{Hahnemann University, Philadelphia, PA) for providing the ribo-
somal DNA clone.
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Electrophysiological Findings
in X-Linked Myopathy with

Excessive Autophagy
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Rocco Liguori, MD,” Berge A. Minassian, MD,®

Bjsrn Falck, MD, PhD,! Pekka Niemi, MD, PhD,”

and Hannu Kalimo, MD, PhD?

We report electrophysiological features and magnetic res-
onance imaging muscle findings in 4 patients and 1 fe-
male carrier of X-linked myopathy with excessive auto-
phagy. Motor units were polyphasic with high mean
amplitude and normal duration. The thigh muscles were
most severely involved, but myotonic discharges were
abundant in both clinically affected and unaffected mus-
cles. Along with the clinicopathological features, these
electrophysiological findings distingnish X-linked myop-
athy with excessive autophagy from other limb-girdle my-
opathies.

Ann Neurol 2002;51:648-652

X-inked myopathy with excessive autophagy (XMEA)
is a hereditary myopathy otiginally described in a Finn-
ish kindred in 1988.'"® The onset is in childhood,
manifesting as mild muscle weakness. Proximal lower
limb muscles are most severely affected. The progres-
sion is slow, and life expectancy is normal. The main
pathological findings are abundant sarcoplasmic vacu-
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Abstract

We investigated three families with matemally inherited deafness associated with a 1555 A-to-G substitution in the 128 ribosomal RNA
gene. Probands in these families developed deafness following streptomycin treatment, whereas several family members who did not receive
aminoglycoside showed onset of deafness in middle age. One proband had a non-synonymous A14062G mutation in the ND3 gene and the
other had 2 non-synonymous G15221A mutation in the cytochrome b gene and a T1391C mutation in the 128 ribosomal RNA gene, whose
importance in disease expression remains to be clarified. Two muscle biopsies from the patients with and without streptomycin treatment,
showed similar findings; a moth-eaten appearance with decreased cytochrome ¢ oxidase activity and abnormal mitochondrial morphology.
These findings suggest that even without exposure to aminoglycoside the A1555G mutation may impair mitochondrial function and that the
mitochondrial abnormalities associated with the A1555G mutation may be expressed in tissues other than those of the auditory system.

© 2002 Elsevier Science B.V, All rights reserved.

Keyword.;': Mitochondrial DNA; Aminoglycoside; Deafness; Myopathy; Streptomyein

1. Introduction

Human mitochondrial DNA (mtDNA) is a small 16.6-
kilobase (kb), double-stranded molecule that encodes 13
structural proteins, two ribosomal RNAs (tRNAs), and 22
transfer RNAs (tRNAs). Point mutations of tRNA genes and
large-scale deletions of mtDNA generally are associated
with multisystem mitochendrial diseases characterized by
ragged-red fibers (RRFs) as a morphologic hallmark. These
include myoclonic epilepsy with RRFs (MERRF); mito-
chondrial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS); and chronic progressive
external ophthalmoplegia (CPEO), including Kearns—
Sayre syndrome. In contrast, point mutations of protein-
coding genes are responsible for encephalopathies with
rare pathologic and biochemical muscle abnormalities,

* Comresponding author. Tel.: +81-423-46- 17 13; fax: +81-423-46-1743.
E-mail address: goto@nenp.go.jp {Y.- Goto).

such as Leber’s hereditary optic neuroatrophy; maternally
inherited Leigh disease; and neurogenic muscle weakness,
ataxia, and retinitis pigmentosa [1,2].

The mutation in the mitochondrial IRNA gene, an A-to-G
transition at nucleotide (nt) 1555 of the 128 tRNA gene, is
associated with maternally inherited non-syndromic deaf-
ness in a large Arab-Israeli pedigree [3] and aminoglyco-
side-induced -deafness in other families [4,5]. Deafness
associated with the A1555G mutation is considered to be
caused by cochlear involvement [5]. Several questions
remain to be answered about the relationship between geno-
type and phenotype in this disease. These can be classified
as two major clinical and biological issues; penetrance and
tissue specificity [6].

Elsewhere, we used a p° cell system and showed that cells
carrying the homoplasmic A1555G mutation had very high
susceptibility to streptomycin [7]. This suggests that the
A1555G mutation mainly is responsible for the phenotype
and that nuclear DNA mutation(s), if present, have a less

0950-8966/02/% - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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important role. Therefore, to determine the possibility of
significant cis-mutation(s), which may influence the disease
expression, we sequenced the whole mtDNAs of three Japa-
nese patients with the A1555G mutation. Evaluation of the
functional relevance of new mutation is difficult in the
absence of a convincing in vitro or in vivo assay of its effect
on mitochondrial function. It has then to rely on the analysis
of the mutation frequency in a sufficiently large control
population.

Does the A1555G mutation affect tissues other than the
cochlea? Although most patients reported as having the
A1555G mutation had deafness as the sole clinical manifes-
tation, recent studies suggest the possibility of phenotypic
heterogeneity. Santorelli et al. [8] reported a family with
maternally inherited cardiomyopathy ascribed to a hetero-
plasmic A1555G mutation, in which the skeletal muscle
biopsy of the proband showed central or paracentral mini-
cores and reductions in NADH-dehydrogenase and cyto-
chrome ¢ oxidase (COX) activities. Shoffner et al. {9]
described a family harboring the A1555G mutation in asso-
ciation with both deafness and Parkinson’s disease, complex
1 activity being decreased in muscle samples from several of
the family members. To determine whether the effects of the
A1555G mutation are expressed in tissues other than the
cochlea even in patients with deafness as the sole clinical
symptom, we obtained muscle biopsy specimens from two
patients; one with streptomycin-induced, the other with
streptomycin-unrelated deafness. These specimens showed
such morphological abnormalities as a moth-eaten appear-
ance with atypical mitochondrial morphology and decreased
COX activity, and a few typical RRFs. Taken together with
the results obtained with p° cells [7] and lymphoblastoid cell
lines, [10] this finding supports the speculation that the
effects of the A1555G mutation may be expressed in tissues
other than the cochlea. Abnormal mitochondrial morphol-
ogy was present even in a patient with no history of amino-
glycoside treatment, indicating that the mutation itself can
cause mitochondrial dysfunction or with aging accelerate
the deterioration of mitochondrial function, manifesting as
deafness of middle age onset.

2. Patients

In family 1, the proband (TII-5) was a 44-year-old man
who became deaf in both ears after several administrations
of streptomycin for treatment of tetanus at age 17. His
maternal aunt (II-2) also had streptomycin-induced deaf-
ness. His mother (II-3), grandmother (I-2), brother (I11-7),
and maternal cousin (ITI-3), as well as his maternal cousin’s
daughter (IV-5) had bilateral deafness, but they had no
history of aminoglycoside treatment (Fig. 1).

In family 2, the proband (I-16) was a 27-year-old
woman who at age 5 lost hearing after receiving several
streptomycin injections for treatment of an upper respiratory
tract infection. Her hearing acuity continued to deteriorate

thereafter. Her brother (II-15), mother (II-11), maternal
uncles {II-5, II-7), and grandmother (I-2) all had sensori-
neural hearing loss of unknown cause.

In family 3, the proband (HI-2), a 19-year-old woman
experienced tinnitus after being administered 22 g of strep-
tomycin for treatment of tuberculosis. At that time, a pure-
tone audiogram showed a slight increase in her hearing
threshold at 8 kHz only. Although the treatment was imme-
diately stopped, her hearing continued to deteriorate over
the next 6 months, becoming profoundly impaired at all
frequencies. Her maternal aunt (II-5) also had streptomy-
cin-induced deafness, whereas her grandmother (£-2) and
another aunt (1I-11) had deafness of unknown cause.

None of these probands had been aware of dizziness,
vertigo, or oscillopia. None of the family members in
these pedigrees had clinical symptoms characteristic of
mitochondrial encephalomyopathy.

3. Methods
3.1, Mitochondrial DNA analysis
Total DNA was isolated from the peripheral Ieukocytes of

Family 1
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[v 1 3 ¥ . I [) .
Family 2

! BT

Il 1 3 i 4 L) ﬂ . ? 40 . . ] » H

1 a T v .

Fig. 1. Pedigrees of the families examined. Arrows indicate probands;
crossed symbaols, deceased subjects. In these families, shading of upper
half = a history of streptomycin treatment; shading of lower half = hearing
loss. The numbers underlined are onset ages of the probands and their
family members, Plus and minus signs indicate the subjects receiving the
sequence analysis or dot blot examination of A1555G mutation with posi-
tive and negative results, respectively.
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the three probands and several of their family members. To
determine whether the A1555G mutation was present, the
mtDNA fragment surrounding the 128 rRNA mutation site
was amplified by the polymerase chain reaction (PCR)
which used the sense primer 5'-AAACTCAAAG-
GACCTGGCGG (nt 1160-1179) and antisense primer 5!
CGTCCAAGTCGACTTTCCAG (nt 1598-1579). The
fragments were subcloned into a plasmid vector by means
of a TA cloning kit (Invitrogen, San Diego, CA, USA) then
were directly sequenced with an ABI DNA sequencer. To
detect the mutation in the remaining relatives, 2 pl of the
PCR products were processed by the dot-blotting methed.
Hybridization was done with a probe of 19-mer cligonu-
~ cleotides 5'-TACGACTTGCCTCCTCTAT (nt 1564-
1545) labeled with y-""P-ATP, after which autoradiography
was performed.

Large-scale deletions were examined by Southern blot
and long PCR. analyses [11,12]. We sequenced the whole
mtDNA of each of three probands as described previously,
[13] and compared each sequence with the standard mtDNA
sequence and polymorphism data in MITOMAP. Data used
to prepare the table were derived from MITOMAP: the
Mitochondrial Human Genome Database at Emory Univer-
sity in Atlanta (http://www.gen.emory.edu/mitomap.html)
on March 7, 1999 at 10 AM EST. If the base changes
were not described in MITOMAP, we made mismatch
primers in order to detect the mutation in control subjects
by PCR-restriction fragment length polymorphism (RFLP}
analyses.

3.2. Audiological and neurotological examinations

The probands and several of their family members were
examined by the following types of audiological and neuro-
tological testing. Audiological examinations consisted of
pure-tone and Bekesy's audiometry, speech recognition,
acoustic threshold test (ART), and an assessment of auditory
brainstem response (ABR} and evoked and distortion-
product otoacoustic emissions (EOAE and DPOAE). The
stimuli for ABR consisted of alternating clicks, generated
by square wave electrical pulses lasting 0.1 ms. They were
presented monoaurally at 9.5/s and 90 dB HL. Two averages
of 1000 trials were obtained for the stimulaticn of each ear.
EQAE and DPOAE were recorded and analyzed, respec-
tively, with ILO 88 and ILO 92 (Otodynamics, London).
The stimulus for obtaining EOAE was a non-filtered click
80 ms long at 80 dB SPL. The click rate was 30/s, and the
analysis period 20 ms. Two hundred and sixty responses
were averaged. A passband of 500-6000 Hz was used.
2f1-f2 DPOAE was measured at 1/4-octave intervals across
the stimulus frequency range of 700-6000 Hz with a f2/f1
ratio of 1.21:1.23 and f1 and f2 sound pressure levels of
70 dB SPL. Stimulus presentation, data recording, aver-
aging, and spectrum analysis were done with otodynamic
ILO 88 and ILO 92 software and hardware. Neurotological
tests were performed to assess the righting reflex, pathologic

nystagmus (change of fixation, gaze, and head position), the
vestibulo-ocular reflex function (caloric testing), and visual-
ocular confrol (saccade and smooth pursuit). Informed
consent for the testing was obtained from ail the patients.

3.3. Muscle biopsy

Biopsy specimens were obtained from the biceps brachii
of two deaf patients (III-5 and II-3) in family 1. The former,
a 44-year-old man had received streptomycin, whereas the
latter, a 69-year-old woman had not. The specimens were
quickly frozen in isopentane chilled in liquid nitrogen, then
subscribed to histochemical and electron microscopic obser-
vations. Frozen serial sections were stained with hematox-
ylin and eosin (H&E), modified Gomori trichrome (mGT),
and a battery of histochemical agents that included COX,
succinate dehydrogenase (SDH), myofibrillar adenosine
triphosphatase with preincubation at pH 10.8, 4.6 and 4.2,
and NADH dehydrogenase tetrazolium reductase [14]. For
the electron microscopic studies, muscle samples were fixed
in phosphate buffer containing 2% glutaraldehyde. After
being washed in phosphate buffer solution, the samples
were postfixed in 1% osmium tetroxide, embedded in
epoxy resin and sectioned. The ultrathin sections were
double-stained with uranyl acetate and lead citrate and
examined by electron microscope (H-7000, Hitachi).

4. Results
4.1. Mitochondrial DNA analysis {(Table 1)

No large-scale deletions were detected by the long PCR
and Southern blot analyses. All the point mutations detected
by the whole sequence survey are listed in Table 1. Three
non-synonymous mutations were found in family I, two of
which were also present in 1% of the normal controls, indi-
cative of polymorphism. The other A14062G mutaticn in
the ND5 gene was not present in any of the 100 controls.
Two non-synonymous mutations were found in family 2,
both of which were present in two of the 100 controls.
This family also had a homoplasmic T2626C mutation in
the 165 rRNA gene, which was also present in 12 of 58
controls. .A non-synonymous G15221A mutation in the
cytochrome b gene and the T1391C mutation in the 125
tRNA gene were found in family 3. Neither mutation was
piesent in the approximately 200 controls.

4.2. Audiological and neurotological findings

The family pedigrees show that hearing loss related or
unrelated {o aminoglycoside treatment was maternally

- inherited over three or four generations (Fig. 1). Members

with bilateral deafness of unknown cause had experienced
hearing loss since their second or third decade, the loss
being slowly progressive. The proband had bilateral deaf-
ness, the higher frequencies being more severely affected.
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Speech recognition correlated well with the PTA. Bekesy's
audiometry and ART showed the presence of recruitment
phenomena in all the probands’ ears. An ABR examination
did not show retro-cochlear abnormalities such as interpeak
latency elongation, and neither EOAE nor DPOAE was
observed in any of the probands’ ears. These results indicate
that hearing loss involved the cochlea, None of the probands
showed any abnormalities in the vestibular examinations
including caloric testing. Audio-vestibular findings for the
other family members who had deafness of unknown cause
were similar to those of the probands. Hearing loss was
more pronounced at high frequencies and accompanied by
recruitment phenomenon, indicative of cochlear involve-
ment, whereas no vestibular abnormalities were found.

4.3. Muscle pathology

Muscle biopsies done on two patients in family 1; one
(Patient III-5) with streptomycin-induced deafness, the
other (Patient II-3) with deafness unrelated to aminoglyco-
side, gave very similar findings. There was moderate varia-
tion in size in the type 1 fibers. Modified mGT and SDH
stains showed RRFs in a few type 1 fibers, but they did not
exceed 0.5% of the total muscle fibers. Type 1 and 2 fibers
were clearly distinguishable on NADH stain. The intermyo-
fibrillar networks were disorganized with a moth-eaten
appearance in approximately 20% of the type 1 fibers
(Fig. 2). In Patient II-3, RRFs had negative COX activity.
In Patient I{I-5, RRFs had positive COX activity. In both
biopsy specimens, most of the moth-eaten fibers detectable
on the SDH or NADH stain showed slightly decreased COX
activity (Fig. 2). No strongly SDH-reactive blood vessels
were found in either biopsy. The electron microscope
showed atypical morphological changes in mitochondria
in the moth-eaten fibers; enlarged mitochondria containing

amorphous materials and sometimes inclusions in both

muscle biopsies (Fig. 3). No such morphological abnormal-
ities were found in the fibroblasts from Patient II-3 (data not
shown).

5. Discussion

Several cis-mutations were found in our families but all
except three mutations are considered to be polymorphism
because of their presence in controls. An A14062G mutation
found in Patient I1I-2 in family 1 converts an isoleucine to a
valine of the 576th amino acid residue in the ND5 gene.
Because the wild-type isoleucine and mutant valine are both
amino acids with very similar non-polar side chains and this
type of conversion is frequently in a panel of reported poly-
morphism, we speculate that the mutation has little effect on
disease expression. A non-synonymous G15221A and a
T1391C mutation were found in the propositus in family
3. The G15221A mutation converts an aspartic acid to an
asparagine of the 259th amino acid residue in the cyto-
chrome b gene. The T1391C mutation was located in the

same 125 tRNA gene as the A1555G mutation. In this
study, we stress that the A1555G mutation without signifi-
cant cis-mutation can induce deafness as seen in family 2.

Moreover, the mtDNA haplogroups and polymorphisms
were reported to be associated with some multifactorial
diseases such as male infertility [15] and type 2 diabetes
mellitus [16). Based on the D-loop sequence and the
presence of 9-bp deletion in the COILMRNA-Lys intergenic

Fig. 2. Muscle pathology of Patient I1I-5 in family | at the age of 44. Stains:
mGT (A), SDH (B}, and COX (C). Type | fibers with 2 moth-eaten appear-
ance show uneven distribution of oxidative enzymes, and COX activity is
decreased as compared to that in normal type 1 fibers (X 100).
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Fig. 3. Electron micrographs of enlarged mitochondria containing amorplious materials and inclusions (inset) in the moth-eaten fibers in Patient II-3 of family

1. (A: X 8000, inset: X 40,000, B: x23,000).

region, family 1 is included in C10 cluster, and families 2
and 3 in C2 cluster, which were designated in the previous
report [17). The biological evaluation of the mtDNA
haplogroups and polymorphisms as well as the three muta-
tions found in this study, however, remains to be clarified.
Morphological mitochondrial alterations such as a moth-
eaten appearance with atypical mitochondrial morphology
and decreased COX activity, and a few RRFs in two patients
showed the presence of muscle mitochondrial dysfunction in
patients with isolated deafness. A moth-eaten appearance is
seen where the intermyofibrillar networks on oxidative
enzyme stains are disturbed and is more common in myopa-
thy than in neuropathy [18]). Moth-eaten fibers have been
found in approximately one-third of patients with CPEO
[11]. In the present study, the moth-eaten fibers showed
decreased COX activity and contained enlarged mitochon-
dria with amorphous materials and inclusions, indicating that
this change occurs because of mitochondrial dysfunction
associated with the A1555G mutation. On COX stain, one
patient with streptomycin-induced deafness showed positive
enzymatic activity in the RRFs, whereas another deaf patient
with no history of aminoglycodside treatment lacked COX
activity. The difference in COX activity in the RRFs of our
patients may reflect age differences, the presence/absence of
a history of aminoglycoside treatment, or both.
Pathophysiology of the deafness due to mitochondrial
DNA. alterations should be discussed. Deafness is frequent
in patients with mitochondrial encephalomyopathy charac-
terized by the presence of RRFs ascribed to point mutations
of mitochondrial tRNA genes or large-scale deletions of
mtDNA [1,2]. Deafness is the main symptom in maternally
inherited diabetes and deafness associated with a 104 kb
mtDNA deletion [19] or a point mutation in the tRNAM (R
gene of mtDNA [20]. In contrast, deafness typically is absent

in pure encephalopathies with no gross morphological
muscle abnormalities ascribed to point mutations of the
protein encoding mtDNA [1,2]. Because oxidative phosphor-
ylation presurnably is impaired in both types of disorder,
decreased mitochondrial protein synthesis appears somehow
to act in the manifestation of deafness, as it does as a signal
for mitochondrial proliferation or RRF formation [21]. This
speculation is supported by recent reports [8,9] and our
present findings, which provide evidence that the A1555G
mutation may also cause mitochondrial morphological
abnormalities in muscle.

Aminoglycoside administration seems critical for the
patients with the A1555G mutation because they can readily
develop profound and progressive hearing loss after being
given a low dose of aminoglycoside administration.
However, patients with streptomycin-induced deafness
and those with deafness of middle age onset unrelated to
aminoglycoside were found in our families, as reported in
other families [3,4,5,22]. Estivill et al. {22] reported that in
families with A1555G mutations ali patients who received
aminoglycoside became deaf but that approximately 80% of
patients with deafness onset in middle age had not been
treated with aminoglycoside. This suggests that the
Al1355G mutation has age-dependent penetrance for deaf-
ness and that aminoglycoside merely enhances the progres-
sion of deafness. Inhibition of mitochondrial protein
synthesis with chroramphenicol potentiates hair cell loss
after exposure to two different ototoxicants, gentamicin,
and acoustic trauma, [23] which suggests that mitochondrial
function regulates the probability of survival after metabolic
cochlear damage and that cochlea with decreased mitochon-
drial protein synthesis is more vulnerable to ototoxicants
than is normal cochlea. This also may explain why patients
with the A1555G mutation tend to develop deafness.
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In this study, we demonstrated the mitochondrial abnorm-
ality in the muscle of the patients with the A1555G mutation
irrespective  of aminoglycoside administration. The
presence of the A1555G mutation itself can induce the mito-
chondrial dysfunction in tissues other than cochlea and is
indicative of a determinant for the disease. The genetic and
environmental modifying factors such as cis-mutations
found in this study and aging process should be studied to
understand the pathophysiology of the disease.
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Abstract

We reported a patient with Leber's hereditary optic
neuropathy (LHON) with an intracranial arteriovencus
malformation (AVM). Genetic analysis of this patient
revealed a point mutation in mitochondrial DNA
{mtDNA) at nucleotide position 11778 in the ND4 sub-
unit of complex I Although the relationship between
intracranial AVM and mtDNA mutations remains uncer-
tain, some patients with intracranial AVM may be asso-
ciated with mitochondrial abnormality. Further study is

necessary to confirm whether the above conditions are -

coincidental or closely interrelated.

Key words: Leber's hereditary optic neuropathy
(LHON) ; arteriovenous malformation (AVM) ; mito-
chondrial DNA. .

Introduction

Leber’s hereditary optic neuropathy (LHON) is a
maternally inherited disorder characterized clini-
cally by an acute or subacute onset of central visu-
al loss prevalently in young males. Several point
mutations in mitochondrial DNA (mtDNA) have
been identified in patients with LHON and the
most frequent mutation is a substitution at
nucleotide position (np) 11778 (11778 mutation) in
the ND4 subunit of complex I (Wallace et al.,
1988 ; Newman, 1993).

Intracranial arteriovenous, malformation (AVM)
has been considered to originate from intrauterine
maldevelopment of cerebral vessels. Familial cases
have been rarely reported (Laing et al, 1974;
Snead OC I et al., 1979 ; Aberfeld er al., 1981 ;
Boyd et al., 1985 ; Yokoyama et al., 1991 ; Amin-
Hanjani et al., 1998), though a genetic defect has
not yet been established.

We report here, a patient with LHON associated
with intracranial AVM. Genetic analysis of this
patient revealed the 11778 mutation in mtDNA
common to LHON. Although we could not ascer-
tain how the mtDNA mutation is related to AVM,
this disease combination was of interest to explain
vascular abnormalities in both diseases.

Case report

A previously healthy 9-year-old Japanese boy
suddenly developed severe headache and vomiting,
and was admitted to our hospital. His parents were
healthy with no consanguinity. The patient had one
brother and one sister who were healthy with no
visual disturbance. On admission, he was lethargic
and showed inward deviation of both eyes, left
hemiparesis and hemiataxia. Brain computed
tomography revealed right thalamic and intraven-
tricular hemorrhage. Angiography revealed AVM
located from the right posterior thalamus to the
midbrain with feeders from the posterior thalamo-
perforate artery (Fig. 1). Ventricular drainage was
performed and all symptoms were improved except
for upward gaze palsy of both eyes. Since a con-
ventional direct operation was difficult in this area,
he underwent gamma radiation in the U.S.A. Six
months after this therapy, the AVM disappeared on
angiography, though he developed left hemiparesis,
and postural and intention tremor of the left upper
limb, which were thought to have been induced by
radiation injury. He underwent a right thalamotomy
(nuclens ventralis intermedins) 8 years after the
radiation, then the tremor disappeared.

At the age of 18 years, he first noticed a visual
disturbance on the left, and the right 8 months after
the onset. He visited the ophthalmologic clinic in
our hospital and was referred to the neurology sec-
tion for further evaluations.

He was 163 cm in height and 62 kg in weight.
His mental status was normal with normal speech.
He had mild left hemiparesis and hemiataxia, but
no tremor. Deep tendon reflex was mildly hyperac-
tive on the left side, but no pathologic reflexes were
seen. He showed mild hypesthesia in the left upper
Limb.

On ophthalmological examination, his visual
acuity was 0.03 OD and 30 cm/nd OS. He had
bilateral central scotoma, which was more severe in
the left than the right eye. Optic disc examination
showed mild optic atrophy in the temporal side.of
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Fi6. 1. — (A) Computed tomography of the brain shows a right thalamic hemorrhage and intraventricular rupture,
(B) Left vertebral angiography reveals arteriovenous malformation (AVM) at the right posterior thalamus to the midbrain with
feeders from the posterior thalamoperforate artery.

the left eye, but normal in the right. Retinal micro-
angiopathy was not recognizable during the course.
Critical fusion frequency (CFF) was 25 cycles/sec
OD and 13 cyclesfsec OS. Fluorescein fundus
angiography showed neither dye leakage nor dilat-
ed capillaries. Pattern-reversal visual evoked poten-
tials failed to exhibit P-100 waves in both eyes.

His routine blood analysis (complete blood
count, liver enzyme activities, electrolytes, glucose,
urea nitrogen, etc) yielded normal results. Lactate
and pyruvate levels in the blood were 8.4 mg/dl
(normal 3.7-16.3) and 0.86 mg/dl (0.1-0.9), respec-
tively. The cerebrospinal fluid was normal includ-
ing a cell count of 2/mm?, protein level of 24 mg/dl,
lactate of 15.1 mg/dl (11.1-16.6), and pyruvate of
1.10 mg/dl (0.75-1.29). Electrocardiography was
normal. Electroencephalography showed a slow
background of 7-8 Az and 0 waves.

A small area in the right thalamus and midbrain
had a low signal on the T1-weighted image and a
high signal on the T2-weighted image of magnetic
resonance imaging (MRI), thought to be caused by
the ruptured AVM and gamma radiation.

He was placed on corticosteroid pulse therapy
(methylprednisolone 1000 mg div/day for 3 days
per week, three times) with the tentative diagnosis
of optic neuritis. After LHON was diagnosed,
coenzyme Q,, supplement therapy was started.

About two weeks after the steroid pulse therapy, his
visual acuity improved to 0.08 OD and 0.04 OS.
His visual acuity became 0.04 OD and 0.01 OS
some months later, but it further improved to
0.20 OD and 0.03 OS after the next 2 years.

MtDNA analysis

To detect the LHON mutation, DNA was
extracted from peripheral lymphocytes. Two large
mtDNA fragments were amplified using long PCR
by a method described previously that aveid the
amplification of nuclear mtDNA-like sequences
(Akamuma et al., 2000). The PCR products were
directly purified using Microspin S-400 HR
columns (Amersham Pharmacia Biotech). With 96
primer sets- designed for sequencing, fragments
were subject to the BigDye Terminator Cycle
Sequencing reaction {PE Applied Biosystems) and
sequence determination on an ABI 3700 automated
sequencer according to the manifacturer’s protocol.
We identified the 11778 G — A mutation but did
not find any other LHON mutation or new poly-
morphism (Table 1). To determine whether the
mutation was homoplasmic or heteroplasmic, we
applied PCR-RFLP method using SfaNi restriction
enzyme. The all PCR products were not cut by the
enzyme indicative homoplasmy.
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Sequence analysis of whole mtDNA

region mutation amino acid frequency in
replacement normal controls
D-loop a73g 98%
c150t 14%
t199¢ 10%
a263g 83%
ins-303c 44%
ins-311c 85%
t48%¢ 62%
12SRMA a730g 99%
ald438g 92%
16SRMA a2706g 99%
ins-3168¢ 0%
ND1 g4048a. D-N 3%
c4071t syn 5%
adlodg syn 4%
ND2 a4769g syn 99%
aj3slg SyI 4%
£5460a A=T 5%
Co1 c6455t syn 13%
t6680¢ syn 4%
¢7028t syn 99%
CoIl t7684c¢ syn 3%
g7853a V—3A 4%
ATP 6 a8701g T—oA : 45%
ag860g T—oA 100%
com 19540c syn 52%
t9824c syn 14%
ND3 110345¢ I-T 4%
a10398g T—A 70%
¢10400t syn 63%
ND4 t10873c. syn 63%
g11719a syn 100%
glii778a R—H 0%
ND5 ¢12405¢ syn 4%
¢12705t syn 73%
t12811c Y-oH 4%
cyth cl4766t I1->T 100%
t14783c syn 65%
£15043a syn 63%
g15301a syn 49%
a}5326g T—=A 99%
D-loop gl612%a 21%
c16223t 75%
t16297c 4%
116298¢c 10%

SYN : SYLONYMmous.

Discussion

Our patient presented the typical symptoms of
LHON, including subacute onset of bilateral visual
loss at the age of 18 years. He had no family histo-
ry, however, and mtDNA analysis disclosed the
11778 mutation. The most interesting feature of this
patient was an association with intracranial AVM.

Itis well known that some pedigrees with LHON
have exhibited some additional neurological find-
ings and have been called Leber’s ‘plus’. The
symptoms include dystonia, tremor, parkinsonism,
spasticity and polyneuropathy (Meire et al., 1995 ;
Nikoskelainen et al., 1995 ; Schoffner ef al., 1995).
Multiple sclerosis-like symptoms and MR findings

have also been reported (Harding et al, 1992).
However, AVM has not been complicated with
LHON, with myoclonus epilepsy associated with
ragged-red fibers (MERRF) nor mitochondrial
myopathy, encephalopathy, lactic acidosis and
stroke-like episodes (MELAS). Although it is diffi-
cult to conclude whether the combination with
AVM and LHON was coincidental or interrelated,
further cumulative study of the combination may
resolve this issue. It would be interesting to screen
the many reported families with LHON for the
occurrence of intracranial AVM by CT or MRI
study.

Our patient’s visual acuity improved from
0.03 OD and 30 cm/nd OS to 0.20 OD and 0.03 OS
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after about 2 years suggesting a beneficial effect of
coenzyme Q,, therapy. The treatment of LHON is
not yet established. Newman (1993) described in
the review of LHON that attempts to treat or pre-
vent the acute phase of visnal loss with systemic
steroids, hydroxycobalamin, or cyanide antagonists
have, in general, proved not efficacious. He also
stated that use of coenzyme Q and succinate in
patients with LHON and visual loss had been lim-
ited, but his preliminary results were not particular-
ly encouraging. Nakamura et al. (1994) reported a
patient with LHON with a mtDNA mutation at
np 3460, whose visual acuity improved after coen-
zyme Q,, supplemention, steroid pulse therapy and
hydroxycobalamine injection. Mashima et al
(1992) reported a patient who had a remission of
LHON with idebenone, which is a quinor that stim-
ulates net ATP formation in cerebral metabolism
and inhibits lipid peroxidation in the mitochondrial
membrane. Nishikawa ez al. (1989) reported a case
of mitochondrial encephalomyopathy with cyto-
"chrome ¢ oxidation deficiency, treated with high
doses of coenzyme Q,. Abnormal elevation of
serum lactate over pyruvate ratio and the increased
concentration of serum lactate plus pyruvate
induced by exercise decreased with coenzyme Qi
treatment. They suggested that coenzyme Q,, had
clinical valve in the long-term management of
patients with mitochondrial encephalomyopathies,
even though there were clinical limitations to the
effects of this therapy.

Familial occurrence of AVM is rarely reported.
Yokoyama et al. (1991) reported 3 families in
which a father and his son, cousin, and a mother
and her son were respectively affected. Amin-
Hanjani er al. (1998) reviewed familial AVM
patients reported in the literature, consisting of
parent-child combinations from 7 families (41%),
including 2 mother-daughter, one mother-son,
4 father-son, as well as sibling combinations in
7 families (41%), and cousin combinations in
3 families (18%). Analysis of familial patients has
revealed that some appear to have autosomal domi-
nant inheritance and others mtDNA (maternal)
inberitance or autosomal recessive inheritance.,

Genetic mechanisms that contribute to patho-
genesis and phenotype of intracranial AVM are still
unknown. A lot of research is currently going on
exploring the molecular aspects of vascular proli-
feration/malformation. Recently, a gene and muta-
tions causing cerebral cavernous malformations
(CCM) in a subset of families with the disease were
identified. CCMI mapping to 7q encodes KRIT1,
Krev-1/rapla binding protein (Laberge-le Couteulx
et al., 1999 ; Sahoo et al., 1999). Hereditary hem-
orthagic telangiectasia (HHT) is an autosomal
dominant disorder characterized by cutaneous vas-

cular dysplasia and a high propensity to develop

systemic and intracranial vascular lesions or
AVMs. Endoglin, a transforming growth factor beta

binding protein of endothelial cells, has been
proved to be the gene for HHT type ! mapping to
993 (McAllister er al., 1994).

Blood vessel involvement has been observed in
some mitochondrial diseases, especially MELAS
in which abnormal mitochondria are accumulated
in the small arteries showing “strongly succinate
dehydrogenase-reactive blood vessels” (SSV)
(Hasegawa et al., 1991 ; Goto et al., 1992). Sakuta
et al. (1989) examined biopsy specimens of mus-
cles from patients with mitochondrial myopathy
and revealed that some pericytes around a few
arterial capillaries contained aggregates of slightly
enlarged mitochondria. Kishi et al. (1988) reported
an autopsy case of MELAS, describing that the
cerebral cortex was in spongy state and capillary
proliferation and fibrillary gliosis were noted.
Bertrand et al. (1996) also reported a case of mito-
chondrial encephalomyopathy of mixed MELAS
type, showing numerous focal and so called
pseudolaminar cortical necrosis in the brain with
characteristic proliferation of capillary vessels in a
microscopic study. Microangiopathy is the first
abnormal finding in the optic disc in LHON. In
conjunction with these findings, some patients with
intracranial AVM may have an associated mito-
chondrial abnormality. A link could be found
between moelecular mechanisms of AVM and the
mitochondrial defect. Further genetic research is
necessary to understand the relationship between
AVM and LHON.
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Atypical MELAS
Associated With
Mitochondrial
tRNA™*® Gene
A8296G Mutation

Ryoichi Sakuta, MD#*,

Shiho Honzawa, MD*,

Nobuyuki Murakami, MD¥*,

Yuichi Goto, MDY, and Toshiro Nagai, MD*

We report on a unique patient with mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS) presenting optic atrophy, car-
diomyopathy, and bilateral striatal necrosis before
stoke-like episodes became apparent. Skeletal muscle
total mitochendrial DNA. analysis identified a hetero-
plasmic A to G point mutation in the tRNALYS gene at
position 8296, Skeletal muscle pathology revealed typ-
ical MELAS findings, including ragged-red fibers cy-
tochrome ¢ oxidase positive strongly succinate dehy-
drogenase-reactive blood vessels. Recent reports
describe the 8296 mutation identified in patients with
diabetes mellitus or myoclonus epilepsy with ragged-
red fibers, not MELAS. We conclude that the 8296
mutation is likely to be pathogenic and that it may be
not only a mutation responsible for diabetes mellitus or
myoclonus epilepsy with ragged-red fibers but also for
MELAS. © 2002 by Elsevier Science Inc. All rights
reserved.

Sakuta R, Honzawa S, Murakami N, Goto Y, Nagai T.
Atypical MELAS associated with mitochondrial fRNAMYS
Gene AS$296G mutation. Pediatr Neurol 2002;27:
397-400.

Introduction

Mitochondrial myopathy, ericephalopathy, lactic acido-
sis,” and stroke-like episodes (MELAS) are characterized
by recurrent neurologic deficits including seizures, head-
ache, dementia, and psychomotor retardation that initiate
in childhood. Although symptomatic heterogeneity among
MELAS patients has been known, the combination of
chronic progressive external ophthalmoplegia, hearing
loss, and diabetes mellitus is shared by most of them [1].
It is rare to have optic atrophy of early childhood onset
with cardiomyopathy and bilateral striatal necrosis before
stoke-like episodes become apparent.

We performed direct sequencing of all mitochondrial
DNA (mtDNA) and identified the A8296G substitution in
the tRNA™* gene. In recent reports the A8296G mutation
has been identified in patients with diabetes mellitus and
myoclonus epilepsy with ragged-red fibers (MERRF).
Herein we report on the first patient with atypical MELAS
associated with the A8296G mutation and its causal link to
the clinical features.

Case Report

A l4-year-old Japanese male was born by normal spoatanecus
delivery at 38 weeks of gestation weighing 2,675 gm. His mother, 39
years old, was healthy, but his 65-year-old maternal grandmother had
hearing loss and neninsulin-dependent diabetes mellitus. In his prenatal
and perinatal periods and through early infancy, no abnormal character-
istics were observed. At 4 years of age, he tempoearily lost central vision
in both eyes without naticeable pain. However, the loss of vision was
transient, lasting for a few days; his visual acuity was limited to
perceiving hand movements in both eyes. The optic disc pallor developed
after a few months, and he was thus diagnosed as having optic atrophy.
His visual acuity was gradually reduced. Hypertrophic cardiomyopathy
wag found at a school check-up when he was 6 years of age. However,
he did not develop heart failure. Then he developed persistent fatigue and
weakness of skeletal muscles between 8 and 9 years of age. At that time,
he was noted to have short stature, sensorineural hearing loss, a variable
speech disorder, poor short-term memory, and clumsiness. A computed
tomography brain scan revealed a low-density area in bilateral striatal
lesions. At 14 years of ags, he had an episode of recurrent headache with
nausea accompanied by focal motor and generalized epileptic seizures
and lactic acidosis. He was referred to our hospital for further examina-
tion, including muscle biopsy, biechemical analysis, and DNA analysis.
On admission, physical examination revealed short stature and body
weight both below the second percentile. His pubertal development was
normal. General examination findings were otherwise unremarkable.
Optic atrophy was observed, but there was no retinal pigmentation. He
had myoclonus with hypertonicity. There was mo objective sensory
deficit. Brain magnetic resonarce imaging demonstrated difuse cortical
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Figure 1. Axial T-weighted brain magnetic resonance image {IR =
400 ms, TE = 15 ms) is presented. Note the diffuse cortical atrophy and
bilaterally symmetric lesions (low-intensity area) of the putamen and
caudate nucleus,

atrophy and bilaterally symmetric lesions at the putamen and caudate
nucleus (Fig ). Echocardiography revealed hypertrophy of the antero-
lateral and posterior walls of the left ventricle (Fig 2). We treated the
patient with cytochrome ¢ and dichloroacetate for mitochondrial dys-
function, without significant effects.

Informed consent from the patient and patient’s mother was cbtained
for all investigations.

Muscle Biopsy

We obtained biopsied muscle from the left biceps brachii muscle.
Serial frozen sections were stained with hematoxylin and eosin, modified
Gomori trichrome, succinate dehydrogenase (SDH), cytochrome ¢ oxi-
dase (COX), and a battery of histochemical methods.

Figure 2. Echocardiography reveals hypertrophy of the arterolateral
and posterior walls of the left ventricle at 14 years of age (pardsternal
long-axis view).
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DNA Analyses

Total DNA was extracted from a part of the muscle biopsy specimen.
DNA sample was analyzed for the mutations previously ideatified in
MELAS or MERRF, as described [2-6]. For sequencing analysis, 12 sets
of primers were used to amplify the DNA fragments covering all of the
mitochondrial tRNA regions. Polymerase chain reaction products were
purified and their nucleotide sequences determined by an ABI 377
Automatic Sequencer {(Perkin Elmer Biosystem, Foster City, CA) using
the DNA Sequencing Kit and the Dye-Terminator Protocol (Peckin Elmer
Biosystem, Foster City, CA). .

Based on the sequencing result a simple screening method was devised
to detect the A8296G mutation. This method utilizes an Acil restriction
site that is only present in the mutated allele. The mtDNA fragment
surrounding the (RNAY* was amplified by polymerase chain reaction
using a sense primer, 5';-AACCAAACCACTTTCACCGCT-3'; (8123~
8143), and an antisense primer, 5';-CATACGGTAGTATTTAGTTGG-
3'; (8391-8371). The polymerase chain reaction was performed in a total
volume of 5 wL containing 5 ng of genornie DNA, 50 nM of two primers,
62.5 pM of dNTP, 5¢ mM KCl1, 10 mM Tris-HC1, 2.0 mM MgCl,, and
0.25 U of the Taq DNA, polymerase. The polymerase chain reaction was
petformed for 30 cycles consisting of 15 seconds denaturation at 94°C,
15 seconds annealing at 5O0°C, and 30 seconds primer extension at 72°C
in 2 Thermal Cycler (Perkin-Elmer Biosystem, Foster City, CA).

Results
Biochemical and Histologic Characteristics

Routine hematologic and biologic investigations were
indistinguishable from normal. Glucose tolerance test was
normal. However, lactate levels of fasting blood and
cerebrospinal fluid were elevated to 40 mg/dL and 80
mg/dL (normal range = 3.3~14.9 mpfdL), respectively.

The muscle fibers varied in size from 20 to 80 pm in
diameter. Some ragged-red fibers (RRFs) and strongly
SDH-reactive blood vessels (SSVs) were recognized. All
the muscle fibers were COX positive. RRFs and S8Vs
demonstrated increased levels of COX activity (Fig 3).
Enzymes involved in mitochondrial respiratory chain were
not analyzed.

DNA Analyses

The DNA sample was screened for the mutations in
mitochondrial tRNA genes that were previously found to
be associated with MELAS or MERREF. They included the
3243, 3271, 3291 mutation of the tRNAM*"VUR) gene, and
the 8344 and 8363 mutation of the tRNAM® gene [2-6].
However, none of these were detected. Sequence analysis
identified a number of nucleotide substitutions, A1438G,
T2626C, A2706G, C2772 torr, G3423 torr, A4769G,
A4938G, G4985A, CT7028 torr, AB296G, AB701G,
ABB60G, T9540 torr, T11335C, CI2705 torr, and
G14365C, in comparison to the Cambridge sequence.
With the exception of the A8296G mutation, these substi-
tutions have been viewed as polymorphisms without
negative effects on function. Cleavage of the 268-bp
polymerase chain reaction product containing the mutated
region by Acil revealed a heteroplasmic proportion (Fig 4).
With -this simple and specific screening method, the



Figure 3. Frozen cross-sections ore illustrated with cytochrome ¢
oxidase (COX) stain. There was a mild variation in fiber size. Some
ragged-red fibers (RRFs)(%} and strongly SDH-reactive blood vessels
(SSVs)(«) were recognized. All the muscle fibers were COX positive,
RRFs and $SVs demonstrated increased levels of COX activiry (bar = 50

n).

AB206G mutation was not detected in 100 fiormal control
DNA samples.

Discussion

The diagnosis of MELAS was determined for this
patient based on the following: (I) stroke-like episodes
with recurrent headache and vomiting, (2) high lactate
level presenting both in blood and cerebrospinal fluid, (3)
muscle biopsy findings including RRFs and COX-positive
SSV. The presence of COX-positive SSV is a character-
istic vascular finding for MELAS. In MERRF, S8Vs also
appear in muscle specimens, but COX activity in SSVs is
almost negative [1].

1 23 45 6 7 8 9% P M
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Figure 4. The A8296G mutatior and normal alleles of the IRNAY gene
detected by polymerase chain reaction followed by Acil digest are
depicted. The DNA fragments were stained with ethidinn bromide and
visualized using an ultraviolet light transilluminator. The polymerase
chain reaction products from the mutant intDNA of the patient (lane P)
and wild type of mtDNA in control subjects (lane 1-9) were fractionated
by electrophoresis through a 3% Nusieve agarose gel. The larger DNA
fragment of 268-bp in size is derived from the nonmutated allele. The

mutated allele contains an Aci! site and thus generates two smalier

fragments (173 and 95 bp) by an Acil cleavage. The proportion of the
two alleles in the patient DNA sample indicates a characreristic of a
heteroplasmic mutation. M lane is DNA size marker.

The current patient is unusual in that the symptoms are
accompanied by optic atrophy, cardiomyopathy and bilat-
eral striatal necrosis [7], which appeared in early child-
hood before the onset of stoke-like episodes.-Ophthalmo-
logic impairments usually observed in MELAS are
pigmentary retinopathy, ophthalmoplegia, and ptosis [8].
However, optic atrophy observed in this patient has been
rarely reported in association with MELAS [9] and thus
makes this patient unique. Pulkes et al. reported on a
patient having corbined syndromes of Leber's hereditary
optic neuropathy (LFEON) and MELAS [10]. A recent
report described a family in which the affected members
had late-onset optic atrophy, ataxia, and myopathy asso-
ciated with a mutation of a complex II gene. These patients
did not have stroke-like episodes [11]. LHON cause of
permanent blindness in otherwise healthy young adults is
more common in men. LHON is mostly associated with
mtDNA point mutation in the mitochondrial complex I
subunit genes NDI, ND4, and ND6 [12]. Our patient
developed blindness in his early childhood; however the
loss was only temporary. Because of the disparity of
symptoms, our patient was not diagnosed as LHON.

None of the mutations previously associated with
MELAS were detected in our patient, and sequencing of
all mtDNA was necessary to identify any potentially
causal mtDNA mutation. Extensive sequence analysis of
mtDNA identified only one nuclectide substitution,
A8296G, in the tRNA™* gene of a MELAS patient who
presented with an nnusual combination of symptoms.
More than 80% of MELAS patients are found to have a
single nucleotide substitution at position 3243 from A to G
(A3243G mutation) in the tRNA™“UYR) gene of the
mitochondrial genome [1]. Mutations at position 3251,
3256, 3271, and 3291 of the tRNA“(UUR) gene may also
be responsible for various forms of MELAS [3,4]. Thus
the tRNALYUUR) gene may be a genetic hot spot with a
specific link to MELAS.

In contrast, many of the mitochondrial DNA mutations
in tRNAL® are associated with MERRF [5,6]. Its unique
link to and the atypical nature of clinical features imply
that the mutation is pathogenic. This notion is supported
by the following three additional factors: (1) the mutation
is beteroplasmic, (2) the mutated site is located in the
aminoacyl acceptor stem of tRNA™®, in which the wild
type of nucleotide adenine is highly conserved between a
diverse range of species, and (3) the mutation is not
present in 100 healthy control subjects.

The AB296G mutation may be a part of the complex
cause of diabetes, and 1% of diabetic patients have this
particular mutation [13). Moreover, a recent report docu-
mented a double mutation, A8296G and G8363A, being
associated with myoclonus epilepsy with MERRF {14]. In
this context, because the 8296 mutation was nearly ho-
moplasmic, the authors concluded that G8363A mutation
is pathogenic; the co-occurrence of the 8296 mutation is of
unclear significance and is likely to be a rare polymor-
phism. However, this 8296 mutation alters the double
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helix of the stem and secondary structure of tRNA. This
effect is the impairment of the activities of aminoacyl-
. tRNA synthase and peptidil-tRNA hydrolase, which play a
central rale in the mitochondrial translation process. Thus
this study reports the first patient of MELAS associated
with the A8296G mutation.
We conclude that the A8296G mutation is likely to be
pathogenic and may have a causal link not only to diabetes
mellitus and MERRF but also to MELAS.

We express our thanks to Dr. Tkuya Nonaka {(National Center Hospital for
Mental, Nervous and Muscuolar Disorders), Dr. Kyoke Koishi (University
of Otage, Dunedin), and Dr. Kazuo Obata (Dokkyo University School of
Medicine, Saitama) for their helpful suggestions and advice.
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Aims: Werner's syndrome (WS} is an uncommon aulosomal recessive disease resulfing from
mulational inactivation of human WRN helicase, Werner's syndrome protein [WRNp}. Patients with
WS progressively develop a variety of aging characteristics Uger puberty. The aim of this study was to
defermine the distribution of WRNp and the expression of the transcription factors regulating WRN
gene expression in a variety of human organs in an attempt to understand the WS phenotype.
Methods: Tissue specimens were obiained from 16 controls aged from 27 gestational weeks o 70
years of age and a 56 year old female patient with WS. The distribution of WRNp and the expression
of the transeription factors regulating WRN gene expression—SP1, AP2, and refinoblastoma protein
(Rb)— were studied in the various human organs by immunohistochemical and immunoblot analyses.
Results: In the hedlthy controls after puberty, high expression of WRNp was detected in seminiferous
epithefial cells and Leydig celis in the testis, glandular acini in the pancreas, and the zona fasciculata
and zona reticularis in the adrenal cortex. In addition, the SPT and AP2 transcription factors, which
regulate WRNp gene expression, appeared in an oge dependent manner in those regions where
WRNp was expressed, In controls afier puberty, SP1 was expressed in the festis and adrenal gland,
whereas AP2 was expressed in the pancreas.

Conclusions: These tindings suggest that the age specific onset of WS may be related to age depend-

erner’s syndrome (WS$) is an uncommeon autosomal
Wrecessivc disease resulting from mutational inactiva-

tion of the human WRN helicase gene, which
encodes both helicase and exonuclease activities, and is found
at 8pll-12.'* WRN helicase is one of five human RecQ
helicases, and is one of the three such genes that have been
related to a heritable human disease; namely: Bloom
syndrome (BLM)’ and Rothmund-Thomsen syndrome
{RTS5).*

The characteristic phenotype of W$ is premature aging.
After puberty, affected individuals rapidly develop greying and
loss of hair, scleroderma-like skin changes, ostecporosis,
atherosclerosis, non-insulin dependent diabetes mellitus, and
hypogonadism; these patients also have an increased risk of
cancer.’® At the cellular level, cultured cells from patients with
WS have a shortened life span and prolonged S phase of the
cell cycle.* In addition, increased mutation frequency, chromo-
somal instability, and rapid senescence of fibreblast cultures
are seen in cells from patients with WS.™

“The characteristic phenotype of WS is premature
aging”

The 5 upstream region of the WRN gene contains three cis
regulating elements: an SP} element, an AP2 element, and a
retinoblastoma {Rb) control element (RCE). WRN expression
is regulated ‘mainly by the SP1 transcriptional control
systemi.® Despite this molecular information we do xot
understand why the WS phenotype is only expressed after
puberty. The hypotheses are that: (1) WRN is expressed after
puberty in specific tissues, and/or (2) the transcription factors
regulating WRN gene expression are manifested after puberty
in those tissues that express WRN. Thus, in our present study,
using immunchistochemical and immunoblet analyses of
various postmortem human tissues we investigated the

ent expression of WRNp in specific organs.

expression of WS protein (WRNp) and transcription factors,
SP1, APZ, and Rb in an attempt to clarify the pathogenetic
importance of WRN.

MATERIALS AND METHODS

Postmortem tissues

Sets of postmortem tissue specimens (brain, liver, pancreas,
testis, ovary, kidney, adrenal gland, heart, spleen, and
intestine) were obtained from 16 controls and a female patient
with WS. The ages of the controls ranged from 27 gestational
weelks to 70 years and the patient with WS was 56 years old."
In these cases, informed consent was obtained in writing. The
necropsies were performed within 24 hours of death, and
usually within 12-hours.

Immunchistochemistry

The sections for immunohistochemistry were dewaxed and
pretreated with 0.3% hydrogen peroxide in methanol for 15
minutes to abolish endogenous peroxidase activity, and then
incubated for 30 minutes in the presence of 10% normal rab-
bit or goat serum. to blaock non-specific binding. The sections
were then incubated with a mouse monodonal antibody, 8H3,
which is specific to the N-terminus of human WRNp (diluted
1/500)," a goat polycdonal antibody against human SP1
(diluted 1/10) (PEP2-G; Santa Cruz Biotechnology, Santa
Cruz, California, USA), or a rabbit polyclonal antibody against
hurnan AP2 (diluted 1/500) {(C-18, Santa Crutz Biotechnol-
ogy) overnight at 4°C. This was followed by incubation with
Liotinylated rabbit antimouse IgG/A/M, goat antirabbit IgG, or

Abbreviations: BLM, Bloom syndrome; DHEAS,
dehydroepiandrosterane sulphate; Rb, retinoblastoma protein; RCE,
retinoblastoma control element; RTS, Rothmund-Thomson syndrome; WS,
Werner's syndrome; WRNp, Warner's syndrome protein



IR 1T o]
T P

T L )

F eyt »-L'isr.»-’x e
Y o ATy ]
e T SR T 3

e
il

.
Iy
X

Figure 1
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Immunoperoxidase staining of the organs, showing age dependent changes in Werner's profein [WRNp) immunoreccﬁvilr.

Pancreas at {A} 11 years and {D} 32 years; seminiferous tubules in the iestis at {8} 11 years and (E) 32 years; cortex of the adrenal gland at
[C) 11 years and [F} 32 years. Arrows indicate the WRINp positive cells. F, zona fascievlata; R, zona reticularis. Scale bor, | pm.

rabbit antigoat IgG {Nichirei, Tokyo, Japan), respectively, for
one hour at room temperature and then incubation with per-
oxidase conjugated streptavidin (Nichirei} for 30 minutes at
room temperature. After using the TSA Plus kit (NEN Life
Products, Boston, Massachusetts, USA), the immunoproducts
were visualised by the addition of 0.02M diaminobenzidine
tetrahydrochloride in 0.05M Tris buffer, pi 7.6, containing
0.006% hydrogen peroxide. Nuclei were counterstained with
haernatoxylin. The detailed procedures for preparing the
monoclonal antibody 8H3, and its biochemical and immuno-
cytochemical characterisation, have been published
elsewhere,? * In addition, all specimens were stained with
haematoxylin and eosin as a routine examination.

Immunoblet analysis

Frozen sections of frontal lobes, pancreas, and kidney from the
controls aged 27 gestational weeks, 11 years, and 64 years
were used for nuclear and cytoplasmic protein extraction. The
samples were thawed and homogenised in the buifer from the
nuclear and cytoplasmic extraction reagents kit { Pierce, Rock-
ford, Illinois, USA), according to the manufacturer’s instruc-
tions. After the protein concentration was measured, the sam-
ples were incubated for two minutes at 95°C. The protein
samples were separated by 7.5% polyacrylamide gel electro-
phoresis and then transferred electrophoretically to a polyvi-
nylidene diflucride membrane (Immobilon; Millipore, Bed-
ford, Massachusetts, USA). The membrane was incubated
overnight at 4°C with primary antibody against human WRNp

diluted 171000, followed by antimouse 1gG and horseradish
peroxidase labelled whole antibody diluted 1/5000 (Amer-
sham Pharmacia Biotech, Amersham, Buckinghamshire, UK).
The colour was developed with the aid of an ECL kit
{Amersham Pharmacia Biotech).

RESULTS ‘
Immunchistochemistry to detect WRNp and relevant
transcription factors in human tissues
We examined the expression of WRNp in brain, liver, pancreas,
testis, ovary, kidney, adrenal gland, heart, spleen, and intestine
obtained from controls of various ages by immunohisto-
chemical analyses. Inumunoreactivity for WRNp was not
detected in the organs from the controls during the neonatal
period and childhood (fig 14, B, C). Appreciable amounts of
WRNp first appeared in selective tissues—such as glandular
acini of the pancreas, seminifexous epithelial cells and Leydig
cells in the testis, and the zona fasciculata and zona reticularis
in the adrena) cortex—from the age of 17 in controls, and was
detected persistently after adolescence (fig 1D, E, F). However,
immunoreactivity for WRNp was not detected in the other
organs at all ages. WRNp was not detected in these organs from
the 56 year old female patient with WS (data not shown).
Next, we studied the expression of the transcription factors
regulating WRN gene expression in the pancreas, adrenal
gland, and testis by means of immunostalning, SP1 and AP2
could not be detected in the tissues from young controls (fig
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Figure 2 Immunoperoxidase staining of the organs, showing cge dependent changes in SP1 immunoreactivity. Pancreas at {A] 17 years and

{D) 32 years; seminiferous tubules in the testis &t (B} 11 years an

(E] 32 years; cortex of the adrenal gland at [C) 11 years and (F} 32 years.

Arrows indicate SP1 positive cells, F, zona fasciculata; R, zona reticularis. Scale bar, | pm.

24, B, C and 3A, B, C), whereas SP1 was seen in seminiferous
epithelial cells and Leydig cells in the tests (fig 2E) and the
zona fasciculata and zona reticularis in the adrenal cortex (fig
2F), but not in the glandular acini of the pancreas (fig 2D)
from controls after puberty. Immunoreactivity for AP2 was
detected in the glandular acini of the pancreas (fig 3D), but
not in the sermniniferous epithelial cells and Leydig cells in the
testis (fig 3E), orin the zona fasciculata and zona reticularis in
the adrenal gland {fig 3F) from controls after puberty. In con-
trast, immunoreactivity for the Rb protein was not seen in the
pancreas, adrenal cortex, or testis at all stages {data not
shown). :

Immunoblet analysis for WRNp in tissues from young
and old healthy subjects

Immunoblot analysis showed that WRNp was abundant in the
cytosol fraction of the pancreas from a 64 year old control (fig
4; lane 8). In contrast, bands were not detected in the cytosol
fraction from young controls (fig 4; lanes 1-6) and in the
frontal lobe and the kidney from the 64 year old control (fig 4;
lanes 7, 9). Surprisingly, the WRNp specific bands were not
detected in the nuclear fraction from all controls when 50 ug
of nuclear protein was used (data not shown).

DISCUSSION

In our study, we first demonstrated the age related expression
of WRN in selected tissues and the simultaneous expression of
some transcription factors involved in the upregulation of the

WRN gene. High expression of WRNp after puberty was seen
in the seminiferous epithelial cells and Leydig cells in the tes-
tis, glandular acini in the pancreas, and the zona fasciculata
and zona reticularis of the adrenal cortex in controls.
Immunoblot analyses also showed that WRNp appeared in
these tissues after puberty. We found that WRNp was
abundant in the cytosol obtained from the frozen specimens;
this expression pattern implies that WRNp has a dual nuclear
and cytoplasmic localisation in the cell. It has been reported
that p53 is stored in the cytoplasm, closely associated with the
cytoskeletal actin filaments, and that sorme of this p53 moves
into the nucleus to initiate gene activation in resting
fibroblasts," On the basis of this evidence, we speculate that
WRNp is stored in the cytoplasm and some of the WRNp
moves into the nucleus for DNA repair. The expression profiles
of the five human RecQ helicases differ. As measured by
northern blot analysis, the WRN gene is expressed highly in
the pancreas and the testis, whereas the BLM gene is
expressed predominantly in the thymus and the testis, like the
RTS helicase gene. The RecQl gene appears to be expressed
ubiquitously, like RecQ5."” The present immunological results
with WRNp are in good agreement with those previously pub-
lished by Kitao ef al using northern blot analysis.”

“We speculate that Werher's syndrome protein is stored
in the cytoplasm and some of this protein moves into the
nucleus for DNA repair”



