus (D). (D) Cerebellar nucleus
dentatus of control individual (formalin fixation, paraffin
slides, cresyl violet staining; scale bar = 100 um).

heterozygous state in the British patient. W748S was ab-
sent in 168 Belgian and 70 Finnish control subjects, of
which 46 were of North Karelian origin. Eleven of 168
Belgian and 3 of 70 Finnish control subjects were heterozy-
gous for E1143G, and control subjects homozygous for
E1143G were not encountered. This implies allele G fre-
quencies of 3.3% (11/336) in the Belgian population and of
2.1% (3/140) in the Finnish population. One North Kare-
lian control subject carried E1143G, corresponding with a
1.0% (1/92) allele G frequency in the genetic isolate.

Three Belgian patients were homozygous for the previ-
ously reported ¢.1399G— A mutation, predicting an A467T
substitution.’? The isolated British patient UK1.II.1 was
heterozygous for A467T.

Mutations in ANT1 and C10orf2 were absent in four
index patients (not tested on isolated Patient F2.I1.1).

Mitochondrial DNA analysis. Southern blot hybridiza-
tion of total muscle DNA showed the 16.5-kb signal de-

Table POLG mutations causing ataxia

POLG Amino acid
Patients Origin Occurrence mutations changes
B1.11.3 Belgian Familial Homozygous
¢.1399G—A A467T/A467T
B2.IV.1 Belgian Familial Homozygous
and 2 ¢.1399G—A A467T/A467T
UK1.II.1 British Isolated Heterozygous
¢.1399G—A wt/A467T
¢.2243G—C W748S/wt
¢.3428A—G E1143G/wt
F1.II1.4,5, Finnish Familial Homozygous
and 7 ¢.2243G—C W748S/W748S
¢.3428A—G E1143G/E1143G
F21I.1 Finnish Isolated Homozygous
¢.2243G—C W1748S/W748S
c.3428A—G E1143G/E1143G

rived from normal mtDNA in control samples, in muscle of
Patient F1.II1.7, and in leukocytes of Patient F2.I1.1. Long-
range PCR, which selectively amplified short deleted mol-
ecules, revealed clearly different-sized products in muscle
biopsy samples of Patients B1.I1.3 and F1.II1.7, whereas
control subjects only showed the 16.5-kb mtDNA fragment
or no PCR product (see figure 2). mtDNA depletion was not
present in any of the patients.

Discussion. We report a neurodegenerative phe-
notype of recessive POLG mutations. We present
eight patients, from five unrelated families, with
adult- or juvenile-onset sensory ataxic neuropathy in
combination with various CNS abnormalities. Nota-
bly, there was no apparent skeletal muscle involve-
ment, and on muscle biopsy samples, there were no
signs of mitochondrial disease on morphologic, bio-
chemical, or routine mtDNA analyses.

The presenting and major feature in all patients
was ataxia caused by axonal sensory neuropathy.
Ataxia occurred in combination with CNS abnormali-
ties, including myoclonus, seizures, transient hemipa-
resis, cognitive decline, dysarthria, and nystagmus. In
some patients, MRI showed lesions in the thalamus
and/or cerebellar white matter. Brain autopsy findings,
unfortunately incomplete for Patient B1.I1.3, were not
typical of primary mtDNA disorders but showed prom-
inent neuronal loss in gray nuclei, including the sub-
thalamic and cerebellar dentate nucleus.?® For Patient
F1.1I1.7, a more complete autopsy had also shown atro-
phy in dorsal root ganglia, posterior columns, and, to a
lesser extent, in posterior spinocerebellar and cortico-
spinal tracts. There was neuronal loss in the dorsal
nucleus (Clarke column), and, contrary to Patient
B1.11.3, in the pulvinar and the dorsomedial thalamic
nuclei. There was also degeneration of inferior olives.?
The involvement pattern differs from other spinocere-
bellar ataxias but resembles findings in system
atrophies.?’

Reports on patients with POLG mutations have
mentioned associated CNS features and neuropathy
in some instances.6192%30 However, PEO was a con-
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sistent feature, except for one teenager with myoclo-
nus.? In our present study, two of eight patients
died at ages 36 and 39 years without extraocular
muscle involvement. In the other six patients, PEO
was absent at clinical presentation, although minor
signs of incipient PEO appeared in a late disease
stage in five. Hence, PEO represents merely one
variant of the clinical phenotypic expression of
POLG mutations; therefore, POLG could be desig-
nated as an “ataxia gene” and a “PEO gene.”

One isolated patient had the clinical triad of sen-
sory ataxic neuropathy, dysarthria, and ophthalmo-
plegia (SANDO), previously claimed as a unique
mitochondrial disorder.?* Further studies are neces-
sary to test the hypothesis that SANDO could be a
specific phenotype of mutations in POLG.*®

The large differences in phenotypic expression of
recessive POLG mutations are puzzling. Although
PEO and sensory ataxia are common, no single clin-
ical feature is shared by all patients.?? Differences
between our own series and those reported by
others'¢183 could be attributed to clinical selection
bias. Several speculations could be made about mo-
lecular causes of the observed clinical heterogeneity.
Data on familial patients suggest that clinical vari-
ability is larger between families than within fami-
lies (e.g., Families B1 and B2 in this article and the
family in Van Goethem et al.,*® which all contain
individuals homozygous for A467T). In our view, the
contribution of the genetic background would explain
best the observed clinical similarities in siblings.

In view of this considerable heterogeneity, what
are the clinical clues to mutated POLG? Clinical fea-
tures are confined to energy-demanding postmitotic
tissues, with the exception of the liver. Hepatocytes
have a low mitotic index, and they may become af-
fected with sodium valproate treatment (e.g., Patient
B1.I1.3 and Van Goethem et al.?°). Because substan-
tial tissue accumulation of mtDNA deletions puta-
tively causes pathology,’* the absence of muscle
mtDNA deletions on diagnostic Southern analysis
correlates with the absence of clinical and morpho-
logic abnormalities in the biopsied muscle. However,
long-range PCR did show low levels of multiple
mtDNA deletions in muscle, suggesting that the pro-
portion of deleted mtDNA in muscle can be esti-
mated as <5%.

In all patients (two isolated patients and six pa-
tients belonging to three unrelated families), we
demonstrated recessive missense mutations in
POLG. Seven patients (six familial, one isolated) car-
ried homozygous mutations. One isolated patient
was compound heterozygous. A467T is a known mu-
tation,'? whereas W748S is a novel pathogenic muta-
tion, and E1143G is most likely a low frequency
polymorphism. W748S and E1143 always occurred
together (five patients from three unrelated fami-
lies). In four Finnish patients, the novel W748S mu-
tation occurred in the homozygous state, and in a
British patient, it occurred in the compound het-
erozygous state with A467T. In Family F1, segrega-
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tion analysis indicated recessive inheritance.
Interestingly, all five W748S patients carried a sec-
ond missense mutation, namely, E1143G. E1143G
was previously designated as a polymorphism be-
cause of its high frequency (2.9%) in a North Ameri-
can control population (http:/www.ncbi.nlm.nih.gov/
SNP/). We measured a comparable frequency in the
Belgian and Finnish control population. Control indi-
viduals homozygous for E1143G were not encoun-
tered. In Families F1 and F2, haplotype analysis
using five informative polymorphic DNA markers
surrounding POLG?* revealed a common haplotype
suggestive of a common ancestral origin of the
W748S/E1143G alleles (data not shown). W748S and
E1143G alter evolutionary conserved amino acid res-
idues. Secondary structure prediction (program
PHDSec, EMBL, Heidelberg, Germany) suggests
that W748 is one residue out of a highly conserved
block of six amino acids forming a B-sheet in the
spacer region of the enzyme. This so-called “palm”
region is presumably involved in primer-template in-
teraction of the DNA polymerase.?>3¢ The contribu-
tion of E1143G to the phenotype remains unclear.
Because E1143G accompanied W748S in three of
three unrelated families, we cannot conclude that
W748S alone is sufficient to cause disease in ho-
mozygous or compound heterozygous patients. This
situation parallels the finding of POLG mutations
T2511 and P587L in cis in arPEO patients of differ-
ent ethnic origins.'®?® Such data may suggest the
concept of a recessive haplotype.?” Therefore, segre-
gation analysis of novel low-frequency mutations re-
mains crucial for the determination of their
pathogenic nature because in vivo functional studies
on DNA polymerase gamma are still unavailable,
and phenotypic expression is absent in patients’ mi-
totic cells, including cultured fibroblasts, lympho-
cytes, or myoblasts.

The current study presents three novel patients
homozygous for A467T, which is common to Belgian
arPEO patients®? and originates from a common an-
cestral chromosome in the Belgian population.?® This
mutation is also retrieved in the compound heterozy-
gous state in a patient of British origin, and previ-
ously it was reported in an Italian PEO patient.!” We
had predicted a homozygous appearance of A467T in
36 X 10 ° Belgian individuals.'? The present find-
ings support our suggestion that a subgroup of pa-
tients homozygous for A467T could have clinical
features different from PEO.»
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