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Wild Non-treated DMRYV Sialic acid-treated

Fig. 2 Muscle pathology of DMRV model mice with or without sialic acid supplementation.
Without sialic acid treatment, DMRV mice show numerpus rimmed vacuoles, in addition fo marked
variation in fiber size, at age 55 weeks. These features are essentially identical to those seen in hu-
man DRMV/HIBM patients. In contrast, with sialic acid treatment, DMRY mice show virtually no ab-
normality, clearly demonstrating that sialic acid can preclude DRMV/HIBM. ManNAc and sialyliac-
tose also showed essentially the same efficacy. Modified Gomori trichrome stain. Gastrocnemius

muscles.
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Abstract

Eludication of pathomechanism of and development of therapy for autophagic vacuolar myopathies

Ichizo Nishino, M.D.
Department of Neuromuscular Rescarch, National Institute of Neuroscience,
National Center of Neurology and Psychiatry (NCNP)

Autophagie vacuolar myopathy (AVM) is an entity defined by the presence of autophagic vacuoles on muscle
pathology. There are two emerging categories in AVM in addition to the best characterized Pompe disease.

One is Danon disease and its related disorders, which are characterized by autophagic vacuoles with unique
sarcolemmal features (AVSF). AVSF express virtually all sarcolemmal proteins, in addition to acetyl-
cholinesterase. on their vacuolar membranes. Danon discase is caused by primary deficiency of a lysosomal mem-
brane protein, LAMP-2. Interestingly, in this disease, the number of AVSF increases as the patients age. Other
AVSF myopathies include X-linked myopathy with excessive autophagy which is now known to be caused by
VMA21 mutations.

The other AVM is typified by the presence of rimmed vacuoles. which are actually clusters of autophagic
vacuoles on electron microscopy. One of the well known diseases in this group is distal myopathy with rimmed
vacuoles (DMRV), also called hereditary inclusion body myopathy (HIBM). DMRYV is caused by mutations in GNE
gene that encode a rate-limiting enzyme in the sialic acid biosynthetic pathway. Interestingly, in DMRV model
mice, sialic acid supplementation almost completely precluded the disease phenotype. indicating that decreased
sialic acid is the cause of myopathic phenotype and sialic acid supplementation can prevent the disease process.

Interestingly, both genetically diagnosable AVSF myopathies are primarily due to lvsosomal dysfunctions. In
contrast, rimmed vacuoles are secondarily caused by extra-lvsosomal defects, such as hyposialylation in DMRV/
HIBM, and are formed at later stages of the disease.

(Clin Neurol 2010;50:1-6)

Key words: autophagy, distal myopathy, hereditary inclusion body myopathy, rinuned vacuole, sialic acid, GNE




of p62 positive aggregates correlate pretty well with myofiber
atrophy. In general the degradation systems appear to be’ still
functioning in these patients and seem to contribute positively
to counteract disease progression. In conclusion, present data
underline the role of unproductive autophagy and accumulation
of aggregate-prone ubiquitinated proteins in the pathogenesis of
GSDII, especially in more severely affected patients.

SM202. An exploratory analysis of scoliosis
in 182 children and adulis with Pompe disease
from the Pompe Registry

Merlini, Luciano'; Case, Laura®; Kishnani, Priya®; Muller-
Felber, Wolfgang®; Roberts, Mark?; van der Ploeg, Ans®;
Prasad, Suyash’

"University of Ferrara, Ferrara, Italy; *Duke University Medical Center;
Durham, United States; *Friedrich-Baur Institute, Munich, Germany;
“Withington Hospital, Manchester, United Kingdom; *Erasmus Medical
Center, Rotterdam, Netherlands; *Genzyme Corporation, Cambridge,
United States

The prevalence of scoliosis and its relationship with respira-
tory function are explored in patients enrolled in the Pompe Reg-
istry. Scoliosis status was reported for 575 patients, 182 of whom
had scoliosis (25 children age 0 t0 < 2 years or 2 2 to < 13 years; 24
teenagers age 2 13 to < 20 years, and 133 adults age 2 20 years).

Children age 2 2 years with scoliosis had a mean age at
Pompe symptom onset of 1.1 years, identical to children without
scoliosis. Teenagers with scoliosis had a mean age at symptom
onset of 5.8 years compared with 9.1 years in teenagers without
scoliosis. Adults with scoliosis had mean age at symptom onset of
25.3 years compared with 32.8 years in adults without scoliosis.

Among the subset of patients with FVC data, children age
> 2 years (n = 6) and teenagers (n = 9) with scoliosis had Jower
% predicted forced vital capacity (FVC) upright median scores
(68.0% and 59.0%, respectively) than those in similar age groups
without scoliosis (15 children, 5 teenagers; 77.0% and 91.1%,
respectively). Children age 2 2 years with scoliosis (n = 3) had
lower median % predicted FVC supine scores than those in simi-
Jar age groups without scoliosis (n = 5) (47.0% versus 70.0%,
respectively). Supine scores for teenagers without scoliosis were
unavailable. Among adults, FVC % predicted upright and supine
median scores were similar regardless of scoliosis status.

Further analysis and collection of detailed scoliosis and
respiratory function data is needed to better understand this re-
lationship and how scoliosis affects quality of life in patients
with Pompe disease.

SM203. Quantitative metabolome profiling

of biopsied muscle in the patients with
glycogen storage diseases using capillary
electrophoresis mass spectrometry

Fukuda, Tokiko'; Sugie, Yoko?; Sugie, Hideo®

iJichi Medical University, Tochigi, Japan; *Hamamatsu Medical
University, Pediatrics, Hamamatsu, Japan; “Jichi Medical University,
Pediatrics, Shimotsuke, Japan

Metabolome analysis has lately been applied for the char-
acterization of disease-specific metabolism. Recently developed

capillary electrophoresis time-of-flight mass spectrometry (CE-
TOFMS) has enabled quantitative analysis of charged metabo-
lites by the simultaneous measurement of their levels in tissues. In
order to characterize the metabolism of muscular glycogen stor-
age diseases (M-GSD), and also to evaluate whether CE-TOFMS
could be a valuable diagnostic tool for M-GSD, we applied CE-
TOFMS to measure the metabolites involved in energy produc-
tion in the muscles of M-GSD. Biopsied muscles were obtained
from each patient with GSDlla, 1Ib, 111, V, VII, and phosphoglyc-
erate kinase (PGK) deficiency. Histologically normal muscles
from three myopathy patients with normal CK values were used
as controls. We identified 10 metabolites involved in glycoly-
sis, 8 in TCA cycle, and 4 in pentose phosphatase pathway. The
amounts of glycolytic intermediates locating downstream of G-1-
P in the glycolytic pathway were much less in muscles of GSD
Il and V than in control muscles, while the amounts of glyco-
Iytic intermediates locating upstream of FDP (G-6-P, G-1-P and
F-6-P) and those locating upstream of 3-phosphoglycerate were
significantly high in muscles of GSD VII and in PGK deficiency,
respectively. There was no difference in the amounts of glycolytic
intermediates between GSD II and controls. The amounts of the
metabolites in TCA cycle were higher in muscles of GSD II than
in controls. The metabolome analysis of biopsied muscles had
clearly determined the blockage of the metabolic pathway. We
conclude that this method could be a high through-put and good
method for diagnosis in M-GSD.

SM204. Adult Pompe disease: bone mineral
density before and after enzyme replacement
therapy

Papadimas, George-Konstantinos'; Terzis, Gerasimos®;
Methenitis, Spyridon®; Spengos, Konstantinos®; Papadopoulos,
Constantinos?; Kavouras, Stavros’; Michelakakis, Helen’;

. d
Manta, Panagiota®
{University of Athens, Medical School, Neurology, Athens, Greece;
2University of Athens, Athens, Greece; *‘Ag. Sophia’ Children’s Hospital,
Athens, Greece

Pompe disease is an autosomal recessive disorder caused by
lysosomal ¢-glycosidase deficiency. The infantile form is char-
acterized by cardiomegaly and severe muscle weakness with an
early fatal outcome, while the adult form is usually milder with
progressive muscle weakness and respiratory dysfunction. Bone
mineral density (BMD) seems to be decreased in the infantile
form leading to osteopenia and fractures, but data concerning the
adult form of the disease are still limited. The aim of the present
study is to evaluate BMD in patients with the adult form of Pompe
disease before and after enzyme replacement therapy (ERT).

Body composition was examined by means of dual x-ray
absorptiometry at baseline and after 9-12 months of ERT in five
patients with the adult onset form of Pompe disease.

One patient had reduced BMD in total body, 1.2-L.4 spine
and femoral neck in the range of osteopenia, one other had re-
duced 1.2-1L.4 spine BMD and two patients had slightly reduced
femoral neck BMD. After 9-12 months of ERT, BMD was not
considerably altered in any patient.

A slight reduction of BMD among patients with the adult
form of Pompe disease might be occasionally found. The short-
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Letter to the Editor

Liver biopsy is an important procedure in the diagnosis of glycogen

storage disease type IV

Tatsuki Mizuochi,! Akihiko Kimura,! Hiroshi Nishiura,' Yukihiro Inomata,* Hideaki Okajima,* Hideo Sugie.

Hiroshi Mitsubuchi,® Minoru Yagi* and Masayoshi Kage®

Departments of ' Pediatrics and Child Health, and *Pediairic Surgery, and *Pathology, Kurume University School of
Medicine, Kurume, and Departments of *Pediatric Surgery and Transplantation and *Pediatrics, Kumamoto University
Graduate School of Medical Science, Kumamoto University, Kumamoto, and *Department of Pediatrics, Jichi Medical

University and Jichi Children’s Medical Center, Tochigi, Japan

Glycogen storage disease type IV (GSD IV) is a rare autosomal
recessive metabolic disorder characterized by deficient glycogen
branching enzyme (GBE) activity. This severe metabolic disease
results in abnormal deposition of amylopectin-like glycogen in
multiple organs, such as the liver, muscle, heart, and the nervous
system.'* This disease most frequently presents in the first few
months of life, with hepatosplenomegaly and failure to thrive.
This is followed by progressive liver cirrhosis with portal hyper-
tension, ascites, esophageal varices, and death by 5 years of age.’
Generally, diagnosis of GSD does not require liver biopsy.
However it is difficult to diagnose GSD IV when symptoms
extend to multiple organs. No specific treatment for this disease
exists. Liver transplantation has been proposed as a treatment;**
however, this may not improve extrahepatic manifestations in the
same patients.”

We experienced a case of GSD IV in a 5-month-old boy
who was born without complications after 38 weeks of gesta-
tion. He had no significant family history and developed nor-
mally until the age of 4 months, at which time he experienced
high fever, tachypnea. and poor feeding. On admission to our
hospital, he had hepatosplenomegaly with elevation of serum
transaminases (aspartate aminotransferase [AST], 312 U/l and
alanine aminotransferase [ALT], 108 IU/D); hypotonia: cardi-
omegaly (cardiothoracic ratio, 67%); elevated white blood
count (27 570/ul) and C-reactive protein (9.1 mg/dl). Ulua-
sonography revealed pericardial effusion and increased myocar-
dial thickness. After admission, the patient rapidly developed
signs of cardiomyopathy and respiratory distress accompanied
by high fever and petechiae. However, serum creatine phospho-
kinase concentration was normal. Therefore, his cardiac

Correspondence: Akihiko Kimura, MD PhD. Department of Pedia-
trics and Child Health, Korume University School of Medicine, 67
Asahi-machi, Kurume 830-0011, Japan. Email: hirof@med.kurume-
wac.jp

Received 21 January 2010; revised 12 April 2010; accepted 8
September 2010.

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society

findings may have been due to a respiratory problem. such as
infection, or to a combination of abnormal deposition of
amylopectin-like glycogen and infection. He was treated with
respiratory * therapy, antibiotics, y-globulin, and a diuretic.
However, his condition did not improve, and his liver function
sharply deteriorated: AST, 729 IU/I; ALT, 146 1U/L; total biliru-
bin, 2.6 mg/dl; and prothrombin, 54% (normal range: >60%}.
At that time we were still unable to make a diagnosis so we
carried out an open liver biopsy. We did not evaluate leuko-
cytes.” The biopsy specimen showed periodic acid-Schiff-
positive cytoplasmic inclusions, largely resistant to diastase
digestion (Fig. 1). GBE activity in a sample from the specimen
was very low (0.09 pmol Pi/min/mg protein; control, 1.2 & 0.3),
as measured in the laboratory of Dr H. Sugie.

From the above results, especially the histological findings
from the biopsy, the patient was diagnosed as having GSD IV.
He received a living-donor liver transplant from his mother at
Kumamoto University Hospital. After transplantation, his
symptoms, including abnormal liver function, cardiomyopathy,
dyspnea, hypotonia, and petechiae, rapidly improved except for
fever. Histological findings from the liver biopsy specimen, par-
ticularly the faintly stained basophilic inclusions in hepatocytes,
were very useful and ultimately led to the diagnosis of GSD IV.
We therefore consider liver biopsy very irmportant for the diag-
nosis of this disease. However, it should be kept in mind that
enzyme assay in the liver can be very tricky when the liver is
cirrhotic.

We carried out living-donor liver transplant with the
patient’s mother as the donor. After liver transplantation, all
disease manifestations except for fever abated. Resorption of
extrahepatic deposits of abnormal glycogen has been demon-
strated after liver transplantation;®’ the mechanism for resorp-
tion of deposits in organs apart {rom the liver remains
unknown.

In conclusion, we report a S-month-old boy with GSD 1V,
including fever of unknown origin both before and after liver
wransplantation, and emphasize the importance of liver biopsy in
the diagnosis of GSD IV.
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Fig. 1 Liver biopsy specimen from our patient with GSD V. (a) Hepatocytes are enlarged and contain faintly stained basophilic cytoplasmic
inclusions (hematoxylin-eosin stain, x100). (b) The inclusions are periodic acid-Schiff-positive and diastase-resistant (x400). (¢) Ultrastruc-
turally, hepatocytes are occupied by large aggregates consistent with amylopectin (<10 000). N, nucleus; Amy, amylopectin,
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Case of glycogen storage disease type VI (phosphorylase deficiency)
complicated by focal nodular hyperplasia
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Although it is well known that hepatic tumors often develop in
patients with glycogen storage disease (GSD) types la and 111, the
formation of these tumors has not been reported in other forms of
hepatic GSD. In this report, a patient with GSD type VI (phos-
phorylase deficiency; OMIM 232700) complicated with a hepatic

benign tumor, focal nodular hyperplasia (FNH), is presented.

This case indicates that regular check-ups for hepatic tumors are
necessary, not only in patients with GSD types la or HI, but also
in patients with other forms of hepatic GSD.

Case Report

A female patient was referred to our hospital when she was 5
years of age for further investigation of hepatomegaly, which had
been detected when she had visited a clinic when she was 5 years
old. She was born to healthy non-consanguineous parents and
had no history of hypoglycemia or nasal bleeding. On physical
examination, her height was 101 cm (~1.5 SD) and her body-
weight was 16 kg (=1.0 SD). The liver was firm and palpable
7 em below the right costal margin, whereas the spleen was not
palpable. The results of a fasting blood test collected at that time
were as follows: aspartate aminotransferase 37U/L, alanine ami-
notransferase 24U/L, blood glucose 85 mg/dL, lactate 6.2 mg/
dL, wuric acid 5.9 mg/dL, total cholesterol 229 mg/dL. and
triglyceride 88 mg/dL. A plain abdominal computed tomography
(CT) scan showed an enlarged liver with a density considerably
higher than that of the spleen (CT values: liver, 80; spleen, 42}
(Fig. 1). Glucose and galactose loading tests were performed.
The seram lactate level was not elevated when glucose was
loaded, although it increased to a maximum of 56 mg/dL one
hour after loading (normal <35 mg/dL). A glucagon loading test
was performed after a 15-h fast, with the serum glucose level
increasing from 71 to 128 mg/dL one hour after loading. On the
basis of these data, GSD was suspected and accordingly the
enzyme activities of hepatic GSD, that is, debranching enzyme,
phosphorylase and phosphorylase b kinase, were measured in
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peripheral blood. The resulis of all these tests were normal
(Table 1). Informed consent for a liver needle biopsy for mea-
surement of enzyme activity was not obtained. Although the
enzyme activity of phosphorylase b kinase measured in periph-
eral blood was normal, a tentative diagnosis of GSD type 1X
(phosphorylase b kinase deficiency) was made based on the
physical, laboratory and radiological findings and the results of
the loading tests. Regular check-ups including abdominal CT
scans for potential formation of hepatic tumor were performed
every year. The patient’s growth curve showed that she attained
mean values around the time of puberty. The results of blood tests
obtained between 5 and 14 years of age were as follows (mean &
SD): uric acid 5.9 * 0.6 mg/dL, total cholesterol 208 +
21.0 mg/dL and triglyceride 198 & 111 mg/dL.

When the patient was 15 years of age, the early phase of a
contrast-enhanced abdominal CT scan revealed an enhanced
lesion in the liver (Fig. 1). After obtaining informed consent,
specimens were obtained by needle biopsy from the tumor and
non-tumor part of the liver. Histological findings of the non-
tumor specimen showed strong periodic acid-Schiff (PAS) stain-
ing in hepatocytes that disappeared following diastase treatment,
findings compatible with GSD. Histology of the tumor specimen
demonstrated pericellular fibrosis, compatible with the diagnosis
of FNH (Fig. 2). Fibrous bands containing bile ductules were not
observed in the specimens. Enzyme activities of hepatic GSD
were measured using liver tissue from the non-tumor section,
which revealed that phosphorylase enzyme activity was
2.3 nmol/min/mg protein, a value corresponding to 24% of
normal. The enzyme activity of both debranching enzyme and
phosphorylase b kinase was normal (Table I). Informed consent
for gene analysis of phosphorylase (PGYL) could not be
obtained. We concluded that the patient’s diagnosis was GSD Vi
(phosphorylase deficiency) complicated by FNH. We elected to
forego surgical treatment in favor of long-term observation. The
size of the tumor has been monitored regularly with ultrasonog-
raphy. As of now, the tumor does not appear to be enlarging.

Discussion

In this report we present a patient with GSD type VI complicated
by FNH. This is the first report of a hepatic tumor complication



Fig. 1 (a) The findings of a plain abdominal computed tomogra-
phy (CT) scan at 5 years of age. The CT value of the liver
was markedly elevated compared with that of the spleen and
kidneys. (b} The findings of the early phase of a contrast-enhanced
abdominal CT scan at 15 years of age showing an enhanced lesion.
(¢y The findings of the same section as (b), without contrast
enhancement,

in a patient with GSD type VI, a different hepatic form of GSD
than types la or 111. As hepatic tumors are often found in patients
with GSD types la and 11, regular check-ups for these tumors are
performed routinely in these patients. However, this report indi-
cates that regular check-ups for hepatic tumor are also necessary
in patients with hepatic forms of GSD other than types la or II1.

Case of GSD VI complicated by FNH el5]

In patients with GSD type la, hepatic adenoma is the
most common tumor described; however other tumors,
including  hepatocellular  carcinoma (HCC).! described in
patients with GSD II1* hepatoblastomas,® and FNH* have also
been reported.

Hepatic adenomas are a benign tumor, consisting of a
nodular proliferation of hepatocytes arranged in cords having
no relationship to portal tracts. They often have a pushing
border abutting against the surrounding liver. The hepatic
adenoma has, on rare occasions, been known to progress (o
HCC.' and this is one of the most important reasons why
regular check-ups and follow up after the discovery of an
adenoma are necessary in a patient with GSD la. FNH
is typically a single mass in an otherwise healthy liver
characterized by central scarring that radiates between multiple
nodules of regenerating parenchyma. Like the hepatic adenoma,
it is also a benign tumor parenchyma but the potential for
malignant transformation of FNH into HCC has not been
demonstrated. However, a case of HCC arising within FNH
has been reported recently’ and this report emphasizes the
importance of detecting FNH, even though the FNH itself is
benign.

The mechanism of tumor formation in GSD type la is con-
sidered to occur by the following sequence.® Increased amounts
of free fatty acids are released from adipose tissue, taken up by
the liver and channeled into triglyceride formation. Malonyl-
CoA is a key lipogenic intermediate in this process, which, in
turn, causes inhibition of carnitine palmitoyhransferase 1 and
limitation of mitochondrial beta-oxidation. This results in fatty
acids being more likely to be channeled into extramitochondrial
pathways, such as within peroxisomes, leading to an increase in
hydrogen peroxide generation. This results in increased genera-
tion of free radicals that are capable of inflicting direct DNA
damage, which may initiate the development of hepatic tumors.
Although the patient reported here was diagnosed with GSD
type VL hypertriglyceridemia was almost always observed
during the clinical course of the disease, similar to that seen in
cases with type 1 GSD. We anticipate this would have resulted
in increased generation of free radicals by the mechanism
described above and could possibly have caused the formation
of FNH we observed in the patient.

In our patient we observed a difference in phosphorylase
activity between peripheral blood and liver tissue. Three isoforms
of phosphorylase exist, that is, liver, brain and muscle. As the
liver isoform is expressed in peripheral blood,” phosphorylase
activity in peripheral blood and the liver should be the same. The
reason why phosphorylase activity in peripheral blood and liver
was different in our patient is not clear, although similar findings
have been reported elsewhere.” Mutation analysis of the liver
glycogen phosphorylase gene (PYGL) is necessary for further
confirmation of this diagnosis.

In summary, we report a patient with GSD V1 complicated
with FNH. This case indicates that regular check-ups for
hepatic tumors are necessary, not only in patients with GSD
types la or 111, but also in patients with other forms of hepatic
GSD.

© 2010 Japan Pediatric Society
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Fig. 2 Histological findings of the liver from (a-d) non-tumor and (e~h) tumor specimens. (a and ¢) Hematoxylin-eosin (HE) stain, (b and
f) silver staining, (¢ and g) periodic acid-Schiff (PAS) staining and (d and h) PAS staining after diastase treatrment. In the non-tumor specimen,
the hepatocytes had (a) clear cytoplasm with (b) no fibrosis observed. (¢ and d) All the hepatocytes were stained strongly by PAS, which
disappeared following diastase treatment. (¢ and f) In tumor specimens, pericellular fibrosis was observed, whereas fibrous bands in which bile
ductules were proliferating were not. On the basis of the finding of pericellular fibrosis, a diagnosis of focal nodular hyperplasia was made. The

original magnification was x20,
a

Table 1 Results of enzyme activity measurements in the patient and controls

Peripheral blood Patient Control 1 Control 2

Debranching enzyme 14.8 249 19.1 Nmole glucose/hour/mg
Phosphorylase 6.3 6.1 72 Nmole/min/mg
Phosphorylase b kinase 45.8 44.5 42.0 Nmole/min/g Hb

Liver Patient Controls

Debranching enzyme 243.4 1974 £32.8 (n=10) Nmole glucose/hour/mg
Phosphorylase 23 96+ L7 (n=10) Nmole/min/mg
Phosphorylase b kinase 49.6 627118 (n=9) Nmole/min/mg
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Abstract

Multiple genes are involved in the pathogenesis of autism. To study the causative gene, the relationship between autism endo-
phenotypes and their closely related genes has been analyzed. There is a subgroup of autism spectrum disorder (ASD) in which
the ratio of second digit length to fourth digit length (2D/4D) is low (short digit group, SDG). We studied the relationship between
ASD and HOXD genes, which are located in the candidate locus for ASD and are associated with digit morphogenesis, with a par-
ticular focus on SDG. We analyzed 25 SNPs of HOXD!I1, HOXDI2, and HOXDI3 in the subject of 98 ASD, 89 healthy controls,
and 16 non-autistic patients (non-ASD). There was no significant difference in the genotype frequencies between the ASD and the
healthy controls. However, the G-112T heterozygote in the promoter region of HOXDI1 was observed in only four patients with
ASD and in none of the healthy controls or non-ASD subjects. Moreover, this HOXDI1 G-112T was observed in three of 11 SDG
with ASD but in none of the 15 non-SDG patients with ASD. There were eight SDG patients among the non-ASD ones, but this
polymorphism was observed in none of them. Considering the above results, it is expected that candidate genes will be further iden-
tified, using HOXD11 G-112T polymorphism as a marker, by analyzing genes located near 2q in a larger number of ASD subjects
with clinical signs of SDG.
© 2009 Elsevier B.V. All rights reserved.
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gene loci, including 7q21.2-q36.2, 16pl12.1-p13.3,
6q14.3-q23.2, 2q24.1-q33.1, 17q11.1-q21.2, 1q21-q44,
and 3q21.3-q29, were identified [2]. In an attempt to
increase the linkage, a nearly homogeneous group was
selected among patients with autism of heterogeneous
causes. Autism patients were classified into subgroups
or subsets in accordance with the phenotype of autism
[3], such as through a quantitative trait locus (QTL)
analysis of the constituent elements of endophenotypes
in autism {4}, and an ordered-subset analysis [5] was car-
ried out. The ratio of second digit (2D) length to fourth
digit (4D) length (2D/4D) is very low in some autism
patients [6,7]. The homeo box D (HOXD) gene family
is involved in skeletal morphogenesis, and correlations
between digit length and the expression levels of
HOXDII, HOXDI2, and HOXDI3 have been observed
[8,9] In addition, HOXD genes form a cluster at 2q24.1—
q33.1, which has been found to be a candidate locus by a
genome-wide scan [3] Therefore, we considered that
digit length is one of the small physical signs of autism.
Hence, we investigated the relationships between autism
and polymorphism of HOXDII, HOXDI2, and
HOXDI3. Moreover, we classified autism patients into
two categories: patients with a low 2D/4D formed the
short digit group (SDG), while the remaining patients
formed the non-short-digit group (non-SDG). We also
examined the genetic polymorphism of these three genes
between SDG and non-SDG with autism and also
between SDG with and without autism. No analysis of
autism focusing on these relationships has been reported
to date.

2. Subjects and methods

Seven patients with autism in the SDG were screened
for the presence or absence of gene mutations in the
exon and intron of HOXDI11, HOXDI2, and HOXDI3,
and for gene polymorphisms. The genotypic frequencies
of the detected polymorphisms and the polymorphisms
already listed in the GenBank were compared between
the autism patients and the controls. Finally, the geno-
types of the above polymorphisms of the autism patients
in SDG were investigated.

2.1. Subjects

The subjects examined by genetic analysis in this
study were 98 patients who visited the Department of
Pediatrics, Hamamatsu University School of Medicine
and Hamamatsu City Medical Center for Developmen-
tal Medicine, and who were diagnosed as having autism,
PDD-NOS, and Asperger syndrome on the basis of the
criteria in the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV [10]). Patients with clear
underlying diseases such as chromosomal abnormalities,
tuberous sclerosis, and Fragile X syndrome were

Y. Sugie et al. | Brain & Development xxx (2009) xxx-xxx

excluded from the study. The patients were of 82 males
and 16 females with ages ranging from 5 years and
2 months to 31 years and 10 months (mean age: 12 years
and 7 months). In terms of ethnicity, 95 patients had
Japanese parents, 2 had Japanese fathers and Filipino
mothers, and 1 had Bangladeshi parents. Eighty-nine
subjects without any neurological abnormality served
as healthy controls for gene analysis; all of them were
Japanese and their sex and age were not determined.
Thirty patients were also examined as disease controls,
including 16 non-autistic patients, 14 mentally retarded
patients, and 2 AD/HD patients, all of whom were
Japanese.

2.2, Measurement of second and fourth digit lengths

A digital camera providing three-megapixel tmages
was used for the measurement of the 2D and 4D lengths.
Each subject’s right hand was placed palm-up on a flat
desk, and was photographed with the camera 20 cm
above the hand. Three pediatric neurologists separately
measured the 2D and 4D lengths from the line of the
base to the tip of the digits three times using the image
analyzing software Scion Image (NIH). The mean ratio
of 2D length to 4D length (2D/4D) was calculated. In
this study, patients with lower than the mean 2D/4D
of the autism patients reported by Osawa et al., that
is, a 2D/4D of 0.94 or lower, were classified as SDG [7].

2.3. Gene analysis

Seven patients with autism (6 males and 1 female) in
the SDG were screened for the presence or absence of
gene mutations and gene polymorphisms by the direct
sequencing method. HOXDI1, HOXDI2, and HOXDI3
— each consisting of two exons and one intron — were
searched for in a region from approximately 500 bp
upstream, including a promoter, to approximately
500 bp downstream of the gene. Genomic DNA
extracted from lymphocytes using a DNA extraction
kit (Takara Co., Shiga, Japan) was used. DNA was
amplified by PCR using a Taq PCR Core kit (QIAGEN
Co., CA, USA), and the base sequence was obtained by
the direct sequencing method. Genotypes were deter-
mined for single nucleotide polymorphism (SNP) in five
loci that were newly found by this method in this study
and for SNP in 20 loci that are listed in the online data-
base GenBank (NCBL dbSNP). Genotypes in some loci
were also determined by real-time PCR analysis using a
TagMan  allelic  discrimination assay (Applied
Biosystems).

2.4. Statistical analysis

Genotypic frequency and allelic frequency of the aut-
ism patients were compared to those of the healthy con-
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trol group using a «* test or Fisher’s exact test with SPSS
12.0J for a Windows-based System. A statistical signifi-
cance level of p £ 0.05 was set.

3. Results

2D/4D was determined in 28 patients (24 males and 4
females) out of the 98 autism patients. Eleven patients (9
males and 2 females) of these 28 patients were classified
as SDG. The clinical features of these patients, including
sex, age, and the severity of mental retardation, are
shown in Table 1. A high percentage of patients with
severe mental retardation were observed in SDG with
autism, whereas no patients with severe mental retarda-
tion were observed in non-SDG with autism. We also
measured 2D/4D in 16 non-autistic patients in the dis-
ease control group, and 8 patients were classified as
SDG and 8§ patients as non-SDG. The results of the
2D/4D values of the 28 ASD and 30 non-ASD patients
are shown in Fig. 1.

The results of the polymorphism analysis are shown
in Table 2. No significant difference in polymorphism
was observed between the autism patients and the
healthy control group. However, with regarding to

Table 1
Clinical features of patients.
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Fig. 1. 2D/4D values for the ASD28 cases and the non-ASD30 cases.
Mean + SD was presented. The M-ASD line is the average for the
ASD cases; at or below this line is the SDG. As a reference, we showed
the mean =+ SD for normally healthy children as calculated by Osawa
et al. {7]. The arrow indicates cases with HOXDII heterogeneity.

SNP in the promoter region of HOXDI11 G-112T, heter-
ozygosity was observed in 4 autism patients, but not in
the healthy or disease control group. The SNP in the
promoter region of HOXDI2 -C226A and the SNP in

All the autistic disorder patients

Patients with 2D/4D determined

Total SDG NSDG
Number of patients 98 28 11 17
Sex
Males:females §2:16 (5.1:1) 24:4 (5.5:1) 9:2 (4.5:1) 13:2(7.5:1)
Age 5y2m-3ly l0m S5y4m-31y 10m 8y Im-31y 10m Sy4m-16y Tm
Median 11y 6m 12y0m 14y4m 9y2m
Mean 12y Tm 12y 1tm 16y 6m 0y4m
Family history: (3 generations)
With* 22 (22.4%) 10 (35.7%) 3 (30.0%) 7 (41.2%)
Those with autism 7 (7.3%) 5 (17.9%) 2 (20.0%) 3 (17.4%)
Without 69 (70.4%) 16 (57.1%) 7 (70.0%) 7 (41.2%)
Mental retardation
Without 10 (10.3%) 7 (25.0%) 2 (18.2%) 5(29.4%)
Minor 21 (21.6%) 6 (21.4%) 2 (18.2%) 4 (23.5%)
Moderate 44 (45.4%) 10 (35.7%) 2 (18.2%) 8 (47.1%)
Severe 22 (22.7%) 5(17.9%) 5 (45.5%) 0
Age at walk alone 9-48 m (91 cases) 9-48 m (26) 11-48 m (10) 9-18 m (16)
Median 13m 12m 12m 2m
Mean 139m 143m 18 m 129m
Age at first word 10 m~6y 10 m (80 cases) [Tm-6y 10m (25) 1 m-6y 10m (10) ly3m-3y5m(l5)
Median ly6ém lyém ly6m,lyllm 1y 10m
Mean ly9m 2y lm 2y4m lyllm
No. of patients 2y or over 28 10 4 6
Age at first phrase 1y 6m-5y 0m (31 cases) 1y 7Tm-5y0m(13) 2y 6m-5y 0m(5) ly 7m-4y0m(8)
Median 2y lim 2y Itm 3yOm 2y
Mean 2y 10m 2y9m 3y2m 2ySm
No. of patients 3y or over 16 5 3 2

# Family history with psychiatric disorders including major depression, autism etc.
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Table 2
Results of analysis of gene polymorphisms.
Gene Location in gene dtSNP ID Allele Frequency Genotype Frequency
Autism Control Autism Control
HOXDI11 Promoter G 0.979 I GG 0.959 1
T 0.021 0 GT 0.042 0
T 0 0
Intron rs84746 A 0.711 0.721 AA 0.571 0.561
C 0.289 0.288 AC 0.230 0.371
cC 0.133 0.067
Exon 2 rs863678 G 0.541 0.567 GG 0.316 0.292
T 0.459 0.443 GT 0.449 0.551
TT 0.235 0.157
Exon2 16745764 A 0214 0.18 AA 0.031 0.011
G 0.786 0.82 AG 0.367 0.337
GG 0.602 0.652
HOXDI2 Promoter A 0.041 0.028 AA 0 0
C 0.959 0972 AC 0.082 0.056
ccC 0918 0.944
Promoter G 0.929 0.955 GG 0.929 0.955
T 0.071 0.045 GT 0.071 0.045
TT 0 0
Exon | rs847151 A 0.041 0.028 AA 0 0
G 0.959 0.972 AG 0.082 0.056
GG 0918 0.944
HOXDI3 Promoter rs847196 C 0.893 0.938 cC 0.786 0.876
G 0.107 0.061 CG 0.214 0.124
GG 0 0
Promoter A 0.082 0.107 AA 0 0
T 0.918 0.893 AT 0.163 0.213
T 0.837 0.787
Exon | C 0.985 0.989 cC 0.969 0.978
T 0.015 0.011 CT 0.031 0.022
TT 0 0
Exon 1 rs2518053 A 0.408 0.455 AA 0.173 0.235
G 0.592 0.545 AG 0.469 0.438
GG 0.357 0.326
Intron rs847194 A 0.684 0.657 AA 0.459 0.404
C 0.316 0.343 AC 0.449 0.506
CC 0.092 0.09
SNP with no polymorphism detected in the present cases analyzed among the SNPs listed at the GenBank
HOXDII Promoter 52736846 HOXDI13 Exon | rs847195
Intron rs2736847 Exon 1 rs13392701
Exon 2 1512995279 Intron rs847193
Exon2 rs12995280 Intron rs847192
HOXDI2 Exon 1 rs2351807 Exon 2 rs28928892
Exon2 rs2553776 Exon 2 rs28933082
Exon 2 rs28928891
exon | of HOXDI2 (rs847151, G364A) showed a nearly loci HOXDII G-112T, HOXDI2 -C226A, and

complete linkage disequilibrium. Heterozygosity for
both HOXDI2 -C226A and HOXDI2 G364A was
observed in five healthy controls and eight autism
patients. Furthermore, all of the five controls heterozy-
gous for HOXDI2 -C226A and HOXDI2 G364A were
homozygous for HOXD1] -G112G. On the other hand,
of the eight autism patients heterozygous for both
HOXDI2 -C226A and HOXDI2 G364A, four were
homozygous and four were heterozygous for HOXDI1!
G-112T. Taken together, heterozygosity in all the three

HOXDI2 G364A was found in four autism patients
but not in the healthy controls. Table 3 shows the rela-
tionships between the polymorphisms in these three loci
for two cases: SDG and non-SDG with autism and SDG
and non-SDG without autism. Of the four patients het-
erozygous for HOXDII G-112T, three in whom digit
length was measured were classified into SDG with aut-
ism and the rest was unknown. The clinical type of ASD
of the patients with having HOXDI1 heterogeneity was
classified as autistic disorder in all cases. No patients

Brain Dev (2009), doi:10.1016/j.braindev.2009.05.005
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Table 3

Frequency of HOXD gene polymorphisms between SDG and NSDG patients with or without autism.

Gene dbSNP ID Genotype Aautistic patients Normal Non-autistic
Total SDG NSDG Control SDG NSDG

HOXDI1 GG 94 8 17 89 8 8

GT 4 3 0 0 0 0
HOXDI12 CC 90 8 17 84 8 8

AC 8 3 0 5 0 0
HOXDI2 rs847151 GG 90 8 17 84 8 8

AG 8 3 0 5 0 0

heterozygous for HOXDI! G-112T were observed
among the 16 non-autistic disease controls including
the eight patients with SDG.

4, Discussion

In genetic research for autism, some studies have
been conducted that focused mainly on language devel-
opment skills (e.g., age at first word, age at first phrase,
onset of first phrase >36 months, and nonverbal com-
munication) skill. Other studies have focused on the
establishment of motor language development, bladder
and bowel control milestones, developmental regression,
repetitive/stereotyped  behavior, restricted behavior,
interest, and activity [2-4,11-13].

Manning et al. [6] reported that 2D/4D is low in aut-
ism and Asperger syndrome. In Japan, Osawa et al. {7]
reported a higher incidence of low 2D/4D in autism
patients than in healthy children. From their report,
we assumed that it is possible to consider a low 2D/
4D as a specific feature in some autism patients. Such
patients formed part of a group of subjects (SDG) for
investigation in our study. It was assumed that SDG
in autism may express one of the common features;
hence, 2D/4D may be associated with one of the etiolog-
ical genes of autism. Manning et al. {14] reported the
findings of their 2D/4D measurement as follows: (1)
there is a gender difference in 2D/4D measurements
(2D/4D is lower in males than in females); (2) a low
2D/4D is observed across races and countries; (3) 2D/
4D is closely related to fetal growth, sperm count, family
size, myocardial infarction, and breast cancer; and (4)
2D/4D is related to sexual differentiation, the produc-
tion of sex hormones in the fetal stage, and disease pro-
gramming in the fetal stage. In addition, there is an
inverse correlation between 2D/4D and testosterone
concentration at the fetal stage, and 2D/4D correlates
with the CAG repeat number in the androgen receptor
gene [15]

A study of female twins conducted by Paul et al. [16]
showed that the concordance rate of 2D/4D is higher in
monozygotic twins than in dizygotic twins, that the her-
itability of 2D/4D is approximately 66%, and that the

genetic contribution to 2D/4D in females may be more
influential than the effects of prenatal environmental
factors. Although it is uncertain whether these findings
differ significantly between males and females in the
absence of any report for males, it seems possible that
2D/4D is affected by both hereditary and secondary
perinatal environmental factors.

One study showed that the mean 2D/4D did not
change with gestational age from the 9th week to the
40th week [17]. In addition, there was a small increase
in 2D/4D with age, which was lowest in the right hand
[18]. This study indicates that 2D/4D is probably estab-
lished in the uterus and that this ratio remains almost
constant until adult life.

Because 2D/4D, an easily measurable physical fea-
ture, is already determined in utero and remains con-
stant until adult life, it can be used regardless of age
differences among subjects and is universal; moreover,
its measurement is noninvasive. Therefore, 2D/4D is
an excellent parameter for evaluating a group of autistic
patients.

In genomic scans of families having more than one
member with autism, the susceptibility loci for autism
were investigated, and identified; these included 2q21-
q33 [3,4]. In the candidate genes located here, the
NRP2 gene is reported as one of the genes related to aut-
ism [19]. In addition, specific polymorphism has been
found in distal-less 2 (DLX2) and cAMP guanine nucle-
otide exchange factor II (cAMP-GEFII) in a few cases
of autism [20]. On the other hand, no significant correla-
tion has been reported between autism and distal-less 1
(DLX1) [20,21] and DLX2 [20]. With regard to HOXD
genes, Bacchlli et al. reported that there is no relation-
ship between HOXDI and autism [20]. There has been
no report on HOXDI1, HOXDI2 or HOXDI3 to date.

It seems that these genes may be found to be signifi-
cant in the development of autism when cases as a study
subject have been carefully chosen and classified by the
specific characteristics of presenting behavior or pheno-
typic clinical presentations.

The present study has limitations because it is a case-
control study, rather than a family study, with a small
number of subjects enrolled. However, in this study,

Brain Dev (2009), doi: 10. 1016/j.braindev.2009.05. {)05
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HOXDI1 SNP -112G/-112T heterozygosity was specifi-
cally observed in autism patients with low 2D/4D. On
the basis of this result, we expect that the relationships
between autism and the HOXD genes or other candidate
genes located in 2q will be clarified by studying a larger
population with low 2D/4D, that is, by studying
patients heterozygous for -112G/-112T in the HOXDI11
promoter.
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A preclinical trial of sialic acid metabolites on
distal myopathy with rimmed vacuoles/
hereditary inclusion body myopathy, a
sugar-deficient myopathy: a review

May Christine V. Malicdan, Satoru Noguchi and Ichizo Nishino

Abstract: Distal myopathy with rimmed vacuoles [DMRYV], also called hereditary inclusion body
myopathy (hIBM], is a moderately progressive hereditary muscle disorder affecting young
adults. DMRV/hIBM is characterized clinically by muscle atrophy and weakness initially
involving the distal muscles, and pathologically by the presence of small angular fibers,
formation of rimmed vacuoles and deposition of various proteins in the muscle fibers. This
disease is known to be caused by mutations in the UDP-N-acetylglucosamine 2-epimerase/
N-acetylmannosamine kinase gene, which encodes the essential enzyme in sialic acid
biosynthesis, leading to a reduction of sialic acid levels in the serum and skeletal muscles of
affected patients. As it is a metabolic disease, metabolite supplementation is theoretically one
of the therapeutic options. In this review, recent animal models for DMRV/hIBM are briefly
characterized followed by a focus on the administration of sialic acid metabolites as a reliable
therapeutic option to DMRV/hIBM with the following points highlighted: the property of
compounds, the pharmacokinetic metabolism in vivo, and the therapeutic effects on the

DMRV/hiBM mouse model.

Keywords: sialic acid, GNE, muscular dystrophy, amyloid, therapy

Introduction

Distal myopathy with rimmed vacuoles (DMRV)
or hereditary inclusion body myopathy (hIBM)
is an autosomal recessive debilitating disorder
affecting young adults with the age of onset
ranging from 15 years to the late 30s [Nonaka
et al. 2005; Nishino et al. 2002], and is due to
murtations in the UDP-N-acetylglucosamine 2-
epimerase/N-acetylmannosamine kinase (GNE)
gene [Bisenberg ez al. 2001}. The disease is char-
acterized clinically by preferential involvement of
the ribialis anterior and hamstring muscles and
relative sparing of the quadriceps [Nishino er al.
2005; Nonaka er al. 2005; Argov and Yarom,
1984]. The course of the disease is gradually pro-
gressive, whereby patients usually become
wheelchair-bound around 12 years after the
onset of the disease. Findings in skeletal muscle
biopsy include the presence of rimmed vacuoles,
which are seen as clusters of autophagic vacuoles
on electron microscopy, scattered atrophic fibers,
and muscle fiber degeneration.

Despite the identification of the causative gene,
the treatment for DMRV/hIBM has remained
elusive as the pathomechanism of this disease
has not been fully clarified. In addition, the lack
of an appropriate model for understanding the
disease and evaluating potential treatment
options has contributed to the lag in development
of a cure. In general, several strategies exist for
the treatment of hereditary muscle disorders,
such as gene therapy, cell therapy, and a pharma-
cological approach. Among these options, phar-
macological treatment has been the most widely
applied strategy to many muscular dystrophies
and myopathies, as both the drug and study pro-
tocol can be flexibly designed based on the cause,
pathogenesis, and symptoms of the disease.

This review focuses on a treatment option based
on the notion of decreased sialic acid production
in muscle cells owing to mutations in the GNE
gene, Based on our recent findings on the
preclinical trial of sialic acid metabolites to the
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DMRV/hIBM mouse model, we review the prop-
erties of potential compounds taking into
account the application in wivo of these com-
pounds to mice. Likewise, we also discuss the
phenotype of the mouse model and its response
to therapy in order to clarify the reliability of
sialic acid supplementation for DMRV/hIBM
therapy in the future.

Distal myopathy with rimmed vacuoles/
hereditary inclusion body myopathy animal
models

Several strategies based on genetic technology by
manipulating the GNE gene have been artempted
to generate animal models for DMRV/hIBM.
Simple knock-out mice represent embryonic
lethality by 9.5 dpc to suggest the importance of
sialic acid in early embryogenesis [Schwarzkopf
et al. 2002]. The same concept of the importance
of sialic acid was recently demonstrated in
knock-in mice carrying the p.M712T mutation,
which is the most common GNE mutation
among Jewish patients. The p.M712T mice
showed a renal phenotype so severe that most
homozygous mice could not survive beyond
3 days after birth (P3) [Galeano er al. 2007].
This renal phenotype is apparently caused by
an anomaly in the morphogenesis of glomerular
tissues due to the remarkable reduction in sialy-
lation of podocalyxin, a major sialylated compo-
nent of podocytes. In the M712T mice that were
able to survive beyond P3, however, a phenotype
pointing to skeletal muscle weakness or abnorm-
alities in muscle pathology was not found. This
result may suggest that the essential requirement
of GNE activities for a certain level of sialic acid
production is different between human and mice;
in other words, the need for sialic acid at least
during development might be higher in mice as
compared with humans.

Our group adopted a different strategy to gener-
ate Gne™ "hGNED176VTg, a mouse model for
DMRV/hIBM. This model harbored a transgene
of p.D176V mutated human GNE c¢cDNA but
is knocked-out of endogenous Gne, creating
a scenario in which only mutated GNE proteins
are highly expressed and the endogenous GNE
gene was disrupted [Malicdan er al. 2007a,b].
These mice were born at an almost Mendelian
rate with a normal appearance (Figure 1(a)). As
expected, blood and several organs including
skeletal muscle exhibited hyposialylation. With
age, these mice reproduced several myopathic
phenotypes seen in the muscles of human

DMRV/hIBM patients (Figure 1(b)~(d)). After
20 weeks of age, the DMRV/hIBM mice
showed physiologic muscle weakness, seen as
impaired motor performance of the mouse and
reduced force generation of the skeletal muscle
[Malicdan ez al. 2008]. This reduction of
the force can be attributed to muscle atrophy,
as specific twitch and tetanic forces per
cross-section area are maintained at normal
values. The reduction in gross size of the skeletal
muscle is accompanied by an increase in the
number of small angular fibers on muscle
cross-sections (Figure 1(c¢), white arrows).
Serum creatine kinase is moderately elevated at
this age. After 30 weeks of age, specific force gen-
eration in the gastrocnemius and tibialis anterior
muscles was notably reduced, while in muscle
pathology variation in muscle fiber size was
more remarkable, and intracellular deposition of
amyloid and other various proteins was noted in
the gastrocnemius muscle. After 40 weeks, the
muscle force generation increasingly worsened,
as reflected by increased twitch/tetanic ratio,
which could likely be due to the appearance of
the characteristic rimmed vacuole (Figure 1(c),
red arrows) and accumulation of autophagic
vacuoles [Malicdan er al 2007a,b] that can
impair the contractile system of the muscle.
With these results, the GNE™"hGNED176VTg
mouse is the only existing pathogenic model for
DMRV/RIBM at the moment.

Potential compounds for therapy of distal
myopathy with rimmed vacuoles/hereditary
inclusion body myopathy

DMRV/hIBM is caused by mutations in the GNE
gene, most of which are missense in the GNE
gene. GNE encodes a critical enzyme, uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc)
2-epimerase/N-acetylmannosamine (ManNAc)
kinase, for the biosynthesis of sialic acid in
higher vertebrates including mammals (Figure
2, left panel). This enzyme catalyzes two steps
in the sialic acid biosynthesis pathway: the
epimerization of UDP-GIcNAc to ManNAc
and the phosphorylation of ManNAc, the
product of which is the substrate used to make
sialic acid, Sialic acid production is determined by
a negative feedback effect of the produced sialic
acid on this UDP-GIcNAc 2-epimerase/ManNAc
kinase (GNE protein) step. The sialic acid
product, cytidine monophosphate-neuraminate
(CMP-NeuAc), binds the allosteric site of
the GNE protein, inhibiting UDP-GlcNAc
2-epimerase  activity. In principle, GNE
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Figure 1. Overall phenotype of the distal myopathy with rimmed vacuoles [DMRV)/hereditary inclusion body
myopathy (hIBM) mouse. (a} At birth, DMRV/hIBM mice appear normal, although slightly smaller than control
littermates. (b] The onset of changes in muscle pathology are increasingly noted with age. Note that hyposia-
tylation of serum and other organs is observed from birth. Typical fibers with rimmed vacuoles [red arrows)
and small atrophic fibers (white arrows) are seen on hematoxylin and eosin [H&E] {c} and modified Gomori
trichrome (mGT) {d). (e} H&E and [f] mGT-stained sections of muscle from age-matched control littermates.
The characteristic features of DMRV/hIBM in muscle pathology are not seen in littermates. 187 x 295 mm
(400 x 400 dpil.
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