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Brachial plexus MRI showed increased signal intensity
with contrast enhancement of the right Tong thoracic
nerve, suggesting inflammation (Fig. 1). The patient was
given oral prednisolone, 1 mg/kg daily for 21 days, with
dose tapering over the next month. Three months later,
her symptoms were stable, but electrophysiological
follow-up showed a slight reduction of fibrillation poten-
tials in right serratus anterior muscle.

Scapular winging is caused by imbalanced action of
scapular muscles. The clinical examination based on the
muscle group affected (trapezius, rhomboids, serratus
anterior) is still the first guide for interpretationi both of
“pure” and “complicated” phenotypes.' Isolated scapular
winging due to serratus anterior weakness is usually
caused by traumalic or postsurgical long thoracic nerve
injury, or it can occur as a manifestation of neuralgic
amyotrophy, also known as Parsonage-Turner svndrome
(PTS). PTS is a clinical syndrome characterized by
attacks of extreme pain at onset, patchy weakness in the
upper extremities, and atrophy of affected muscles.®

The available evidence suggests that PTS has a com-
plex pathophysiology that includes an underlying predis-
position, susceptibility to dysfunction of some peripheral
nervous system structures, and an autoimmune trigger.”
Cases of PTS are described afier an immune event, such
as pregnancy, childbirth, vaccination, or infection.?

Our patient did not have a history of previous sur-
gery or trauma involving the thoracic area. Other possi-
ble causes were excluded by the laboratory evaluation.
Moreover, she did not experience acute pain at onset,
but only subsequent musculoskeletal pain due o com-
pensation for the deficit. Since childbirth, an immuno-
logical wigger, occurred 3 days before symptom onset
and approximately 4% of patients with PTS do not expe-
rience pain,? we made a diagnosis of post-partum PTS.

Currently, neuralgic amyotrophy cannot be diagnosed
confidently by a single test, and often the presence of
extreme pain of the upper limb together with patchy pare-
sis helps in the diagnosis. In PTS without pain at onset,
neuroimaging studies can be very useful, because they can
exclude other causes such as intervertebral disc disease,
tumors, or entrapment neuropathies. Furthermore, the
evidence of contrast enhancement on MRI suggests a pos-
sible inflammatory etiology, thus supporting early admin-
istration of corticosteroids even in absence of pain, to
block further evolution of the clinical picture and 1o possi-
bly speed up functional nerve recovery.

In conclusion, contrast-enhanced MRI can provide
crucial help in identifying different phenotypes of PTS
and can guide therapy.
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A PRIMIGRAVIDA WITH VERY-LONG-CHAIN
ACYL-CoA DEHYDROGENASE DEFICIENCY

We report a woman who had the adultonset form of
verv-long-chain acvl-CoA dehydrogenase (VLCAD) defi-
ciency™® and developed acute postpartum heart failure
due to cardiomyopathy.

A 34-year-old primigravida visited our clinic due to
nocturnal dyspnea. She had suffered from exercise-
induced muscle pain since she was 5 vears of age. Her
food intake was insufficient due to hyperemesis gravida-
rum, and she developed severe generalized mvalgia at 14
weeks' gestation. Her serum creatine kinase was 21,530
IU/L, and myoglobinuria was detected. From 15-30
weeks' gestation, her appetite recovered, and frequency
of myalgia decreased. She delivered a baby by Caesarean
section at 37 weeks without any complications.

She was transferred to our hospital on postpartum
day 10 for treatment of heart failure. Serum glucose, cre-
atine kinase, lactate, pyruvate, ammonia, and cardiac tro-
ponin T were within the normal ranges, but brain
natriuretic peptide was increased to 3194.5 pg/ml. The
left ventricular ejection fraction on echocardiography
was 30%. Furosemide and carperitide were administered
intravenously, and oral losartan and carvedilol were
started on day 6 afier admission. Sixty days after adrmis-
sion, echocardiography revealed no pericardial effusion
and normal movement of the basal portion of the sep-
tum without any medications. There was no muscle
weakness during or after pregnancy.

A muscle biopsy showed only mild fiber size variation
without pathological findings. We measured acyl-CoA
dehydrogenase activides using frozen muscle biopsy
s.p«:cim«:‘mz.3 Palmitoyl-CoA  activity was  reduced

Table 1. Results of f-oxidation enzyme analysis.

Patient Controls
Camitine (freg) 3.7 12.9 £ 3.7
Camitine (total) 58 157 £ 2.8
Camitine palmytoy! transferase i 0.8 16 =04
Acyl-CoA-dehydrogenase 44 245 + 6.1
(substrate: C16:0)
Acyl-CoA-dehydrogenase 6.1 81=x25
(substrate: C8:0)
Acyl-CoA-dehydrogenase 18.7 16.8 = 3.9
(substrate: C4:0)
C16:0/C8:0 0.7 38*14
C16:0/C4:0 0.3 1.8 0.2
C8:0/C4:0 0.4 0.5 £ 0.1
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compared with normal controls, but octanovl-CoA activ-
ity was within the normal range (Table 1).

We sequenced the acvl-CoA dehydrogenase (verv-
long-chain) (ACADVL) gene in both the patient and
controls.*® DNA was extracted from muscle biopsv speci-
mens using conventional methods. Sequence analysis of
ACADVL revealed a novel homozygous ¢.272C>T muta-
don (p.P9IL). -

Patients with missense mulations or single amino
acid deletions in the adultonset form of VLCAD defi-
ciency show energv deficiency and exercise-induced
rhabdomyolysis or myoglobinuria.>” During early preg-
nancy, our patient was malnourished due to hyperemesis
gravidarum and suffered severe myalgia and rhabdomy-
olysis. She also developed acute heart failure at 2 weeks
postpartum. She lacked the capacity for proper fatty acid
oxidation and was in a catabolic state. In addition o a
poor nutritional state, delivery may have served as a trig-
ger for acute energy failure,

The nature of heart failure in our patient is quite differ-
ent from that of rhabdomyolysis. Because Ca®* homeostasis
is altered in the VLCAD ™™ mouse heart, abnormal intracel-
lular Ca®" handling can cause arhythmias and lethal car-
diac failure.® The accumulation of long-chain acylcarnitines
in the heart has been shown to lead to cardiomyopathy and
arrhythmia due to calcium uncoupling disorders.” Although
cardiomyopathy has been reported in the childhood form
of severe VLCAD deficiency,'® 18% of patients with adult-
onset VLCAD deficiency also develop cardiomyopathy.>!!
Unlike the childhood form, patients with the adult-onset
form due to missense mutations or single amino acid dele-
tons have slight residual VLCAD activity and can avoid
severe heart failure when wreated with medium-chain wiglyc-
erides as the major source of dietary fat.'*'® VLCAD defi-
ciency should be included in the differential diagnosis of
acute postpartum cardiomyopathyv.
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Case report

Acid phosphatase-positive globular inclusions is a good
diagnostic marker for two patients with adult-onset Pompe
disease lacking disease specific pathology
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Abstract

Diagnosis of adult-onset Pompe disease is sometimes challenging because of its clinical similarities to muscular dystrophy and the paucity
of disease-specific vacuolated fibers in the skeletal muscle pathology. We describe two patients with adult-onset Pompe disease whose muscle
pathology showed no typical vacuolated fibers but did show unique globular inclusions with acid phosphatase activity. The acid
phosphatase-positive globular inclusions may be a useful diagnostic marker for adult-onset Pompe disease even when typical vacuolated

fibers are absent.
© 2011 Elsevier B.V. All rights reserved.

Keywords: Pompe disease; GAA; Globular inclusion; Acid phosphatase

1. Introduction

Pompe disease (glycogen storage disease type 2; acid
maltase deficiency; OMIM #232300) is an autosomal
recessive disease caused by mutations in the gene encod-
ing acid a-glucosidase (GAA, OMIM #606800), a lyso-
somal enzyme involved in glycogen degradation [1].
Based on age of onset and clinical severity, which depends
on residual GAA activity, the disease can be classified
into infantile, childhood-onset, and adult-onset forms.

* Corresponding author. Address: National Institute of Neuroscience,
National Center of Neurology and Psychiatry, 4-1-1 Ogawahigashi-cho,
Kodaira, Tokyo 187-8502, Japan. Tel.: +81 42 341 2711; fax: +81 42 346
1742.

E-mail address: nishino@nenp.gojp (1. Nishino).

0960-8966/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nmd 201 1.11.003

Most of the infantile and childhood-onset forms exhibit
disease-specific skeletal muscle pathology, which shows
fibers occupied by huge vacuoles that contain basophilic
amorphous materials. However, diagnosis of the adult-
onset form is sometimes challenging due to clinical similar-
ities to muscular dystrophy and the paucity of typical vacu-
olated myofibers. We diagnosed 37 patients with Pompe
disease including 11 infantile, 16 childhood-onset, and 10
adult-onset forms in the muscle repository of the National
Center of Neurology and Psychiatry (NCNP), Japan, based
on a deficiency of GAA enzyme activity assayed using biop-
sied muscles, as previously described [2]. Among these 37
patients, two unrelated Japanese patients did not have dis-
ease-specific vacuolated muscle fibers but did have unique
cytoplasmic inclusions. Here, we report the diagnostic util-
ity of acid phosphatase (ACP)-positive globular inclusions
for adult-onset Pompe disease.
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2. Case report
2.1. Clinical summary

Patient 1: A 44-year-old man had been well until the age
of 41 years when he started having difficulty in running.
He was admitted to the hospital because of progressive mus-
cle weakness. His parents were first cousins, but there was no
family history of neuromuscular disorders. He was clinically
suspected to suffer from muscular dystrophy because of
slowly progressive muscle weakness and elevated creatine
kinase levels of around 800 IU/L (normal, <171 TU/L). On
examination, he had grade 4-muscle weakness on medical
research council (MRC) scale and marked atrophy in his
thighs. He did not have apparent respiratory impairment.
Electromyography (EMG) showed myopathic changes with
fibrillation and increased polyphasic motor unit potentials
(MUPs).

Patient 2: A 62-year-old woman first noticed difficulty in
climbing stairs at the age of 35 years, and needed a stick to walk
at 45 years. Muscle weakness gradually worsened predomi-
nantly in her proximal limbs, and she became wheelchair-
bound at 55 years. A muscle biopsy was performed at the age
of 61 years. On examination, she had muscle weakness and
atrophy predominantly in the proximal upper and lower limbs
at the grade 34 on MRC scale. Serum CK level was 70 TU/L
(normal, <142 IU/L). An EMG showed myopathic changes
with increased polyphasic MUPs and myotonic-like repetitive
discharges. She had been on non-invasive positive-pressure
ventilation since the age of 62 years when the respiratory insuf-
ficiency appeared.

2.2. Skeletal muscle pathology

The skeletal muscle pathology from the vastus lateralis
of patient 1 and from the biceps brachi of patient 2 showed
nonspecific myopathic changes with moderate fiber size
variation, mild endomysial fibrosis, and some fiber splitting
(Fig. 1A). No necrotic or regenerating fibers were seen. No
vacuoles containing amorphous materials were observed.
Importantly, both muscles contained red—purple globular
inclusions on modified Gomori-trichrome (mGT) stain
(Fig. 1A and B). The average percentages of fibers with
globular inclusions in the whole mGT-stained section were
0.5% in patient 1 and 2% in patient 2. These inclusions were
invariably highlighted by ACP stain but not stained by
periodic acid Schiff (PAS) (Fig. 1C). Inclusions were
stained only faintly on menadione-linked a-glycerophos-
phate dehydrogenase (MAG) without substrate (Fig. 3A).
Fibers with ACP-positive globular inclusions were also
found in 15 of 16 childhood-onset and seven of eight
adult-onset patients with disease-specific pathology in
varying proportions (0.1-10%). The rate of fibers with
inclusions was not significantly different between the child-
hood-onset and adult-onset forms. Fibers carrying inclu-
sions did not have typical vacuoles with amorphous
materials inside. In the infantile cases, more than 90% of

the fibers were vacuolated, whereas non-vacuolated fibers
with inclusions were hardly recognizable.

Double immunostaining was performed using primary
antibodies against a lysosomal marker, lysosomal associ-
ated membrane protein-2 (LAMP-2; Developmental Stud-
ies Hybridoma Bank (DSHB), Iowa City, IA, USA) and an
autophagosomal marker, microtubule-associated protein 1
light chain 3 (L.C3; Novus Biologicals, Littleton, CO,
USA). In fibers with ACP-positive inclusions, immunore-
activity for LAMP-2 and LC3 were accumulated focally
in inclusions and surrounding area (Fig. 1D). We also
examined another samples from adult-onset patients with
typical vacuoles. Fibers with typical vacuoles were entirely
positive for LAMP-2 and LC3 (data not shown). -

On PAS staining, performed on epon-embedded sec-
tions (Epon-PAS) to detect glycogen more sensitively,
PAS was negative in globular inclusions but positive in
the surrounding area (Fig. 1E).

Electron micrography was performed as previously described
using a Tecnai spirit transmission electron microscope (FEI, Hills-
boro, OR, USA) [3]. The inclusions consisted of homogeneous
electron-dense globules surrounded by increased glycogen parti-
cles and autophagic vacuoles (Fig. 1F). The globules contained
neither dotted glycogen particles nor a filamentous structure.

2.3. GAA enzymatic analysis and genetic analysis

Presence of globular inclusions led us to suspect Pompe
disease, and GAA enzymatic activity analyses revealed
7.5% of normal control activity in patient 1 and 12.3% in
patient 2.

Genomic DNA was extracted from peripheral lympho-
cytes or biopsied muscle using a standard protocol for
mutational analysis of GAA. All exons and their flanking
intronic regions of GAA were amplified by PCR and
directly sequenced with an ABI PRISM 3100 Automated
Sequencer (Applied Biosystems, Foster City, CA, USA).
Both patients carried the homozygous GAA mutation at
the last codon of exon 2 (c. 546G > T). RT-PCR and direct
sequencing were performed using RNA extracted from
biopsied muscles. This novel mutation causes aberrant
splicing by skipping exon 2 (Fig. 2). This homozygous c.
546G > T mutation was also found in another patient with
the adult-onset form, whose muscle pathology showed typ-
ical skeletal muscle pathology with vacuolated fibers.

3. Discussion

ACP-positive globular inclusions were a good diagnostic
marker for the two patients with adult-onset Pompe disease
lacking typical vacuolated fibers. Among 12,103 muscle
biopsies in the NCNP repository from 1979 to 2010,
ACP-positive globular inclusions were not reported, except
for Pompe disease.

The globular inclusions are most likely the same as “reduc-
ing body-like globular inclusions in late-onset Pompe disease”
reported by Sharma et al., as the pathological features are
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Fig. 1. Acid phosphatase-positive globular inclusions in patient 2. (A and B) Biopsied skeletal muscle showed nonspecific myopathic changes with
scattered red-purple colored globular inclusions on modified Gomori-trichrome stain. (C) The inclusions have intense activity on acid phosphatase stain.
Bar = 20 um. (D) Double immunostaining for LAMP-2 (green) and LC3 (red) demonstrates colocalization of positive immunoreactions in the inclusions
and surrounding area (B-D; serial sections). (E) On epon-embedded section, periodic acid Schiff stain is negative in inclusions (arrows). Bar = 5 pm. (F)
On electron microscopy, globular inclusions (asterisks) lack Z-line structure, which differs from cytoplasmic bodies. Autophagic vacuoles (arrows) and
glycogen particles (arrow heads) are seen in the vicinity of globular inclusions (12000x).
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Fig. 2. Mutational analysis of GAA. Both patient have a homozygous ¢. 546G > T mutation at the last codon of exon2 (A upper: control, lower: patient),

which creates mRNA with skipping exon 2 (B).

Fig. 3. Inclusions on menadione-linked a-glycerophosphate dehydrogenase (MAG) without substrate. Globular inclusions in Pompe disease (A) are only
faintly stained comparing reducing bodies in reducing body myopathy with FHL! mutation (B). Bar = 20 pm.

rather similar [4]. However, globular inclusions showed much
fainter staining on MAG without substrate than genuine
reducing bodies seen in reducing body myopathy with FHL!
mutations (Fig. 3). More importantly, ACP positivity has
not been clearly described previously.

These globular inclusions are reminiscent of cytoplasmic
bodies, which are nonspecific findings reflecting degenera-
tion of the Z-disk in various neuromuscular diseases, par-
ticularly myofibrillar myopathies. However, the nature of
the globular inclusions differs essentially from cytoplasmic
bodies because of positive ACP staining and the lack of
associated Z-disk components. Although it remains unclear
how the ACP-positive globular inclusions are formed, the
absence of glycogens in the globular inclusions suggest that
they differ from glycogen accumulations in lysosomes.
Fibers with typical vacuoles were diffusely positive for both
lysosomal and autophagosomal markers as shown previ-
ously [5,6]. On the other hand, immunoreactivities of these
markers accumulated more focally in fibers with inclusions.
Further study should be needed to clarify what causes these
pathological differences.

In conclusion, ACP-positive globular inclusions may be a
hallmark of Pompe disease and a useful diagnostic marker

for adult-onset Pompe disease lacking typical vacuolated
fibers. Since enzyme replacement therapy is effective, albeit
not fully, in adult-onset patients, early diagnosis is necessary
for a better prognosis.
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Abstract

Muscle glycogen storage disease 0 (GSDO0) is caused by glycogen depletion in skeletal and cardiac muscles due to deficiency of
glycogen synthase 1 (GYS1), which is encoded by the GYS7 gene. Only two families with this disease have been identified. We report
a new muscle GSDO patient, a Japanese girl, who had been suffering from recurrent attacks of exertional syncope accompanied by muscle
weakness and pain since age 5 years until she died of cardiac arrest at age 12. Muscle biopsy at age 11 years showed glycogen depletion in
all muscle fibers. Her loss of consciousness was gradual and lasted for hours, suggesting that the syncope may not be simply caused by

cardiac event but probably also contributed by metabolic distress.

© 2011 Elsevier B.V. All rights reserved.

Keywords: Glycogen storage disease; Glycogen synthase; Glycogen; Syncope; Sudden death

1. Introduction

Glycogen is a high molecular mass polysaccharide that
serves as a repository of glucose for use in times of meta-
bolic need. It is stored in liver, cardiac and skeletal muscles,
and broken down to glucose to produce ATP as energy as
needed. For the synthesis of glycogen, at least two proteins,
glycogenin (GYG) and glycogen synthase (GYS), are
known to be essential. GYG is involved in the initiation
reactions of glycogen synthesis: the covalent attachment
of a glucose residue to GYG is followed by elongation to

* Corresponding author. Address: Department of Neuromuscular
Research, National Institute of Neuroscience, NCNP, 4-1-1, Ogawahig-
ashi-cho, Kodaira, Tokyo 187 8551, Japan. Tel.: +81 42 3412711; fax: +81
42 3427521,

E-mail address: nishino@ncnp.go.jp (I. Nishino).

0960-8966/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nmd.2011.08.008

form an oligosaccharide chain [} GYS catalyzes the
addition of glucose monomers to the growing glycogen
molecule through the formation of alpha-1,4-glycoside
linkages [2].

Defect in either GYG or GYS can cause glycogen
depletion. Recently, muscle glycogen deficiency due to a
mutation in a gene encoding muscle GYG, GYGI, was
reported [3] and named as glycogen storage disease type
XV. In contrast, glycogen depletion caused by the GYS
gene mutation is called glycogen storage disease type 0
(GSD0). GSDO was first reported in 1990 in patients with
type 2 diabetes who had a defect in glycogen synthesis in
liver, which was caused by a defect in liver GYS, GYS2,
and the disease was named as liver GSDO (or also called
GSD0a) [4.5].

The disease of muscle GYS, GYSI, was first described in
2007 in three siblings and named muscle GSDO0, which is
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also called GSDOb [6]. One of the patients initially mani-
fested exercise intolerance, epilepsy and long QT syndrome
since the age of 4 years, then died of sudden cardiac arrest
after exertion when he was 10.5-year-old. The other two
siblings were then genetically confirmed as muscle GSDO
with mutations in GYS/ and cardiac involvement was also
found in both. The second muscle GSDO family was
reported in 2009 [7]. The 8-year-old boy had been healthy
before collapsing during a bout of exercise, resulting in
death. Post-mortem examinations and studies verified the
diagnosis of muscle GSD0. He had a female sibling who
died at 6 days of age of undetermined cause. Here we
report the first muscle GSDO patient in Asia with some dis-
tinct clinical manifestations from other reported cases.

2. Case report

An 11-year-old Japanese girl with repeated episodes of
post-exercise loss of consciousness, weakness, and myalgia
since age 5 years, was admitted to the hospital. She was the
first child of unrelated healthy parents. She was born
uneventfully and was normal in psychomotor development.
At age 2 years, she developed the first episode of generalized
tonic-clonic seizure while she was sleeping. At age 4 years,
she had the second episode of generalized tonic-clonic sei-
zure when she was under general anesthesia for tonsillec-
tomy, whose cause was thought to be hypoglycemia due to
prolonged fasting. In both episodes, seizure was followed
by strong limb pain. At age 5 years, she suffered from the first
episode of syncope while climbing up stairs. She recovered
after a few hours. One year later, she had the second synco-
pal attack after running 50 m, which was accompanied by
subsequent limb muscle weakness and myalgia. Since then,

- similar episodes were repeated several times a year. For each
bout, she first developed leg muscle weakness immediately
after exercise, making her squat down, and gradually lost
the consciousness. She recovered her consciousness after a
few hours but always experienced strong myalgia in legs
which lasted for several hours. Blood glucose level was not
decreased during these attacks.

On admission, general physical examination revealed no
abnormal finding. On neurological examination, she had
mild proximal dominant muscle weakness and mildly limited
dorsiflexsion of both ankle joints. Tl-weighted images of
skeletal muscle MRI showed high signal intensities in gluteal
and flexor muscles of the thigh, which were assessed to be
fatty degeneration (Fig. 1). Systemic investigations includ-
ing electrocardiography, echocardiography, stress cardiac
catheterization, stress myocardial scintigraphy, brain imag-
ing, electroencephalography, and screening tests for meta-
bolic diseases revealed no abnormality except for a mild
ischemic finding on exercise electrocardiography. Ischemic
and non-ischemic forearm exercise tests [8] showed the lack
of lactate elevation, raising a possibility of glycogen storage
disease. A few months later, resting electrocardiography, 24-
h holter monitoring and resting echocardiography were re-
evaluated and again revealed normal findings.

Fig. 1. Muscle MRI, T2WI, axial. It shows high intensity in gluteus
maximus and biceps femoris muscles.

3. Histological analysis of skeletal muscle

Muscle biopsy was performed from biceps brachii.
Serial frozen sections were stained with hematoxylin and
eosin, modified Gomori trichrome, and a battery of histo-
chemical methods. The most striking finding was depletion
of glycogen in all muscle fibers but not in the interstitium
on periodic acid-schiff (PAS) staining (Fig. 2A). Phosphor-
ylase activity was also deficient in all fibers (Fig. 2B). Mito-
chondria especially at the periphery of muscle fibers were
prominent on modified Gomori trichrome (Fig. 2D). ATP-
ase staining revealed type 2 fiber atrophy. Electron micro-
scopic analysis showed mitochondrial proliferation at the
periphery of muscle fibers with no notable intramitochon-
drial inclusions (Fig. 2E).

4. Biochemical and molecular analysis

Both the activity of GYSI and the amount of glycogen
in the skeletal muscle were markedly reduced (Table 1). On
western blotting, GYS1 in the patient’s skeletal muscle was
undetectable (Fig. 2F). The GYSI gene sequence
analysis revealed compound heterozygous mutation of
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Fig. 2. Histological, genetic and protein analyses. Periodic acid-schiff (PAS) staining shows marked depletion of glycogen in muscle fibers but not in the
interstitium (A). Phosphorylase activity is also deficient in all fibers (B). Hematoxylin and eosin staining shows mild fiber size variation (C). On modified
Gomori trichrome, mitochondria are prominent especially at the margin of each muscle fiber (D). On electron microscopy (EM), mitochondria are
increased in number at the periphery of muscle fibers (E). Bars represent 100 um for histochemistry and 7 pm for EM. On western blotting using anti-
GYS! antibody (Abcam), GYS! protein is absent in skeletal muscle from the patient (F). Sequence analysis for the GYS/ gene reveals a compound
heterozygous mutation of ¢.1230-2A > G and ¢.1810-2A > G (G). cDNA analysis showed insertion of intron 9 between exon 9 and 10 and 36-bp deletion
from the beginning of exon 15 (H).

Table 1
Analyses of enzymatic activity and glycogen content. The activity of GYS and glycogen content in skeletal muscle were markedly reduced.
Glycogen synthase (mol/min/mg) UDPG-pyrophosphorylase (nmol/min/mg) Glycogen contents (% of wet weight)
Patient 0.9 30.5 0.03
Control 42.0+11.2 312435 0.94 +0.55

Ttalicized values: lower than control range.

¢.1230-2A > G in intron 9 and ¢.1810-2A > G in intron 14 5. Clinical course after diagnosis

(Fig. 2G). ¢cDNA analysis confirmed the insertion of the

full-length intron 9 between exons 9 and 10 and a 36-bp Upon the diagnosis of GSDO0, exercise was strictly lim-
deletion in the beginning of exon 15 (Fig. 2H). ited to avoid syncope resulted from glucose depletion. In
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addition, oral intake of cornstarch (2 g/kg, every 6 h) was
started to maintain blood sugar level. Her condition had
been stable for 1year after diagnosis. However, at age
12 years, she was found lying unconsciously on the stairs
at her school. She had persistent asystole despite ambu-
lance resuscitation. The blood glucose level in the emer-
gency room was above 100 mg/dl.

6. Discussion

We identified the first Asian patient with muscle GSDO,
who manifested recurrent episodes of syncope with subse-
quent muscle weakness and myalgia, and eventually devel-
oped cardiac arrest.

Findings in our patient seem to be similar to previous
reports, but some differences indicated the possibility of
another pathogenesis of the disease. Our patient repeatedly
suffered from episodes of syncope. In contrast to two ear-
lier reports, those patients never had syncope, although
the last attack led to sudden death [6,7). In support of this
notion, most muscle glycogen synthase knock-out mice
died soon after birth due to impaired cardiac function [8].
However, the pattern of loss of consciousness in our
patient cannot be explained by simple cardiac dysfunction,
as she lost her consciousness gradually after exercise and
took hours to regain, which is different from typical cardiac
syncope, usually showing sudden loss of consciousness and
rapid recovery. Alternatively, defective glycogen synthesis
in brain may be related to syncope, as GYSI is also
expressed in brain, albeit not so much as in cardiac and
skeletal muscles. Another possibility may be intermittent
arrhythmia. However, electrocardiogram during the epi-
sode was never obtained. Further studies are necessary to
answer this question.

On muscle pathology and electron microscopy, we found
profound deficiency of glycogen in all muscle fibers accom-
panied by mitochondrial proliferation, which is similar to
previous reports. The mitochondrial proliferation may
reflect a compensatory mechanism for supplying ATP to gly-
cogen-depleted muscles. Interestingly, phosphorylase activ-
ity on histochemistry seemed deficient. This is consistent
with the fact that endogenous glycogen is used as a substrate
of phosphorylase on histochemistry. Previous reports
described the reduced number of type 2 fibers. In our patient,
type 2 fiber atrophy, but not type 2 fiber deficiency, was seen.
Although type 2 fiber atrophy is a nonspecific finding, this
picture might also reflect the dysfunction of glycogen-depen-
dent muscle fibers.

7. Conclusion

We identified the first Asian patient with muscle GSDO.
In our patient, recurrent episodes of syncope and eventual
sudden death may not be simply explained by cardiac dys-
function. Further studies are necessary to elucidate the
mechanism of syncope in muscle GSDO and to establish
appropriate guideline of management for these patients
to prevent sudden death.
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ABSTRACT: The molecular basis of simultaneous two-
exon skipping induced by a splice-site mutation has yet
to be completely explained. The splice donor site muta-
tion ¢.1248+5g>a (IVS13) of the OXCT1 gene resulted
predominantly in skipping of exons 12 and 13 in fibrob-
fasts from a patient (G823) with succinyl-CoA:3-ketoacid
CoA transferase (SCOT) deficiency. We compared het-
eronuclear RNA (hnRNA) intermediates between con-
trols’ and G823’s fibroblasts. Our strategy was to use
RT-PCR of hnRNA to detect the presence or absence
of spliced exon clusters in RNA intermediates (SECRIs)
comprising sequential exons. Our initial hypothesis was
that a SECRI comprising exons 12 and 13 was formed
first followed by skipping of this SECRI in G823 cells.
However, such a pathway was revealed to be not a major
one. Hence, we compared the intron removal of SCOT
transcript between controls and GS823. In controls, in-
tron 11 was the last intron to be spliced and the removal
of intron 12 was also rather slow and occurred after the
removal of intron 13 in a major pathway. However, the
mutation in G823 cells resulted in retention of intron 13,
thus causing the retention of introns 12 and 11. This
“splicing paralysis” may be solved by skipping the whole
intron 11-exon 12-intron 12-exon 13-mutated intron
13, resulting in skipping of exons 12 and 13.

Hum Mutat 34:473-480, 2013. © 2012 Wiley Periodicals, Inc.

KEY WORDS: two-exon skipping; splicing order; splice site;
heteronuclear RNA; SCOT; succinyl-CoA:3-ketoacid
CoA transferase

Introduction

Transcription of mRNA precursors by RNA polymerase II and
their splicing by the spliceosome are essential steps in gene expres-

Additional Supporting information may be found in the online version of this article.

*Correspondence to: Toshiyuki Fukao, Department of Pediatrics, Graduate School
of Medicine, Gifu University, 1-1 Yanagido, Gifu, Gifu 501-1194, Japan. E-mail: toshi-
gif@umin.net

Contract grant sponsors: Ministry of Health, Labor and Welfare of Japan; Ministry
of Education, Culture, Sports, Science and Technology of Japan.

sion. Moreover, splicing is cotranscriptional [Maniatis and Reed,
2002]. Splicing is thus ordered but not processive [Gudas et al.
1990; Kessler et al. 1993; Lang and Spritz 1987].

Most introns have conserved 5 (donor) and 3’ (acceptor) se-
quences that flank the exons, a short polypyrimidine tract adjacent
to the acceptor site, and a branch point sequence 1840 nucleotides
upstream from the acceptor dinucleotide [Berget, 1995; Hawkins,
1988]. Mutations in these sites can lead to exon skipping, short dele-
tions, or insertions in the mature mRNA. It is difficult to predict the
effects of splice-site mutations and understanding requires analysis
of the various mRNA spliced products in cells that express the target
gene. Mutations affecting splicing are a major fraction of disease-
causing mutations in humans. The mechanisms whereby gene mu-
tations result in aberrant splicing are mostly apparent from current
exon-definition models of splicing [reviewed by Berget, 1995].

There are some examples where a single nucleotide substitution
at such splice junctions causes the skipping of two exons [Fang
et al,, 2001; Haire et al., 1997; Hayashida et al., 1994; Schneider
et al., 1993; Takahara et al., 2002]. The mechanisms for multiple
skipping are not apparent from current exon- and intron-definition
models of splicing [Takahara et al., 2002] and not well understood.
The unusual occurrence of a two-exon skip may be explained by the
order of intron removal in this region such that an intron is removed
rapidly, in most transcripts, with respect to adjacent two introns,
so that a large exon-like structure can then be skipped [Takahara
etal,, 2002]. In this article, we designate such an exon-like structure
as a spliced exon cluster in RNA intermediates (SECRIs). Splicing
order, therefore, may be an important factor in the understanding
of outcomes of splice-site mutations and that multiple products
are derived from different splicing pathways. Kessler et al. (1993)
reported a method to determine the order of intron removal using
RT-PCR, followed by several reports that determined the order of
intron removal using this method [Attanasio et al., 2003; Schwarze
et al., 1999; Takahara et al., 2002].

Succinyl-CoA:3-ketoacid CoA transferase (SCOT, gene symbol
OXCT1, EC 2.8.3.5, MIM #601424), a mitochondrial homodimer
essential for ketone body utilization, catalyzes the activation of ace-
toacetate to acetoacetyl-CoA in extrahepatic tissues [Mitchell and
Fukao, 2001]. SCOT deficiency (MIM #245050), clinically charac-
terized by episodes of severe ketoacidosis, is an autosomal recessive
inborn error of metabolism, first described in 1972 [Tildon and
Cornblath, 1972]. Since the first description of SCOT deficiency,
fewer than 30 affected probands have been reported including per-
sonal communications [Baric et al., 2001; Berry et al., 2001; Corn-
blath et al., 1971; Fukao et al., 1996, 2000, 2004, 2006, 2007, 2010,

© 2012 WILEY PERIODICALS, INC.
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2011; Kassovska-Bratinova et al., 1996; Longo et al., 2004; Merron
and Akhtar, 2009; Niezen-Koning et al., 1997; Perez-Cerda et al,,
1992; Pretorius et al., 1996; Rolland et al., 1998; Sakazaki et al,,
1995; Snyderman et al., 1998; Song et al., 1998; Tildon and Corn-
blath, 1972; Yamada et al., 2007].

We describe herein the molecular basis of SCOT deficiencyina7-
month-old boy (GS23). We detected a homozygous gene mutation,
¢.1248+5g>a, and the simultaneous skipping of exons 12 and 13. We
compared splicing order in G523’ fibroblasts with that of control
cells, to understand the mechanism of two-exon skipping in GS23
cells.

Materials and Methods

Patients

The patient (GS23) was a male infant born to nonconsanguineous
parents of Mexican ancestry. He suffered recurrent ketoacidotic
episodes in association with intercurrent infection beginning at the
age of 7 months. He was suspected to have SCOT deficiency be-
cause he had permanent ketosis. The diagnosis was confirmed by
enzyme assay. This study was approved by the Ethical Committee
of Gifu University School of Medicine. The parent’s DNAs were not
available for this study.

Fibroblasts and Enzyme Assay

Fibroblasts from GS23 and controls were cultured in Eagle’s min-
imal essential medium containing 10% fetal calf serum (FCS). A
SCOT assay was performed as described by Williamson et al. (1971),
with modifications [Song et al., 1997]. Briefly, the assay mixture
contained 30 pM acetoacetyl-CoA and 50 mM sodium succinate
in 50 mM Tris-HCI (pH 8.5), 10 mM MgCl2, and 4 mM iodoac-
etamide, and SCOT activity was measured spectrophotometrically
as a decrease of acetoacetyl-CoA absorption at 303 nm.

Immunoblot Analysis

Immunoblot analysis was performed as described by Fukao et al.
(1997), using amixture of antihuman SCOT antisera and antithuman
mitochondrial acetoacetyl-CoA thiolase antisera as the first antibody
and 30 pg of fibroblast protein extract.

Mutation Screening at Genomic Level

Genomic DNA was purified using Sepa Gene kits (EIDIA, Tokyo,
Japan) from GS23’s fibroblasts. Mutation analysis was performed
by PCR amplification of each exon and its boundaries (at least 18
bases from the exon/intron boundaries for both directions) with a
pair of intronic primers, described in Supp. Table S1, followed by
direct sequencing. Genomic sequence was obtained from GenBank
NM 000436.3. The identified mutation was submitted to the Leiden
Open Variation Database (www.lovd.nl/OXCT1).

Nonsense-Mediated mRNA Decay Inhibition

To determine whether any observed reduction of the transcript
was due to nonsense-mediated mRNA decay (NMD) [Maquat,
2005], we inhibited NMD by fibroblasts with cycloheximide (CHX)
(Sigma, St. Louis, MO), a general protein translation inhibitor. Fi-
broblasts were left untreated or cultured in the presence of 200 pg/ml
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CHX for 5 hr before RNA extraction. This analysis was performed
as described by Hernan et al. (2011).

c¢DNA Analysis

Total RNA was isolated from fibroblasts using ISOGEN kits
(Nippon Gene, Tokyo, Japan). Total RNA (5 ug) was reverse tran-
scribed in 20 pl of 50 mM Tris—HCI pH 7.5, 75 mM KCl, 3 mM
MgCl,, 10 mM dithiothretiol, 0.5 mM dNTPs, 200 U of M-MLV re-
verse transcriptase (Life Tech., Rockville, MD) with a primer mixture
including 5 pmol each of SCOT-specific antisense primer, SCOT
25 51640 CA ATTATGATTATTGATGTCC-3', GAPDH-specific an-
tisense primer, GAPDH3 5-'GTGCTCTTGCTGGGGCTG-3/,
and oligo dT primers. The above preparation was incubated at
37°C for 1 hr. One microliters of this cDNA solution served as a
PCR template. The positions of the PCR primers were numbered in
relation to the adenine of the initiation methionine codon, which
was assigned position +1.

The full-coding sequence of SCOT cDNA was amplified
(c.~4 - 1586).

Primer SCOT 42 (sense) 5'-“*GAAGATGGCGGCTCTCAAA-3

Primer SCOT 24 (antisense) 5'-“1*% AGCCTGGTACAAATATCC
ATA-3

To evaluate the amount of total mRNA products, GAPDH cDNA
was also amplified with the following sets of primers:

GAPDHI (sense) 5'-“*GGGAAGGTGAAGGTC-3

GAPDH?2 (antisense) 5'-""> AGGGGTCTTACTCCTTGGAG-3

These cDNA sequences were obtained from GenBank accession
number NM 002046.4 for GAPDH and NM 000436.3 for SCOT.

After 30 PCR cycles, amplified fragments were separated by elec-
trophoresis on a 3.5% (w/v) polyacrylamide gel and a 1% (w/v)
agarose gel, and extracted using a Geneclean II kit (BIO 101, Vista,
CA). Sequences of amplified fragments were confirmed by direct
sequencing.

Isolation of Nuclear RNA

Fibroblasts were grown to near confluence in 80 cm? flasks in
DMEM with 10% FCS. The incubation was terminated by repeated
rinsing with ice-cold 1x PBS to inhibit nuclear mRNA export.
Nuclear and cytoplasmic fractions were separated by incubating the
scraped cell pellets in a Nonidet P-40 buffer (10 mM Tris, pH 7.4;
10 mM NaCl; 3 mM MgCl2; 0.5% Nonidet P-40) for 10 min on
ice, followed by centrifugation for 5 min at 1,450 xg, 4°C. The
supernatant contained the cytoplasmic components. The nuclear
pellet was stirred by pipetting 10 times, washed in the Nonidet P-
40 buffer, and centrifuged for 5 min under the same conditions
as described above. The supernatant was discarded, and the pellet
was used as the nuclear fraction. Nuclear RNA was isolated from
the nuclear fraction using ISOGEN kits (Nippon Gene). Nuclear
RNA (10 pg) was incubated in 50 pl of 1 U deoxyribonuclease (RT
Grade; Nippon Gene) at 37°C for 5 min, then a 5-pl stop solution
was added and it was inactivated at 70"C for 10 min.

Analysis of SECRIs by RT-PCR

The isolated nuclear RNA contains a mixture of various stages of
splicing intermediates. To investigate the order of intron removal
or splicing order, we analyzed the presence or absence of various
SECRIs by RT-PCR. Our strategy was to first identify, using spe-
cific primer pairs, all possible SECRIs of two adjacent exons (such
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as exons 2-3 fusion), then to search for SECRIs comprising three
sequential exons (such as exons 1-2-3 fusion), four sequential ex-
ons , and so on. For example, if intron 12 is spliced out before the
removal of introns 11 and 13, a SECRI comprising exons 12 and 13
is predicted to be amplified by a sense primer in intron 11 and an
antisense primer in intron 13.

We designed PCR primers as shown in Supp. Table S1. Sense
primers, ex1F to in16F, were used for amplification of exon 1 to
exon 17, respectively. Antisense primers, inlR to ex17R, were for
amplification of exon 1 to exon 17, respectively. To initiate cDNA
synthesis from nuclear RNA, we employed additional SCOT-specific
antisense primers, labeled in2R’ to ex17R’, that were located down-
stream from in2R to ex17R, respectively. Three separate cDNA syn-
thesis reactions were carried out using mixtures of either in2R/,
in3R/, in4R’, in5R’, and in6R’ primers, of in7R’, in8R’, in9R’, in10R,
and in11R’ primers, or of in12R’/, in13R’, in14R’ in15R’, in16R’, and
ex17R’ primers. The cDNA products then served as templates for
PCR detection of various SECRIs using in2R, in3R, in4R, in5R, and
in6R antisense primers, in7R, in8R, in9R in10R, and in11R antisense
primers, or in12R, in13R, in14R in15R, in16R, and ex17R antisense
primers, respectively.

All primers listed in Supp. Table S1, except for ex1F, ex11FE ex12F,
ex13F ex13R, ex14R, ex15R, ex15R’, ex17R, and ex17R’, were com-
plementary to intronic sequences. ex1F was placed upstream from
the initiation codon on exon 1. ex17R and ex17R’ were placed down-
stream from the termination codon on exon 17.

Nuclear RNA (2 pg) was reverse transcribed in 20 pl of 50 mM
Tris~=HCIl pH 7.5, 75 mM KCl, 3 mM MgCl,, 10 mM dithiothretiol,
0.5 mM dNTPs, the mixture of the above antisense primers (10 pmol
each) and 200 U of M-MLV reverse transcriptase (Life Tech.) at
37°C for 1 hr. One microliter of this cDNA solution served as a PCR
template. Specific exons were amplified using 30 pmol each of the
above sense and antisense primers for 35 PCR cycles. Each cycle
consisted of 1 min of denaturation at 94°C, 2 min of annealing at
60°C, and a 1-min extension at 72°C. The amplified fragments were
detected following electrophoresis on a 2% (w/v) agarose gel and
ethidium bromide staining. Sequences of amplified fragments were
confirmed by direct sequencing. ‘

Analysis of Intron Removal Around Exons 11-14

Fibroblasts from a control and from the patient were grown to
near confluence in six-well tissue-culture plates in DMEM with 10%
FCS. The medium was then replaced by serum-free DMEM, and
5 pg/ml of Actinomycin D (Roche Diagnostics, Basel, Switzerland)
was added to halt transcription. The incubation was terminated after
5, 10, 20, 40, or 60 min by adding 1 ml of ISOGEN solution. One
well of each cell line was left untreated to serve as a baseline control.
Total RNA using ISOGEN kit (Nippon Gene) from the different
timepoints was treated with Deoxyribonuclease, as described above.
cDNA synthesis reactions were carried out using a mixture of SCOT-
specific antisense primers in13R’, in14R’, and ex15R’ (Supp. Table
S§1). To check for residual genomic DNA in the RNA preparation,
one PCR reaction was done without prior reverse transcription.

Results

Enzyme Assay and Immunoblot Analysis

SCOT activity in GS23’s fibroblasts (0.4 & 0.9 nmol/min/mg pro-
tein, n = 7) was less than 10% of SCOT activity in control fibrob-
lasts (4.5 + 1.2 nmol/min/mg protein, n = 7), whereas acetoacetyl-

CoA thiolase activity in the presence of potassium ion (9.4 + 2.6
nmol/min/mg protein, # = 7) was similar to that of controls
(8.0 + 1.7 nmol/min/mg protein, n = 7). In immunoblot analy-
sis, SCOT protein was not detected in GS23’s fibroblasts, whereas
SCOT protein was clearly detected in control fibroblasts (data not
shown). These analyses thus confirmed SCOT deficiency in GS23.

Gene Mutations

Sequencing of the SCOT gene in GS23 revealed an apparent ho-
mozygosity for a G to A mutation at the fifth nucleotide of intron
13 (c.1248+5g>a) (Fig. 1A). No other mutations were detected by
sequencing of all exons and the exon—intron boundaries.

cDNA Analysis

We first performed RT-PCR using total RNA with CHX-untreated
fibroblasts. Amplification of the SCOT ¢DNA (c.~4 - 1586) from
control fibroblasts produced a single fragment with the expected size
of 1,590 bp (Fig. 1B, control CHX~, indicated by arrow 1). However,
in GS23, there were two faint shorter fragments of approximately
1,450 bp (GS23 CHX-, indicated by arrow 2) and 1,100 bp (indicated
by arrow 3). Sequence analysis of these fragments revealed that the
1,450 bp fragment (indicated by arrow 2) lacked exons 12 and 13
(Fig. 1C), whereas the 1,100 bp fragment lacked exons 8—13. Because
skipping of exons 12 and 13 results in a frame-shift and skipping
of exons 8-13 does not, we reperformed RT-PCR using total RNA
from CHX-treated and nontreated fibroblasts to confirm that the
mRNA with skipping of exons 12 and 13 is a major transcript in
GS823.

When we inhibited NMD by treating fibroblasts with CHX, the
¢DNA with skipping of exons 12 and 13 was amplified much more
abundantly than the cDNA with exons 8-13 skipping in case of GS23
(Fig. 1B, GS23 CHX+), whereas no change was observed in the case
of a control (Control CHX+). On the basis of this experiment, we
concluded that the major transcript in GS23 had skipping of exons
12 and 13 and was subjected to NMD. On the contrary, mRNA
with skipping of exons 8-13 is in-frame, and should be a minor
transcript.

We considered that the mutation at the splice donor site of intron
13 (c.1248+5g>a) caused exons 12 and 13 skipping instead of solely
exon 13 skipping. We tested a hypothesis that two exons were skipped
because the upstream intron 12 was rapidly removed, similar to the
model proposed by Takahara et al. (2002).

Analysis of BNA Intermediates Encompassing Exons 12
and 13

To test this hypothesis, we analyzed splicing of heteronuclear RNA
(hnRNA) in GS23 and control fibroblasts. As shown in Figure 2, a
fragment with exon 12-intron 12~exon 13 (intron 12 retained) was
detected in both controls and G$23, but a SECRI comprising exons
12 and 13 was clearly identified in only the two control fibroblasts
but hardly detected in GS23 fibroblasts. Amplification of hnRNA
using primers specific to exons 11 and 14 yielded no product in
control fibroblasts but did detect a SECRI comprising exons 11 and
14 lacking exons 12 and 13 (Fig. 2).

These results indicate that (1) the skipping of exons 12 and 13
in GS23 may not be associated with an initial fusion of exons 12
and 13; but that (2) this splice-site mutation may alter the order of
intron removal in SCOT RNA processing.
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Figure 1. Genomic DNA analysis and RT-PCR analysis. A: An appar-
ently homozygous point mutation from G to A was found at the fifth
nucleotide of intron 13 {c.1248+5g>a) in GS23 as indicated by the arrow.
B: RT-PCR analysis using RNAs from CHX-treated and CHX-untreated
fibroblasts. SCOT cDNA (c.-4 - 1586) was amplified and electrophoresed
on a 3.5% (w/v) polyacrylamide gel. In a control, a fragment with the
expected size of 1,590 bp (indicated by arrow 1) was clearly detected. In
(G823, a fragment with the expected size was hardly detected; however,
two shorter fragments with the size of ca. 1,450 bp (indicated by arrow 2)
and 1,100 bp (indicated by arrow 3) were detected. Sequence analysis
of GS823's fragments revealed that the longer fragment had exons 12
and 13 skipping and the shorter one had skipping of exons 8-13. CHX:
cycloheximide. €: Exons 12 and 13 skipping identified in GS23's ¢cDNA.

Determination of the Last Intron to be Spliced

Our strategy was to detect hnRNA-derived ¢cDNAs that had a
solitary intron, by definition, the last intron to be spliced; such
molecules would be capable of being amplified with primers from
that intron and a terminal exon, as described by Kessler et al. (1993).
We first detected such ¢DNAs using the common sense primer in
exon 1 (ex1F) and a series of antisense primers in introns 2-16
(in2R-in16R) and the antisense primer in exon 17 (ex17R). In con-
trol fibroblasts (Figs. 3A and 3C), SECRIs comprising exons 1 and 2,
exons 1-3, exons 1-7, exons 1-9, exons 1-11, and exons 1-17 were
detected. Secondly, we used a common antisense primer on exon 17
(ex17R) and a series of sense primers from ex1F to in15F In the two
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controls, SECRIs comprising exons 16 and 17, exons 15-17, exons
14-17, exons 13-17, exons 12-17, and exons 1-17 were detected.
Intron 11 was the only possible solitary intron identified from both
directions. These results suggested that the SECRI comprising ex-
ons 12-17 was ligated to the SECRI comprising exons 1-11 and
that intron 11 removal was likely the final splicing event in controls.
In addition, the amplification using a combination of in11F and
ex17R produced a larger fragment including intron 12, as indicated
by arrow 2 in Figure 3A, which suggested that the removal of intron
12 was also a late event. These findings are in accord with the re-
sult that no SECRI spanning exons 11-14 was amplified in controls
(Fig. 2).

In the case of GS23 fibroblasts (Figs. 3B and 3D), the amplification
pattern using the ex1F primer and a series of antisense primers
from in2R to ex17R was similar to that of the control. However, the
amplification pattern using the ex17R antisense primer and a series
of sense primers from ex1F to inl15F sense primers differed from
that of controls. Several different pathways are possible and it is
difficult to determine which pathway is the major one. Introns 7, 9,
and 11 are possible last introns to be spliced in GS23 fibroblasts. In
addition, a large sequence encompassing intron 11-exon 12-intorn
12~exon 13-mutated intron 13 could also be spliced out lastly.

Detection of SECRIs Flanked by Introns

We also amplified SECRIs flanked by introns. Figures 3E and
3F showed all such SECRIs detected by PCR (also see Supp.
Fig. S1). In controls, SECRIs in which intron 11 was spliced out
were not detected and products in which intron 12 was retained
were detected (Fig. 3E). In the case of G523, SECRIs in which mu-
tated intron 13 was spliced out were not detected (Fig. 3F).

Comparison of Intron Removal Around Exons 11-14
Between Controls and 6523

According to the Kessler’s original method [Kessler et al., 1993],
several intron/exon primer pairs were used to amplify cDNA syn-
thesized from total RNA from fibroblasts treated with Actinomycin
D for different periods, although introns 11, 13, and 14 were too
long to amplify intermediates including these introns (Fig. 4A).

Control fibroblasts

When we placed primers in exon 11 (ex!1F) and intron 12
(in12R), no PCR products were amplified, as expected from the
facts that intron 11 is too long (6,272 bp) to amplify and intron
11 is the last intron to be spliced in controls. When the primers
were placed in inton 11 (inl11F) and exon 13 (ex13R), the product
that retained intron 12 and a SECRI in which intron 12 was spliced
out were detected at 0 min. The former was no longer detectable
at 60 min but the latter was still detected at 60 min. When primers
were placed in exon 12 (ex12F) and intron 13 (in13R), the major
product retained intron 12 and the minor product was a SECRI in
which intron 12 was spliced out. Both disappeared by 60 min. When
primers were placed in intron 12 (inl12F) and exon 14 (ex14R), a
SECRI in which intron 13 was spliced out was detected at 0 min
and disappeared by 60 min. When primers were placed in exon 13
(ex13F) and intron 14 (in14R), a SECRI in which intron 13 was
spliced out was clearly detected at 0 min and decreased with time.
Lastly, when primers were placed in intron 13 (inl13F) and exon 15
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Figure 2. Analysis of RNA intermediates encompassing exons 12 and 13. A: Positions of the SCOT-specific primers for analysis of RNA
intermediates encompassing exons 12 and 13. B: RT-PCR. cDNA was synthesized with isolated hnRNA using a mixture of SCOT-specific antisense
primers including 12R’, 13R’, and 14R’. PCR was done using the indicated primers. A fragment with arrow 1 was a SECRI in which intron 12 was
spliced out A fragment with arrow 2 had skipping of exons 12 and 13. Fragments with arrow 3 had a retention of intron 12,

(ex15R), a SECRI in which intron 14 was spliced out was faintly
detected until 40 min in the control.

GS23 fibroblasts

Intermediates that retained intron 12 remained with similar
amounts for the full duration of the chase and no SECRIs in which
intron 12 was spliced out were detected, in either primer combina-
tions of in11F/ex13R or ex12F/in13R. The SECRIs in which intron
13 was spliced out were also not amplified in either combination
of in12F/ex14R or ex13F/in14R. The SECRI in which intron 14 was
spliced out was amplified with in13F and ex15R primers.

Discussion

We identified an apparently homozygous mutation c.1248+5g>a
in a SCOT-deficient patient. This mutation resulted in major aber-
rant mRNA with skipping of exons 12 and 13. It is well known
that, among donor splice-site mutations, changes at the G residue
at position 1 are most commonly described, followed by muta-
tions at position 5. Mutations at these 2 positions are thought to
significantly reduce the pairing of the donor splice site with the
complementary site in the small nuclear ribonucleoprotein particle
UlsnRNP [Kramer, 1996]. Buratti et al. (2007) summarized 346
aberrant splice donor sites that were activated by mutations in 166
human diseases. Point mutations leading to cryptic splice donor
site activation were most common in the first intron nucleotide,
followed by the fifth nucleotide. Substitutions at position +5 were
exclusively g>a transitions. In our case, the ¢.1248+5g>a mutation

accordingly resulted in a drastically reduced Shapiro and Senapathy
score [Shapiro and Senapathy, 1987] at the authentic splice donor
site of intron 13 from 79.0 (CT/gtaagt) to 64.6 (CT/gtaaat). Hence,
it is predicted that c.1248+5g>a should cause aberrant splicing such
as exon 13 skipping, but surprisingly, this mutation caused skipping
of both exons 12 and 13.

In RT-PCR analysis using RNA from CHX-treated and CHX-
untreated fibroblasts, we clearly showed that cDNA with skipping
of exons 12 and 13 was the major transcript and was subjected to
NMD. Both the cDNA with exon 13 skipping and the cDNA with
exons 8-13 skipping should be minor and side transcripts because
the former was not detected even in the CHX-treated condition and
the latter is in-frame and had a relatively smaller amount than the
major cDNA with skipping of exons 12 and 13 in the CHX-treated
condition.

There are several reports of mutations at single-splice junctions
that result in the skipping of two or more exons [Fang et al., 2001;
Haire et al., 1997; Hayashida et al., 1994; Schneider et al., 1993;
Takahara et al.,, 2002; Yamada et al., 2007]. The splicing order of
introns can explain the events of aberrant splicing. Takahara et al.
(2002) analyzed the molecular basis of skipping of exons 5 and 6
of COL5A1 due to a splice acceptor site of intron 5 mutation, by
determination of the splicing order of introns 4, 5, and 6. They
suggested that the acceptor-site mutation of intron 5 leads to the
removal of the two downstream exons {(exons 5 and 6), because those
exons can be fused to a “single” exon, whereas the next downstream
intron (intron 6) and the mutation-bearing intron (intron 4) remain
in the transcript. Their finding could be applicable for a splice
donor-site mutation, as the removal of the upstream intron creates
a “single” exon that, if the next upstream intron is retained, allows
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Figure 3. Detection of large SECRIs including exon 1 or exon 17. A and B: Detection of large SECRIs including exon 1 or exon 17. All fragments
indicated by arrows and arrowheads were analyzed by direct sequencing. Fragments indicated by arrowhead without number had neither skipping
of any exon nor retention of any intron. Fragments with arrow 1 had skipping of exons 12 and 13. A fragment with arrow 2 had a retention of intron
12. A fragment with arrow 3 had exon 13 skipping. C and D: Schematic presentations of SECRIs identified. E and F. All SECRIs flanked by introns

which were detected {Supp. Fig. S1) are also schematically presented.

the skipping of the two exons upstream from the mutation site. We
initially hypothesized that our case had the same molecular basis
as described above. This outcome was actually reported in the case
of a splice-donor site in the neurofibromatosis type 1 gene [Fang
etal.,, 2001]. However, a SECRI comprising exons 12 and 13 was not
detected in GS23 fibroblasts, suggesting that this pathway was not a
major one.

Kessler et al. (1993) reported a method to determine the order
of intron removal using RT-PCR in conjunction with appropriate
combinations of intron and exon primers for any small pre-mRNA
in vivo. Several reports determined the order of intron removal by
this method [Attanasio et al., 2003; Schwarze et al., 1999]. Kessler’s
original method requires amplification spanning one intron; for
example, amplification including whole intron 3 using 5’ primer in
exon 3 and 3’ primer in intron 4. However, SCOT gene (gene symbol
OXCT1I) includes 17 exons and spans more than 150 kb. Because all
introns except intron 12 were too long to amplify (1.2-33 kb), we
could not determine a precise splicing order of OXCT1 gene by this
original method.

Our strategy involved (1) detection of a possible last intron to
be spliced by amplification of SECRIs using combinations of sense
primerin exon 1 and antisense primer in each intron and using com-
binations of antisense primer in the last exon and sense primer in
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each intron and (2) detection of any SECRIs comprising two, three,
four, five, six sequential exons, and so on using intronic primers
flanking adjacent exons or larger exon clusters (Fig. 3). This method
is less definitive than the original method. Because the method relies
on the analysis of steady-state RNA, we cannot rule out the possibil-
ity that some RT-PCR products may be side products or dead-end
molecules in nuclear RNA. Moreover, the failure to identify a SECRI
could be the consequence of at least two factors. The first would be
retention of a larger upstream or downstream intron and the second
would be the very rapid removal of the intron in which one primer
was placed. Hence, even though we could construct several potential
pathways of splicing, such pathways may not represent the major
pathway. Even with the above limitations, our strategy may provide
useful information on the molecular basis of splicing abnormality
in a large gene such as SCOT gene.

We tried to assess order of removal of introns 11, 12, 13, and
14 in a dynamic fashion using actinomycin D treatment to halt
transcription and with primer setting according to the Kessler’s
original method, as performed in several reports [Attanasio et al,,
2003; Kessler et al., 1993; Schwarze et al., 1999]. As discussed above,
because introns 11, 13, and 14 are too long to amplify intermediates
including these introns, we could not determine the definite order
of intron removal. However, these results could be best explained
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Figure 4. Analysis of intron removal around exons 11-14 using Actinomycin D. A: PCR primer combinations used for the analysis of intron
removal. B: Total RNA was prepared from cultured fibroblasts after defined time intervals {0, 5, 10, 20, 40, and 60 min) of exposure to Actinomycin
D, treated with DNase, reverse transcribed, amplified with indicated primer pairs, and electrophoresed on 2% agarose gels. Amplified fragments

are indicated by arrowhead.

as follows: in control, intron 11 was the last intron to be spliced
and intron 12 removal was also rather slow and occurred after
intron 13 removal in the major pathway, although a minor pathway
in which intron 12 splicing occurred before intron 13 was also
present. In GS23, since intron 13 was mutated, retention of intron
13 occurred for a long time. This halt of intronl3 splicing may
result in intron 12 retention and intron 11 retention. This “splicing
paralysis” [Schwarze et al. 1999] may be a molecular basis of two-
exon skipping. This splicing paralysis could be solved by skipping
of the whole intron 11—exon 12—-intron 12—exon 13—mutated intron
13. The presence of all SECRIs detected, as shown in Figure 3, is
consistent with the above explanation.

According to recent studies, splicing occurs during transcription
(co-transcriptional splicing) and introns are removed in a general
53’ order. However, as in our case, splicing does not always oc-
cur as a linear process starting at 5’ end of the primary transcript.

Many different factors can influence the order of splicing of SCOT
transcripts, including sequences at splice junctions, the length and
sequences of introns, the sequences of adjacent exons, and RNA
secondary structures. Supp. Table S2 summarizes the lengths of
introns and exons in the SCOT transcript, and Shapiro and Senap-
athy’s scores [Shapiro and Senapathy, 1987] of splice-site junctions.
This analysis did not reveal a definitive factor that would explain the
order of intron removal.

In summary, our study showed that (1) a single nucleotide sub-
stitution at the 5’ splice site of intron 13 (c.1248+5g>a) in GS23’s
fibroblasts causes skipping of exons 12 and 13 predominantly, that
(2) the formation of SECRI comprising exon 12 and 13 was not the
cause of skipping of exons 12 and 13 in GS23’s fibroblasts, that (3)
the mutation resulted in retention of intron 13, thus causing the
retention of introns 12 and 11, and this “splicing paralysis” was the
molecular basis of two-exon skipping. ‘
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