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o-Dystroglycan is a component of the dystrophin-
glycoprotein-complex, which is the major mechanism
of attachment between the cytoskeleton and the extra-
cellular matrix. Muscle-eye-brain disease (MEB) is an
autosomal recessive disorder characterized by con-
genital muscular dystrophy, ocular abnormalities and
lissencephaly. We recently found that MEB is caused
by mutations in the protein Olinked mannose pl1,2-
N-acetylglucosaminyltransferase (POMGnT1) gene.
POMGnT1 is a glycosylation enizyme that participates
in the synthesis of O‘mannosyl glycan, a modification
that is rare in mammals but is known to be a laminin-
binding ligand of a-dystroglycan. Here we report a
selective deficiency of a-dystroglycan in MEB patients.
This finding suggests that a-dystroglycan is a poten-
tial target of POMGnNT1 and that altered glycosylation
of a-dystroglycan may play a critical role in the patho-
mechanism of MEB and some forms of muscular
dyStl"Ophy. © 2002 Elsevier Science (USA)

Key Words: muscle-eye-brain disease; muscular dys-
trophy; dystroglycan; glycosylation; POMGnT1; neuro-
nal migration disorder.

Muscle-eye-brain disease (MEB: MIM 253280) is
an autosomal recessive disorder characterized by con-
genital muscular dystrophy, ocular abnormalities, and
brain malformation (type II lissencephaly). Patients
with MEB show congenital muscular dystrophy, se-
vere congenital myopia, congenital glaucoma, pallor of
the optic discs, retinal hypoplasia, mental retardation,
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hydrocephalus, abnormal electroencephalograms and
myoclonic jerks. All infants with MEB are floppy with
generalized muscle weakness, including facial and neck
muscles, from birth. Muscle biopsies show dystrophic
changes, and brain MRIs reveal pachygyria-type corti-
cal neuronal migration disorder, flat brainstem and
cerebellar hypoplasia (1). Very recently, we showed
that MEB is caused by mutations in the protein O
linked mannose $81,2-N-acetylglucosaminyltransferase
(POMGnT1) gene on chromosome 1q33, and we sug-
gested that interference in O-mannosyl glycosylation is
a new pathomechanism for muscular dystrophy as well
as neuronal migration disorder (2).

In eukaryotes, proteins are frequently modified by
N-glycosylation as well as by O-glycosylation (3). While
Ser and Thr residues of yeast and fungal proteins are
primarily modified with O:mannosyl glycans, this mod-
ification is rare in mammals, occurring in a limited
number of brain, nerve, and skeletal muscle glycopro-
teins (4). While the role of O-mannosylation is not
clear, we have demonstrated that sialyl O-mannosyl
glycan is a laminin-binding ligand of a-dystroglycan
(5). a-Dystroglycan is a component of the dystrophin-
glycoprotein-complex (DGC), the primary mechanism
of attachment between the cytoskeleton and the extra-
cellular matrix.

MEB shares phenotypic similarities with Fuku-
yama-type congenital muscular dystrophy (FCMD) and
Walker-Warburg syndrome, including the unusual
combination of muscle, eye, and brain abnormalities.
We previously identified the gene responsible for
FCMD, which encodes the fukutin protein (6). The
function of fukutin is not yet clarified; however, se-
quence analysis predicts it to be an enzyme that mod-
ifies cell-surface glycoproteins or glycolipids (7). Re-
cently, a selective deficiency of highly glycosylated
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Immunohistochemical analysis of MEB skeletal muscle. Frozen sections of skeletal muscle from a control individual, muscle-

eye-brain (MEB) disease patients and a Fukuyama-type congenital muscular dystrophy (FCMD) patient immunostained with anti laminin
o2, a-dystroglycan (VIA4-1 for an MEB patient SA, a FCMD patient and a control, or sheep antiserum for an MER patient TLG),

B-dystroglycan, and dystrophin antibodies. Bar = 50 um.

a-dystroglycan was found on the surface membranes of
skeletal and cardiac muscle fibers in FCMD patients
(8). A profound reduction in expression and reduced
molecular weight of a-dystroglycan was also shown in
patients with a severe form of congenital muscular
dystrophy, MDCI1C. MDCIC is characterized by dis-
ease onset in the first few weeks of life and severe
phenotypic effects, including inability to walk and
muscle hypertrophy but normal brain structure and
function. These patients harbored mutations in the
gene encoding fukutin-related-protein (FKRP), a pre-
dicted homologue of fukutin (9). In addition, deletion of
a glycosyltransferase-like protein gene, Large, was
found to be the disease causing mutation in the myo-
dystrophy (myd) mouse, which also shows markedly
reduced glycosylation of a-dystroglycan (10). Together,
these findings suggest that altered post-translational
modification of a-dystroglycan may cause some forms
of muscular dystrophy, although the mechanism by

which this occurs is still unclear. In the current study,
we examined skeletal muscle tissue samples from MEB
patients to evaluate the state of the DGC and to search
for proteins that are modified by POMGnT]I.

MATERIALS AND METHODS

Clinical materials. We investigated biopsied skeletal muscle tis-
sue from a Turkish MEB patient SA (age 6 years), a French MEB
patient TLG (age unknown), an FCMD patient (age 8 months) as a
disease control, and an unaffected subject (age 7 months), Patient SA
carried a homozygous G-to-A substitution in intron 17 of the
POMGnTI1 gene. This mutation changed the conserved GT splicing
donor sequence to AT, resulting in read-through of the intronic
sequence and introduction of a premature termination codon. Pa-
tient TLG is a compound heterozygote who carries a C1572G trans-
version in exon 17 (Pro493Arg) and a 1-bp deletion at base 1970 in
exon 21 (frameshift and premature termination at codon 633) (2).

Immunohistochemistry. Immunodetection was performed using
a mouse monoclonal anti-a-dystraglycan antibody (clone VIA4-1,
Upstate Biotechnology), affinity-purified sheep antiserum directed
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against a 20-amino-acid C-terminal sequence of chick a-dystroglycan
(11), monoclonal antl-g-dystroglycan (clone 8D5) and anti-dystro-
phin (clone 6C5) antibodies (Novocastra Laboratories), and a mono-
clonal anti-laminin a2 chain antibody (clone 5H2, GibcoBRL). Frozen
sections (8 pm) from biopsied skeletal muscle tissue were preincu-
bated with PBS contalning 5% bovine serum albumin at pH 7.4, then
incubated with primary antibodies overnight at 4°C. After incuba-
tion with secondary antibodies for 1 h at room temperature, sections
were examined by fluorescence microscopy.

Immunoblotting. Biopsied skeletal muscle tissue was homoge-
nized in 10X volume of homogenization buffer (PBS containing 0.2%
Triton X-100 and protease inhibitors}. After incubation for 10 min at
4°C, protein extracts were centrifuged for 10 min at 4°C and 15,000g.
The resulting supernatants were rotated overnight at 4°C with
an equal volume of wheat germ agglutinin (WGA)-Sepharose 6MB
(Amersham Pharmacia} that was pre-equilibrated with 5 volumes of
homogenization buffer. The affinity beads were then washed and
boiled for 3 min in sample buffer containing 50 mM Tris HCI, 2%
SDS, glycerol, and 2-mercaptoethanol.

Extracted samples were separated electrophoretically on 7% (for
a-dystroglycan} and 10% {for B-dystroglycan) SDS-polyacrylamide
gels and transferred to pelyvinylidene difluoride membrane (Milli-
pore). Blots were probed using anti-a-dystroglycan (clone VIA4-1)
and anti-g-dystroglycan (clone 8D5) antibodies. Signal was detected
with a peroxidase-conjugated rabbit anti-mouse secondary antibody
(DAKO), using SuperSignal CL-HRP (Pierce) as the chemilumines-
cent substrate.

RESULTS AND DISCUSSION

In our search for proteins with sugar chains modified
by POMGnTI1, we examined the expression of a-dys-
troglycan in muscle tissue from patients with MEB.
The immunoreaction to anti-e-dystroglycan antibody
(VIA4-1 except for the MEB patient TLG) was barely
detectable on the surface membranes of skeletal mus-
cle fibers in MEB patients relative to the control (Fig.
1). On the other hand, immunoreactivity of laminin a2
chain, B-dystroglycan and dystrophin proteins were
similar between MEB patients and the control.

For immuncblotting, we attempted to concentrate
a-dystroglycan from skeletal muscle tissue. The chro-
matography was performed with WGA-Sepharose,
a lectin that has previously been shown to bind
a-dystroglycan (12). Immunoblot analysis of protein
extracts from muscle tissue gave consistent results.
The muscle specimen from the MEB patient SA
showed a lack of a-dystroglycan expression in the WGA
fraction using the VIA4-1 antibody, although normal
levels of B-dystroglycan were observed (Fig. 2). Altered
glycosylation of a-dystroglycan may affect its binding
ability to WGA-Sepharose; however, no immunoreac-
tive band for a-dystroglycan (VIA4-1) was observed in
the unbound fraction (data not shown). The sheep
a-dystroglycan antibody gave no signal in any of the
samples.

The two subunits of dystroglycan, a-dystroglycan
and p-dystroglycan, are generated by post-transla-
tional cleavage of the proprotein, which is encoded by a
single gene (13). a-Dystroglycan is widely expressed
and considered to be heavily glycosylated, but its gly-
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FIG. 2. Immunoblot analysis of skeletal muscle protein extracts
from centrol and muscle-eye-brain (MEB) disease individuals, pu-
rified with wheat germ agglutinin-Sepharose. A complete loss of
a-dystroglycan {VIA4-1) was observed in the MEB patient SA, al-
though B-dystroglycan expression was normal.

cosylation pattern varies in a tissue-specific and devel-
opmental stage-specific manner (14, 15). Since a-dys-
troglycan is known to contain O-mannosyl glycan (5),
and the monoclonal antibody VIA4-1 is thought to rec-
ognize a carbohydrate epitope of a-dystroglycan (16,
17), our findings suggest that a-dystroglycan may be
one of the target proteins that is post-translationally
medified by POMGnT1.

The DGC is the primary structure enabling attach-
ment between the cytoskeleton and the extracellular
matrix in skeletal muscle, and disruptions of this link-
age are known to cause various muscular dystrophies
(18). However, MEB was found to be caused by a defect
in a glycosylation enzyme rather than in the DGC
itself. This defect results in altered modification of
a-dystroglycan, which has also been observed in
FCMD, MDCI1C, and the myd mouse, although the
type of change in glycosylation occurring in these three
cases remains to be elucidated.

Our current results support the growing body of ev-
idence that some muscular dystrophies may be caused
by abnormal glycosylation of e-dystroglycan, which
acts as a linker between the cytoskeleton and the ex-
tracellular matrix. We suggest that the abnormal gly-
cosylation of a-dystroglycan may be the basis for a novel
pathogenic mechanism for some muscular dystrophies.
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Introduction — We present herein clinical, histological and magnetic
resonance imaging (MRI) findings in a patient with Fukuyama-type
congenital muscular dystrophy (FCMD). He is the first case report in
the Japanese population living in Brazil. Case report — The child
presented with neonatal hypotonia, delayed motor abilities and speech,
seizures, cerebral and cerebellar gyrus abnormalities with signal
intensity change in the white matter by MRI, high serum level of
creatinephosphokinase (CK), and dystrophic skeletal muscle with
normal merosin, a-sarcoglycan and dystrophin expression. The fukutin
gene study showed one founder 3-kb retrotransposal insertion in the
3’-non-coding region, and in the other allele no mutation was detected
after screening all exons and flanking introns by sequencing.
Discussion — This case report emphasizes the importance to consider
FCMD in Japanese people living in other countries.
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Fukuyama-type congenital muscular dystrophy
(FCMD) is an autosomal-recessive disorder mani-
festing by brain malformation, principally cerebral
and cerebellar cortical dysplasia, and by primary
dystrophic changes in skeletal muscle (1, 2). It is
recognized almost exclusively in Japanese children;
being the second most common muscular dystro-
phy in Japan (incidence: 0.7--1.2/10,000) (2). A few
families of non-Japanese origin with ‘FCMD-like
phenotype’ have been reported (3). The patients
manifest generalized muscle weakness and hypo-
tonia from early infancy and the peak motor
function usually consists only of unassisted sitting
or sliding on the buttocks (2).

The gene responsible for FCMD, identified on
the chromosome 9q31, encodes a 461-amino-acid
protein that was termed fukutin (4-6). Kobayashi

et al, {6) suggested that fukutin may be located in
the extracellular matrix, where it interacts with and
reinforces a large complex encompassing the out-
side and inside of muscle membranes. However,
Sasaki et al. (7) suggested that fukutin may influ-
ence neuronal migration itself rather than forma-
tion of the basement membrane. It has been
showed that about 87% of FCMD-bearing chro-
mosomes had been derived from a single ancestral
founder, whose mutation consisted of a 3-kb
retrotransposal insertion in the 3’-non-coding
region of the fukutin gene (6, 8, 9). The founder
mutation is assumed to have been introduced into
the Japanese population 100 generations ago
(2000-2500 years) (6, 10). FCMD was the first
human disease known to be caused primarily by
ancient retrotransposal integration.
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Brazil has one of the largest Japanese popula-
tions in the world outside of Japan (estimated in
1,250,000 people) and most live in the city of Sdo
Paulo. The Japanese people migrated to Brazil at
the beginning of the 20th century. It would thus be
expected that the founder insertion should be
spread out in Brazil. However, in Brazil there is
only one report of a clinically suggestive FCMD
patient (11). In that case the cranial computed
tomography imaging was not consistent with
FCMD, and the authors did not inquire if the
patient had a Japanese descent. In this work we
present the first FCMD patient, with a founder
insertion in the fukutin gene, in the Japanese
population living in Brazil.

Case report

The 2-year-old boy was seen at the Neuromuscu-
lar Section in June 1999, because of intense
hypotonia and delayed motor functions. He was
the first child of a non-consanguineous couple
and was born in Japan when the parents were
visiting that country. His mother is of Japanese
descent and his father is of both Japanese and
Brazilian descent. The mother had a normal
pregnancy and the child had a mild perinatal
hypoxia, with neonatal hypotonia, poor cry and
limb mobility. Birth weight was 2400 g. A mild
motor function improvement had been observed
in the previous months and he could crawl
and sit without support (Fig. 1). He could not
stand up even with support. Upon examination
he was alert, interested in his surroundings and
co-operative, trying to learn what was asked of
him. He could speak only one or two words, not
forming complete sentences. There were a general
hypotonia, areflexia, and mild tendon retractions
of knee and elbow. The weakness was diffuse
affecting predominantly the neck and the prox-
imal portions of limbs. He did not present
dysphagia and his facial aspect was normal
Ocular mobility and ophthalmological examina-
tions were normal. He had had three febrile
setzures associated with pneumonia. The last two
occurred despite using phenobarbital. The eletro-
encephalography was normal. The serum crea-
tinephosphokinase (CK) level was 8518 {(normal
<160 U/).

The magnetic resonance tmaging (MRI) done
at the age of 5 months showed a bilateral fronto-
temporo-parietal and cerebellar  pachygyria,
asymmetrical dilatation of the lateral ventricles,
cortical atrophy and signal density abnormality
in the cerebral and cerebellar white matter
(Fig. 2A-C).

nsg

Figure 1. The FCMD boy with a typical clinical phenotype.

Deltoid muscle biopsy at the age of 7 months
was processed as previously described (12) and
showed an intense connective tissue infiltration,
fiber type variability, and many rounded atrophic
fibers without specific internal structural changes
(Fig. 3A). There were many oxidative activity
abnormalities such as moth-eaten and whorl
fibers. Myosin ATPase stains revealed 100% of
type 1 fiber predominance. Inflammation or fiber
necrosis was not observed. The immunohistochem-
ical study showed normal expression of a2-laminin
chain (Novocastra, 300 kD), C- and N-dystrophin
(Novocastra) and a-sarcoglycan (adhatin) (Novo-
castra) (Fig. 3B,C).

Genomic DNA was isolated from peripheral
blood using a high-salt precipitation method. The
FCMD gene was analyzed at the Division of
Functional Genomics of Osaka University
Graduate School of Medicine (Prof T. Toda)
using probes and a protocol previously described
(9). The patient had one founder 3-kb retrotrans-
posal insertion in the 3%-non-coding region
(Fig. 4). In the other allele no point mutation
was detected after screening all exons and flank-
ing introns of the FCMD gene by sequencing.
The FCMD gene analysiz of the parents was not
done.
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Figure 2. Brain magnetic resonance imaging showing, in (A) and (B), bilateral fronto-temporo-parietal and cerebellar pachygyria,
asymmetrical dilatation of the lateral ventricles, cortical atrophy and high density in the cerebral and cerebellar white matter area
(FLAIR sequence: TR = 11,000/TE = 140/TI = 2500); and in (C) low density in the cerebral white matter area (T |-weighted image:

TR = 550/TE = 15).

Discussion

We present herein a child with clinical, histological
and MRI characteristics of FCMD (1, 2}. The
clinical spectrum of FCMD is broad and the
patients have been classified into three groups
according to maximum motor abilities: (A) pa-
tients with the typical phenotype are able to sit
unassisted or to slide on the buttocks; (B) patients
with a mild phenotype can stand or walk with or
without support; and (C) patients with a severe
phenotype are able to sit only with support or have
no head control (2). Our patient had a typical
phenotype. The motor function had slowly im-
proved over time after the neonatal period; and he
did not have significant tendon retractions, which
are frequently noted in FCMD patients. Although
he had a relatively normal cognition, he could not
form complete sentences. Speech difficulties are
detected in all cases of FCMD. Seizures have been
described in about half of the patients (13). Our
patient presented with febrile seizures with poor
medication control. Ophthalmological changes
such as optic atrophy, myopia, retinal detachment
and abnormal eye movements have also been
described in FCMD patients (2). These abnormal-
ities were not found in our case. The main MRI
changes in our case were cerebral and cerebellum
gyrus abnormalitics, enlargement of ventricles and
signal abnormalities of white matter of the peri-
ventricular area. These changes are characteristi-
cally described in FCMD patients (2).

Skeletal muscle that disclosed congenital mus-
cular dystrophy (14) was characterized by a dys-
trophic aspect with intense connective tissue
infiltration, fiber size variability, muscle fibers

rounded, internal disarrangement of architec-
ture of fibers without specific abnormalities. The
expression of merosin, dystrophin and a-sarcogly-
can was normal in this case, as has usually been
described in FCMD patients.

The study of the FCMD gene in our patient
detected one founder 3 kb retrotransposal inser-
tion on one allele. Most FCMD patients (about
75%) are homozygous for the 3 kb insertion (9).
Patients with one founder insertion usually have
another point mutation on the other allele (9).
However, routine sequencing of the FCMD gene
did not detect any other mutation in our patient.
Normal individuals, other than carriers, have no
insertion; hence, this patient most probably has
FCMD (9). Mutations may be difficult to be found
by routine sequencing (e.g. in the promoter region
or introns), and this can explain the fact that we
did not find one in our case.

Kondo-Iida et al. (9) showed that the frequency
of severe phenotype is significantly higher among
probands who were compound heterozygotes car-
rying a point mutation on one allele and the
founder mutation on the other than it is among
probands who were homozygous for the founder
insertion. Remarkably, no FCMD patients have
been described with non-founder mutations on
both alleles of the gene, suggesting that such cases
might be embryonic-lethal (9). This could explain
why few FCMD cases are reported in non-Japan-
ese populations (9). Using a haplotype-phenotype
correlation, Saito et al. (15) confirmed that severe
FCMD patients appeared to be compound hetero-
zygotes for the founder insertion and another
mutation. Interestingly, although our case had
only one founder insertion, he had a better
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Figure 3. (A) Dystrophic aspect of skeletal muscle tissue (HE
x400). Normal expression of dystrophin (B) and merosin (C)
by immunofluorescense analysis.

phenotype than is usually observed in the com-
pound heterozygotes patients. The other mutation
in compound heterozygotes is in most of the
patients a nonsense or frameshift mutation (9).
Chromosomes carrying the 3 kb insertion may
merely produce a lower level of mature fukutin
than normal and generate a relatively mild FCMD
phenotype, as opposed to mutations (nonsense or
frameshift) that cause serious structural changes in
fukutin (9). Our patient has most probably a
mutation (not detected) that has little effect on
protein function.

By applying two methods for the study of
linkage disequilibrium between flanking polymor-
phic markers and the disease locus, and of its decay
over time, Colombo et al. (10) calculated the age of
the insertion mutation causing FCMD in the
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Figure 4. Pvull digested Southern blot hybridized with a
fragment probe, E6f3, that detects the 3 kb retrotransposal
insertion (arrow) in FCMD. Lane 1: molecular weight marker
{lambda DNA/HindIIl), 2: FCMD, 3: 2’s mother, 4: non-
FCMD, 5: FCMD, 6é: 5’s mother, 7-9; control, 10: present
patient.

Japanese population to be approximately 102
generations or slightly less. The estimated age
dates the most recent common ancestor of the
mutation-bearing chromosomes back to the time
(or a few centuries before) the Yayoi people began
migrating to Japan from the Korean peninsula
(10). A FCMD carrier with a single FCMD
mutation has spread throughout Japan.

We think that the main cause for the paucity of
FCMD patients described in Brazil is a misdiag-
nosis. Another possibility may be because of the
sizable racial intermingling in Brazil. The inter-
mingling would ‘dilute’ the founder mutation
diminishing the incidence of the disease that,
when present, would most of the time be a
compound heterozygote. Being severe there
would be a high probability of early death without
a proper diagnosis. A study of the prevalence of the
founder mutation in Japanese people outside of
Japan, including Brazil, would be crucial to
understand the paucity of FCMD described out-
side of Japan. Kondo-Tida et al. (9) showed that
compound heterozygotes patients can present a
Walker—-Warburg syndrome-like phenotype; and
this situation has been described more frequently in
Brazil (16, 17), but those cases did not present a
Japanese descent.

This report emphasizes the importance of con-
sidering FCMD in Japanese people living outside
of Japan. In those, the miscegenation can produce
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a much severe phenotype because of a compound
heterozygosity for the founder insertion,

References

1.

Fukuvama Y, Kawazura M, Haruna H. A peculiar form
of congenital progressive muscular dystrophy: report of
fifteen cases. Pediatr Univ Tokyo 1960;4:5-8.

. Fukuvama Y, Osawa M, Suzukr H. Congenital progres-

sive muscular dystrophy of the Fukuyama type - clinical,
genetic and  pathological considerations. Brain Dev
1981;3:1-29.

. Jong YJ, Kosavasui K, Toba T et al. Genetic hetero-

geneity in three Chinese children with Fukuyama congen-
ital muscular dystrophy. Neuromuscul Disord 2000;10:
108-12.

. Tona T, SeGawa M, NoMura Y et al. Localization of a

gene for Fukuyama type congenital muscular dystrophy to
chromosome 9q31-33. Nat Genet 1993;5:283-6.

. Tobpa T, Mivake M, KobavasHl K et al. Linkage-dis-

equilibrinmn mapping narrows the Fukuyama-type con-
genital muscular dystrophy (FCMD) candidate region to
less than 100 kb. Am J Hum Genet 1996;59:1313-20.

. Koravasut K, NakaHor1 Y, Mivake M et al. An ancient

retrotransposal insertion causes Fukuyama-type congen-
ital muscular dystrophy. Natur: 1998;394:388-92.

. Sasaxt I, Isuikawa K, Kosavasur K et al. Neuronal

expression of the fukutin gene. Hum Mol Genet 2000;9:
3083-90.

. Konavasur K, Naxanorr Y, Mizuno K et al. Founder-

haplotype analysis in Fukuyama-type congenital muscular
dystrophy (FCMD). Hum Genet 1998;103:323-7.

1o,

I11.

12

13.

14.

15.

16.

17.

—170—

Fukuyama disease: a case report in Brazil

. Konpo-lina E, KosayasHl K, Watanase M et al. Novel

mutations and genotype-phenotype relationships in 107
families with Fukuyama-type congenital muscular dystro-
phy (FCMD), Hum Mol Genet 1999;8:2303-9.

CoromMpo R, BignaMint AA, CARCBENE A et al. Age and
origin of the FCMD 3-prime-untranslated-region retro-
transposal insertion mutation causing Fukuyama-type
congenital muscular dystrophy in the Japanese population.
Hum Genet 2000;107:559-67.

Levy JA, ALeEGro MS, Sarum PN, Brotro MW, LEVY
A. Congenital progressive muscular dystrophy of
Fukuyama type: report of a case. Arq Neuropsiquiatr
1987;45:188-92.

DusowiTz V, BrRooke MH. Muscle biopsy: a modern
approach, London: WB Saunders, 1973.

Yosroka M, Kuroki 8. Clinical spectrum and genetic
studies of Fukuyama congenital muscular dystrophy. Am J
Med Genet 1994;53.245-50,

Nonaka I, Sucita H, Takapa K, Kumacar K. Muscle
histochemistry in congenital muscular dystrophy with
central nervous system involvement, Muscle Nerve {982;
5:102-6.

Sarro K, Osawa M, WanG Z-P et al. Haplotype-pheno-
type correlation in Fukuyama congenital muscular dys-
trophy. Am J Med Genet 2000;92:184-90.

VasconceLos MM, Guepes CR, DoMingues RC, Vianna
RNG, Sotero M, VieEira MM. Walker-Warburg syn-
drome. Report of two cases. Arq Neuropsiquiatr 1999;57:
672-7.

Reep UC, Ferremra LG, Vamzor M et al. Congenital
muscular dystrophy: clinical-immunohistochemical corre-
lation in a Brazilian casuistic of 40 cases. Neuromuscul
Disord 2000;10:381.

121



Article

doi:10.1006/ geno.2002.6853, available online at http:/ /www.idealibrary.com on IDEAL

Isolation and Characterization of the Mouse Ortholog
of the Fukuyama-type Congenital Muscular Dystrophy Gene

Masato Horie,” Kazuhiro Kobayashi,>* Satoshi Takeda,! Yusuke Nakamura,?
Gary E. Lyons,* and Tatsushi Toda?t

1Qtsuka GEN Research Institute, Otsuka Pharmaceutical Co., Ltd., 463-10 Kagasuno, Kawauchi-cho, Tokushima 771-0192, Japan
Division of Functional Genomics, Department of Post-Genomics and Diseases, Osaka University Graduate School of Medicine, 2-2-B9 Yamadaoks, Suita, Osaka 565-0871, Japan
3Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Japan

#Department of Anatomy, University of Wisconsin Medical School, 1300 University Avenue, Madison, Wisconsin 53706, LISA
ep y, ty ty
"These authors contributed equally to this work.

To whom correspondence and reprint requests should be addressed. Fax: +81-6-6879-3389. C-mail: toda@clgene.med.osaka-u.ac.jp.

Fukuyama-type congenital muscular dystrophy (FCMD) is a severe autosomal-recessive
muscular dystrophy accompanied by brain malformation. Previously, we identified the
gene responsible for FCMD through positional cloning. Here we report the isolation of its
murine ortholog, Femd. The predicted amino acid sequence of murine fukutin protein
encoded by Femd is 90% identical to that of its human counterpart. Radiation hybrid map-
ping localized the gene to 2.02 ¢R telomeric to D4Mi#272 on chromosome 4. Northern blot
analysis revealed ubiquitous expression of Femnd in adult mouse tissues. Through in situ
hybridization, we observed a wide distribution of Femnd expression throughout embryonic
development, most predominantly in the central and peripheral nervous systems, We also
detected high Fcmd expression in the ventricular zone of proliferating neurons at 13.5 days
post-coitum, Brain malformation in FCMD patients is thought to result from defective neu-
ronal migration. Our data suggest that neurcnally expressed Femd is likely to be important
in the development of normal brain structure.

Key Words: Fukuyama-type congenital muscular dystrophy, FCMD, fukutin,
mouse, cCDNA, neuronal migration, brain development, alternative splicing

INTRODUCTION

Fukuyama-type congenital muscular dystrophy (FCMD; MIM
253800) is an autosomal-recessive disorder characterized by
primary dystrophic alterations in skeletal muscle and brain
malformation [1]. Within the Japanese population, FCMD is the
second most common muscular dystrophy and one of the most
prevalent autosomal-recessive diseases. FCMD patients man-
ifest generalized muscle weakness and hypotonia from early
infancy, and most never achieve the ability to walk. In addi-
tion, the patients are mentally retarded and some experience
seizures. The predominant brain anomalies in FCMD are
polymicrogyria, pachygyria, and agyria. These are the result of
cortical dysplasia, which is characterized by the massive pen-
etration of neurons into the extracortical glial layer through
breaches in the glia limitans and basal lamina [2-4].

We earlier identified the gene responsible for FCMD
through positional cloning [5]. The FCMD gene encodes a novel

461-amino-acid protein, termed fukutin, of unknown function.
Most patients with FCMD carry a 3-kb retrotransposal insertion
into the 3'-untranslated region of the FCMD gene. In patients
carrying this insertion, FCMD mRNA is nearly undetectable,

Here we report the isolation, chromosomal mapping, and
expression profile of the mouse Fermd gene. Some areas of Femd
expression in the mouse embryo and neonate overlap with
regions that exhibit abnormalities in FCMD patients. The map-
ping of Femd to mouse chromosome 4 and the evaluation of
its expression will be important in understanding the genetic
basis of FCMD.

RESULTS

Isolation of the Mouse Femd cDNA

To clone the murine homolog of FCMD, we screened a
mouse brain ¢DNA library using a human FCMD cDNA as
a probe. This screen produced two independent cDNA
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CRCASCYCTAGAGTTACANG TATC TCTGG TCACAGGAAN CANGA TTCTGTTTCATGAMG
MAGATGMARCAACTOGSC TACTGTTAAMAACCACOCAAGAG ANCACCATAGNCCAA TGA

¥s
CTAGAL FOAA TAAGAIOC TG TCTTCCCOCTTTTAACATI GACGACTTCTGCCTTICIGS
B L ¥NENTF¥VTYLALLTLTSSAFLL
TETTTCAGCTGTACTACT ACAMGCACTATTTGTC FOCAM GAA TOGACCEGETTCATCAR
FQLYYTYTERTLSARNGPGS SIE
AATOCAMGEGARTCGAS T TCEATTTGATAGCACACAGTG GOGTOCAG TTARGAANT TTA
SXGNRYGPFDPSTRYRAYEEFI
TTATGCTGACK TOCAGCCAMA TG TCOCAG TGTTCCTTAT TGACCCATGGATTCTOGAAT
ALTSSqQYYPYFLIDPETWI1ILES
CATTARTAMMCTTOGANCAAG TGAAAAA TGCTTCTCAAGGOCCUGCT TCAGAATECA
I NEYFRQYENASZSQEPASECTR
GATTITTCTCIC T TCOCAGAGACT TCACTOOCTTOOCAC TOCAGTATCACCTGTOCANGA
FECYPRDFTAFALOGYHLEFEEKNX
ATCAGEATOOCTOGTITGGGA TAGCTGAGAATATOCGGT TTCARTGCLC TAAMGACTGANA
EOGE®FRIAENRNDEGFQCLETES
CORAGATOCROORCTACATGCAN TACACTCAC TTTCTGAGA CTGAMA TODCTCTRCACT
EoPTLIGIDSLSGTELLPLETY
R TCTCTAMGCTGACCACTCATCOCATCCACTTOGCTAG T CTTICATGAGACGAGTOGCA
¥YCLLTTHNALRLY YFHERSGH
ACTAOCTCTCOCATGSTCACCTACGACTCAANGGACACATSGATAGGAAGT TTGTTCCTT
TLYASCALRLEGREYDPREFPYPFF
TG TTACAGTTTOCTCGTTATCCTGRACCTT TTG ACAGCOCAGAG T TACAGCANG

¢ 238 38 88 % 8 0 % Eigs

FIG. 1. Isolation of the mouse Femd cDNA. (A) Nucleotide and predicted amino acid
sequences of murine Fenid. (B) Alignment of deduced amino acid sequences of human
(h) and murine (m} fukutin.

EELAQFCRYPGAFDRPELOQOQY
TTACTE TIGATGEACTAGATATCCTTATTCOGAMGACCCAGGOGCTTTCTAGAMGAAG 1628
TY¥PcLBNLIPEDPGRFLEERTY
TACCTCACTOCACATTTATCGAGTCCAGGTATAAGGAACC TOGGCOCT TOCTOCAGCAGT 1080
PISEFTECATYTEXEARRMFLAQOGY
ACATTCATCATAATACTCTGCATGCTATOG TCTTTOGAAN AGGGCAAMCGNGTTACTGE 1140
IDPRPNT V¥ DANY FREEREARLELLQNQ
AMCTACCACOCAACACGC TCAMGCACCTOCCAG TCOOCTTCTOOC TGAGCAGTGOGACTT 1208
LAMETLEXDPLEGEYPFTELSSGETC
CTCTARGATCGTATOOGCAG TGOGGCTATTATICCTTACAG AAMGATG TOGACTTAGGGA 1200
LET YRGQCGLIPYZEKDVYDLGI
TITTTATACAMGATTACAAACCTCATATTATTITTICGCAT T ICACGAAGCACGACTTCCAC 1320
Fileo0oY I PDIILAFAQEAMLEGELEPL
TEAMCACAAGTTIGOGANGE TGEANGACACCT TGGAACTATCCTTUCAGGEGAAMMTG 130
EERKFGCGETYEDSLELSFQGECEKND
ARTAMAMCTIATATIITITICTTCTATCAAGACOCTCA CATC TG TUGAATUGAGCCS 1480
YELPRPIFFFYEEADWLYNGS T
(OGCAGGOCAGANCGGEAAAAAGT TTAAGTATCTGT TTCOUAAGT TTACACTRIGCTOGA 1508
QAT G EFEYLFPLFTELCTETY
CTGAGTTTIGTAGACA TCARAG TGCATGT TCCCTETGAAA I TTGACTACA TTEAAGCCA 1560
EFYPIXYRYPCETTY DY T EGALKN
ACTATGCLAAGMCTUCLACA TTCCTATCAAGRCATOUGA  TOGAMCAGCTCACCCOOGA 1420
YEETYILIPIKTRDYILESS PPN
ATGTGCAGCCOAATGECA TC TOGOCTATTTOGGAGTAOGATGAGE TTATCCAGTIGTACT 1609
QP NGTTUTPTITSEFYDEYT T QLY
GACMAACTAAGCTCAGE TCCCACATTTCOCACAMGAAGUCGOC TAACTGTTTAAMOCE  )T40
CTACTGGTTTTTVGCCTGATG TCAGAGCUAAGAGACAM TGACAG TTAGANGACAGL 1800
AAMGTTITCTGATTCATGGCCUA TCT MTTAGTTCTGOCATICAGCATITCCTGAGGAG (960
TRATECALTADCTOGAL TAOCAGCACCTCCTCAATGAGOUAATCCCAGCTTCTCTTETC 1920
CTETTGTAMGCACTACAGT TTTCTTT TGAAAGAMCTTACTCACTCTCTGANGAGCTES 1980
TACACCATATGATGTATTOCATCATAATTTITAAMTGTIAATTAATCTITATOCTGGAR 2040
MTCACCRCATOCCATCAAGCTTACAANCGATATCT TAG TIAMCAATAATTCACTCCTGE 2100
CTGTCCYCAGGATITITAGICCTCCTTTTANGG TIGTAGA/CATGAGTTAMTATTICCAGT 2180
GACTGATTACACTTTGTCTCACAGAGAAMOGA TGGT AGCA} ACTCATTTTATRAGCAGTG
TCTACACKE TTRGCTTCANGCACAGGOCG TTC TATAAGGUAMGA TRAGAGCOCATATCA
CETATTCTCAMGACATACACTOTTCTCATATCTCAAG TG G CAGTOOCTOC TTACATEAT
CCTTCAATCOCTCACATCATACGATATTTTCCC TGACCTOL AGTGGTACTTGCTCATARA
TFOATCCAGTCATGCTATCCGAMAGE TG TGACATCOCAMGUTTAL TITCCTTATTTCATT
TTCAATCATRCTTAGATTTAMMATOCANGTTATICATG AATATT TTTATATTITATCAR
WTATAMCTCTTCTCOCC TTAATTTTAATATICACACTAAS TACTAATAGACATACCTCT
GAATTTTTAMAAAATACTCT TTATTTATT TATCAMTATAGCTCCATGTT TAATTTATG
OOCTACATAATAATTTAT TTACCATAAMGA TATGACTGT TCTTCTATTCCAATATTACTT
CAMGTTTCCAAMATOGANGGTTAMCA TCAALCTOGAMACTA TICCTTTTTCCACATCACT
CTCTTTAMACCCTCTGICCATCTCTAGATT TITCATYC TG TCTT TOTAAGAGGGCAMGG
ACTTOCTALTGOCANGTACTGCACATG TGGGACTCCTTGATTTTCTYTTTCTTCTCAAAR
TACACCCATCAG TAGGTTOCOCTAGCTCTCLACTCTCAG TCAGAGATGACACAGTGAATE
CCTE PCTTOC TOO0C TORAACIGAOCGOCTC TRC TCCC TCC TGC TIAGGGATGTGETTC
MOGGCOOCOC TGCAGA TCTOOCTTEGAA TG TG T AGTCACTA AMACGAAMCAMGNG TAGC TS
ACRGAATOGGC TCOCAGAMG TAAMMGANGAAAGAMANG AMAML TTGEAGCUOGG T
TAATODCAGCACTCACGADGCAGAGGCAGGCAGA T TICTCAC TTCAAMGGOCAGCCTGETC
TACAMGTCAG T TOCAGEACAGOCAGAGC PATACAGAGA AACTCT TTCTORARARAACAR
CAACANCANG

clones. One clone (pBSmFCMD-1) carried a 3250-bp insert
containing the entire region encoding fukutin protein (Fig.
1A). The other clone harbored a 3068-bp insert that is iden-
tical to nuclectides from 183 to 3250 of pBSmFCMD-1.
Sequence analysis and alignment showed 90% identity
between the predicted amino acid sequence of murine
fukutin protein and human fukutin [5] (Fig. 1B).

FHE

GEEEEEENEIINLE

Chromosomal Mapping of Mouse Feind

We determined the chromosomal location of murine Femd by
radiation hybrid (RH) mapping. Data obtained from the 100
RH clones in the T31 RH panel were: 01100 00000 10112 00000
(01000 01010 00201 01100 00002 00202 01000 00100 20010 10021
10000 00111 00020 GO0OC 01100 02201. Data analysis by the
Whitehead Institute RH Mapping Server indicated that the
Femd gene is located 2.02 cR telomeric to D4Mit272 on mouse
chromosome 4.

Femd Expression in Adult and Embryonic Tissues

We examined the expression profile of murine Femd using
northern blots prepared from adult and embryo tissues. The
Femd probe detected a 6.5-kb band in all tissues examined
(Fig. 2A). A 4-kb transcript was also present in testis. Femd
mRNA was already detectable in the 7-day embryo, and its
expression persisted through late embryonic development
(Fig. 2B). During the course of making Fcmd gene mutant
mice, we examined Femd transcripts by RT-PCR in AB2.2
prime embryonic stem cells using primers amplifying dif-
ferent exons to assess the effects of mutation in the genome
on Femd gene expression, and found a possible extra tran-
script {unpublished data). RT-PCR analysis of RNA pre-
pared from AB2.2 cells (data not shown) and from adult
mouse brain (Fig. 3A) using primers 5'-TCCGC-
CGCAGCTCTAGAGTTA-3' and 5'-CACATTTTGGCTG-
GATGTCAGCATAATA-3' revealed an extra band (~ 470
bp) in addition to the expected 330-bp band. No band was
detected in the RT(~) control sample (Fig. 3A}, excluding the
possibility that this extra band is due to contamination of
genomic DNA, This extra band was also present in all mouse
tissues examined (Fig. 3B). Sequence analysis showed that
this product harbors an additional 138-bp sequence within
the region coding for fukutin protein (Fig. 3C). This tran-
script is unlikely to encode a mature fukutin protein, how-
ever, because of the presence of an in-frame stop codon
within the 138-bp sequence (Fig. 3C).

GenoMIcs Vol. 80, Number 5, November 2002
Copyright © 2002 Elsevier Science (USA). All rights reserved.
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In Situ Hybridization Analysis of Fcmd Expression

We conducted tissue in situ hybridization analysis by probing
sections of normal mouse embryos from days 9.5 to 15 post-
coitum (p.c.), newborn brains, and adult brains with a mouse
Fcmd cRNA. At 95 days p.c, Fomd mRNA transcripts were
present in the neuroepithelium of the forebrain and hindbrain
(Fig. 4A). The sense control probe showed
only background levels of signal (Fig. 4K).
Femd transcripts appeared in the forebrain, A
midbrain, hindbrain, neural tube, and
spinal ganglia at 11.5 days p.c. (Fig. 4B). At

12.5 days p.c., expression was detected in

the brain, spinal cord, spinal ganglia, and
trigeminal ganglia (Fig. 4C), with higher
levels observed in the ventral horns of the
spinal cord (Fig. 4D). At 13.5 days p.c,
expression was seen in the brain neuroep-
ithelium, with a higher level of signal in the
ventricular zone of proliferating neurons
(Fig. 4E). By 15 days p.c., Femd expression
was seen in the cerebellum, cortex, tectum,
thalamus, and spinal cord (Fig. 4F). At birth,
transcript levels had decreased relative to
prenatal stages, but transcripts were still
present at low levels in the cortex, hip-
pocampus, thalamus, pons, tectum, cere-
bellum, and medulla (Figs. 4G and 4H). In

the adult brain, Fomd expression was pres- C
ent in the dentate gyrus and hom of
Ammon cells of the hippocampus, and in

the cortex (Fig. 4I). In the cerebellum,
expression was seen in the Purkinje cell
layer (Fig. 4]). These observations indicate
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Brain, RT(-}
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FIG. 2. Expression of the mouse Femd gene as determined by northem blot-
ting. Mouse MTN (A) and mouse embryo MTN (B) blots (Clontech) were
hybridized with a 3*P-labeled mouse Femd probe,

DISCUSSION

FCMD is a disorder of neuronal migration, and protrusion of
neuroglial tissues through breaches in the glia limitans-basal
lamina complex is a probable cause of the observed cortical
dysplasia in FCMD patients [2-4]. Therefore, it is suspected
that altered fukutin function might affect neuronal migration
during corticogenesis. The role of fukutin is currently
unknown, although detailed sequence analysis suggests that
it may function as an enzyme to modify cell-surface glyco-
proteins or glycolipids [6]. Several lines of evidence support
this prediction. First, an abnormal, immature ganglioside pat-
tern has been seen in the cerebral gray and white matter of
FCMD patients [7]. Second, a selective deficiency in highly
glycosylated a-dystroglycan on the surface membranes of
skeletal and cardiac muscle fibers has recently been found in
patients with FCMD [8]. Third, the fukutin-related protein
(FKRP) gene was identified as a causative gene for another
type of congenita! muscular dystrophy, MDC1C, which also

B FIG. 3. An alternative transcript of

the mouse Femd gene. (A) Total

RNA from adult mouse brain was

treated with DNase to remove
2 traces of genomic DNA contamina-
2 tion and was subjected to RT-PCR.
| o Mouse Fermd cDNAs amplified by
RT-PCR were analyzed by 2%
agarose gel electrophoresis. PCR
was also carried out on total RNA
without RT (RT(-}} as a negative
control. The 330-bp PCR product
expected from mouse Femd
sequence shown in Figure 1 and an
extra ~ 470-bp PCR product are
indicated by arrows. (B) Mouse
Femd cDNAs were amplified from
mouse Marathon-Ready c¢DNA
(Clontech) by PCR and analyzed by
2% agarose gel electrophoresis. (C)
The nucleotide and predicted
amino acid sequences of an alterma-
tive mouse Fomnd transcript. The
nucleotide sequence of the ~470-bp
RT-PCR preduct detived from
AB2.2 embryonic stem cells was
determined. An additional 138-bp
nucleotide sequence that is not pres-
ent in the mouse Femd sequence
shown in Figure 1 is underlined.

" 00-bp ladder
1 Skeletal muscle

“Kidney

P RLELER

RN TR D) R A T (RS SH (A

L ET

that Femd is expressed in a widespread fash-
ion but at higher levels in the central and
peripheral nervous systems.

Mouse Fond sequences used to
design primers for these PCR analy-
ses are italicized.
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involves abnormal glycosylation of a-dystroglycan [9].
Fourth, recent findings have demonstrated the involvement
of glycosyltransferase genes in other autosomal-recessive
muscular dystrophies that show neuronal phenotypes both in
human [10] and mouse [11]. These observations strongly sug-
gest an enzymatic function of fukutin, although specific
molecular targets of fukutin in the migration process remain
to be identified.

FIG. 4. Tissue in situ hybridization of murine Femd on mouse
tissues. (A) Sagittal and oblique section, 9.5 days p.c. (B)
Sagittal section, 11.5 days. (C) Sagittal section, 12.5 days. (D)
Frontal section, 12.5 days. Arrows indicate ventral horns of
the spinal cord. (E) Transverse section, 13.5 days. (F) Sagittal
section, 15 days. (G, H) Neonatal sagittal sections. (I) Adult
hippecampus sagittal section. (J) Adult cerebellum sagittal sec-
tion. An arrow indicates the Purkinje cell layer. (K) Sense con-
trol probe hybridized to a serial section adjacent to that in (A)
to show the background level of the signal. Fb, Forebrain; hb,
hindbrain; ba, branchial arch; d, deciduas; mb, midbrain; h,
heart; j, jaw; 1i, liver; nt, neural tube; sg, spinal ganglia; to,
tongue; hl, handling; lu, lung; sc, spinal cord; st, stomach; tg,
trigeminal ganglia; lv, lateral ventricle; 3, third ventricle; ie,
inner ear; aq, aqueduct of sylvius; cx, cortex; te, tectum; ce,
cerebellum; th, thalamus; hi, hippocampus; p, pons; mo,
medulla; P, Purkinje cell layer; m, molecular layer of the cere-
bellum; g, granular layer of the cerebellum; dg, dentate gyrus.
Scale bars: (G), (H) 1 mm; (A-C), (E), (F), and (I-K) 800 pm;
(D) 400 pm.

The pattern and timing of Femnd expression in
the CNS (Figs. 2 and 4), suggest a general
involvement of this gene in early development.
Histopathological studies have revealed the
presence of cerebral polymicrogyria during the
mid-fetal period [2,12], when prospective corti-
cal neurons are migrating from the ventricular
zone to the cortical plate. In this study, we
detected a higher level of Femd expressionin the
ventricular zone of proliferating neurons at 13.5
days p.c. {Fig. 4E). In the cerebellum, Femd
expression is widely distributed at 15 days p.c.
and at birth; however, its expression is restricted
to the Purkinje cell layer in the adult brain.
Together, these results imply that fukutin may
be required for proper migration of neurons.

In this study we have isolated the mouse
Femd ¢cDNA and have found its alternatively
spliced variant. We also characterized the
expression profile of the murine Femd.
Determination of the complete genomic struc-
ture of murine Femd will further help to under-
stand the transcriptional and post-transcrip-
tional regulation of Femd. We have mapped the
murine Femd to mouse chromosome 4 at 2.02 ¢R
telomeric to D4Mit272. This region is syntenic to
human 9q22.3-q31. Considering that its human ortholog
was placed at 9931 [13-15], it is likely that no chromosomal
rearrangements have occurred in this region between
human and mouse. To date, no mouse mutant has been
mapped to this region. Establishment of mouse models car-
rying genetic alterations in Femd will further clarify the
molecular mechanisms underlying phenotypes associated
with Femd defects.

GENoMICS Vol. 80, Number 5, November 2002
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MATERIALS AND METHODS

Isolation of mouse Fomd ¢DNA clones. A 175-bp fragment surrounding the
translational start site of human FCMD gene was PCR amplified using primers
5 -CCTTTCCAAATCCAAAAAGATG-3' and S -TTGTTGATAAATAGT-
GCTTGTAG-2'. This fragment was used as a probe to screen a mouse brain
c¢DNA library prepared from 19-week-old female C57BL/6 mice using the Uni-
ZAP XR vector (Stratagene; cat. no. 937314). cDNA fragments of positive
phages were cloned into the pBluescript SK{-) phagemid vector (Stratagene)
by in vivo excision. Insert sizes were measured by digestion with Netl and Xhol,
followed by separation on a 0.8% (wt/vol) agarose gel. The pBSmFCMD-1
clone contained the largest insert (3250 bp).

Radiation hybrid mapping. Chromosomal mapping was accomplished by PCR
screening of the T31 RH panel (Research Genetics) according to the manufac-
turer’s protocol, using the primers 5'-AAGTATCTCTGGTCACAGGAAAC-Y
(P1) and 5'-CCTTGCAGACAAATAGTGCTTGT-3' (P2), which were designed
to amplify the region surrounding the putative translational start site of the
mouse Fomd gene. The amplification profile consisted of 40 cycles of annealing
for 30 seconds at 62°C and extension for 30 seconds at 72°C. A 203-bp product
was visualized on an ethidium bromide-stained agarose gel. Data were sub-
mitted to the Whitehead Institute/Massachusetts Institute of Technology Center
for Genome Research Radiation Hybrid Mapping Program (http://www-
genome. wi.mit.edu/cgi-bin/mouse_rh/rhmap-auto/rhmapper.cgi).

Northern biot analysis. A mouse Femd cDNA probe was prepared by PCR
using P1/P2 primer set. Gene expression was evaluated using mouse multi-
ple-tissue northemn (MTN) and mouse embryo MTN blots (Clontech) accord-
ing to the manufacturer’s protocol.

RNA preparation and RT-PCR analysis. Total RNA from AB2.2 prime embry-
onic stem cells (Lexicon Genetics Inc.) and 3-month-old C57BL/6 mouse brain
was isolated using Isogen reagent (Nippon Gene, Tokyo, Japan) according to
the manufacturer’s protocol. After DNase treatment, reverse transcription was
carried out with 1.0 pg of total RNA as template using pd(N), random hexa-
mer (Amersham Biosciences) and Superscript Il reverse transcriptase
(Invitrogen). PCR was done using Tag DNA polymerase with primers 5'-
TCCGCCGCAGCTCTAGAGTTA-3'  and  5'-CACATTTTGGCTGGAT-
GTCAGCATAATA-3'. PCR was also carried out using mouse brain, heart, kid-
ney, skeletal muscle, spleen, and testis Marathon-Ready cDNA (Clontech) as
templates.

Tissue in situ hybridization. Fixation and embedding of BALB/c and
C57BL/6XDBA/2 embryos, fetuses, and postnatal brains is detailed in Lyons
et al. [16]. Briefly, embryos were fixed in 4% paraformaldehyde in PBS
overnight, dehydrated, and infiltrated with paraffin. Serial sections of 5-7 pm
were mounted per slide, deparaffinized in xylene, rehydrated, and post-fixed.
Sections were digested with proteinase K, post-fixed, treated with tri-
ethanolamine /acetic anhydride, washed, and dehydrated. An EcoRI-HindlIII
fragment of pBSmFCMD-1 (nt 1-2063) was subcloned into the EcoRI and
Hindlll sites of pBluescript Il SK(-) (Stratagene) and used to prepare cRNA
probes. The plasmid was linearized with Notl, and T7 polymerase was used to
generate antisense cRNA, The plasmid was linearized with XJwl, and T3 poly-
merase was used to generate the sense control cRINA. The ¢cRNA transcripts
were synthesized according to the manufacturer’s protocol (Stratagene) and
labeled with ¥5-UTP (> 1000 Ci/ mmol; Amersham Pharmacia Biotech). cRNA
transcripts were subjected to alkaline hydrolysis to give a mean size of 70 bases
for efficient hybridization. Sections were hybridized overnight at 52°C in 50%
(vol/vol) deionized formamide, 0.3 M NaCl, 20 mM Tris-HCL, pH 7.4, 5 mM
EDTA, 10 mM Nal’Q,, 10% (wt/vol) dextran sulfate, 1X Denhardt’s, 50 pg/ml
total yeast RNA, and 50,000-75,000 c.p.m./pl ¥5-labeled ¢cRNA probe. Slides

wete subjected to stringent washes at 65°C in 50% (vol/vol) formamide, 2X
SSC, 10 mM dithiothreitol, and rinsed in PBS before treatment with 20 pg/ml
RNase A at 37°C for 30 minutes. Following washes in 2x S5C and 0.1x 55C
for 10 minutes at 37°C, the slides were dehydrated and dipped in Kodak NTB-
2 nuclear track emulsion and exposed for 1-2 weeks in light-tight boxes with
desiccant at 4°C. Photographic development was carried out in Kodak D-19.
Slides were counterstained lightly with toluidine blue and analyzed using light-
and darkfield optics of a Zeiss Axiophot microscope.
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Abstract

It is known that large amounts of histamine are stored in mast cells located in the superficial dermis of the skin and
can be released upon appropriate stimulation, However, the effects of histamine on keratinocyte function have not
been well characterized. We therefore examined the capacity of histamine to modulate the production of interleukin
(IL)-6 and IL-8 by keratinocytes. We found that histamine significantly augmented the production of IL-6 and IL-8
in a dose- and time-dependent manner. The enhancing effects of histamine were completely inhibited by a potent H1
receptor (HIR) antagonist, emedastine difumarate. Pyrilamine (a much weaker HIR antagonist) and cimetidine (an
H2R antagonist) only partially inhibited the enhancing effects of histamine. The histamine-induced up-regulation of
IL-6 and IL-8 production, however, was completely abrogated by a combination of pyrilamine and cimetidine. The
IL-6 production was significantly enhanced by interferon (IFN)-y. Interestingly, IFN-y and IL-4 both significantly
augmented the histamine-induced IL-6 production. On the other hand, the production of 1L-8 was inhibited by
IFN-y, and IFN-y and IL-4 both completely abrogated the histamine-induced 1L-8 production. These results suggest
that the histamine-induced IL-6 production and TL-8 production are differentially regulated by IFN-y and IL-4.
Histamine may be an important modulator of cytokine production in epidermal milien. © 2002 Elsevier Science
Ireland Ltd. All rights reservad.

Kepwords: Histamine; Mast cells; Keratinocyte

1. Introduction

Histamine, first discovered in 1910 [1,2], was
* Corresponding author, Tel.: + 81-92-642-5585; fax: +81- ? (1,2

92-642-5600 initially identified as a potent vasoactive substance
E-mail address: futoshi@dermatol.med. kyushu-u.acjp (F. and is now known to be a.n.n.nportant mediator in
Kohda). immediate-type hypersensitivity and inflammatory

0923-1811/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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dermatoses, such as urticaria, atopic dermatitis
and psoriasis [3].

Keratinocytes actively participate in the initia-
tion and/or regulation of cutaneous inflammatory
and immune responses. They can synthesize and
release an array of pro-inflammatory cytokines
and chemokines such as IL-6 and IL-8 [4]. IL-6 is
a multifunctional cytokine that is an important
mediator in the host response to injury and infec-
tion [5]. It stimulates the production of acute-
phase proteins by the liver, enhances B- and T-cell
activation and proliferation {6], and stimulates
keratinocyte proliferation [7,8]. IL-8, a member of
the CXC chemokine family, is a potent chemotac-
tic factor for neutrophils and T cells [4].

In the skin, histamine is produced from his-
tidine by histamine decarboxylase and degraded
to methylhistamine by histamine methyltrans-
ferase [9]. Histamine is released from mast cells
and keratinocytes in inflammatory skin diseases
[10-12). The interstitial concentration of his-
tamine in the norma! dermis seems to be 10 8-
10~7 M [13,14]. However, the effects of histamine
on keratinocyte function are not well known. In
the present study, we examined the capacity of
histamine to modulate the production of IL-6 and
IL-8 by keratinocytes.

2. Materials and methods
2.1. Reagents

Histamine, pyrilamine and cimetidine were ob-
tained from Sigma Chemical Co. (St. Louis, M0,
USA). Recombinant human IL-4 and IFN-y were
obtained from Genzyme Corp. (Boston, MA,
USA). Emedastine difumarate was obtained from
Kowa Pharmaceutical Co, Nagoya, Japan, Pyril-
amine and emedastine difumarate are HIR antag-
onists. Emedastine difumarate has a much
stronger capacity to bind to HIR, Cimetidine is a
strong H2R antagonist.

2.2, Cells and cell culture

The spontaneously immortalized, nontumori-
genic human skin keratinocyte cell line HaCaT

(kindly provided by Dr N.E. Fusenig, DKFZ
Heidelberg) was used for the experiments. Cells
were maintained in DMEM with 10% heat-inacti-
vated fetal bovine serum, penicillin (100 U/ml)
and streptomycin (100 pg/ml) and were grown in
a 250-ml tissue culture flask in a humidified atmo-
sphere of 5% CO, and 95% air at 37 °C,

Normal human Keratinocytes (NHKs) from
neonatal foreskin (Kurabou, Osaka) were grown
initially in keratinocyte basal medium (HuMedia-
KB2, Kurabou)} containing 0.15 mM calcium sup-
plemented with 0.1 ng/ml epidermal growth
factor, 0.4% bovine pituitary extract, 50 pg/ml
gentamycine, and 50 ng/ml amphotericine B. No
serum was added. HaCaT cells or NHKs were
harvested by trypsinization and plated at a den-
sity of 4 x 10° cells per well into 24-well plates for
cytokine measurement or 1 x 105 cells per well
into 6-well plates for mRNA analysis.

2.3. Treatment of keratinocytes with histamine,
pyrilamine, cimetidine, IFN-y and IL-4

HaCaT cells or NHKs were plated at a density
of 4 x 10° cells per well into 24-well plates and
cultured for 24 h. After the medium had been
changed to a fresh medium, the cells were treated
with various concentrations of histamine (from
107 to 10—* M). Supernatant was collected 1-
48 h later, and concentrations of IL-6 and IL-8
were measured. In order to investigate the type of
histamine receptors involved, keratinocytes were
incubated with 10~° M histamine in the presence
and absence of pyrilamine (10-%-10-5 M),
emedastine difumarate (10-°-10-% M), cime-
tidine (10~ ¢~10~5M) or pyrilamine + cimetidine.
In some experiments, HaCaT cells were stimu-
lated by incubation with IFN-y (10-1000 U/ml)
or 1L-4 (1-100 ng/ml) in the presence or absence
of 10—3 M of histamine for 24 h.

2.4. Measurement of IL-6 and IL-8
concentrations

Concentrations of IL-6 and IL-8 in the super-
natant were measured using ELISA kits (Gen-
zyme-Techne, Minneapolis, MN, USA) according
to the manufacturer’s instructions.
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2.5. RNA isolation and analysis

Total RNA was isolated from cells using RNA
isolation kits (Gentra Systems, Minneapolis, MN,
USA). Specific mRNA expression was analyzed
using an RNA PCR kit (Takara Shuzo Co, Shiga,
Japan). The cycling conditions were 94 °C for 1
min, 55 °C for 2 min and 72 °C for 3 min for a
total of 30 cycles, completed by incubation at
72 °C for 7 min.

The sequences of primers used were as follows:
HIR, 5 primer 5-TGAGCACTATCIGCTTG-
GTCA-Y, 3’ primer 5-TGCATGAAGTGATT-
CCAGCCT-3 [15); and H2R, 5 primer 5-TCAT-
CACCGTTGCTGGCAATG-3, 3’ primer 5-
TTAAGAATGGAGGCTGTGCAG-3' [16]. The
expected sizes were 409 bp for the HIR and 234
bp for the H2R. RT-PCR products were elec-
trophoresed on 2.0% agarose gels and visualized
by ethidium bromide staining over a transil-
luminator.

3. Results

3.1. Effects of histamine on IL-6 and IL-8
production in human keratinocytes

Production of IL-6 and IL-8 by keratinocytes
was quantified at 24 h in the presence or absence
of 10-7-10-* M of histamine. Histamine en-
hanced the IL-6 and IL-& production in a dose-
dependent manner both in the HaCaT cells and
NHKs. Histamine at a concentration of 10~°-
10 M significantly up-regulated the production

of IL-6 and IL-8 by HaCaT cells and NHKs
(Table 1). The keratinocytes were then incubated
with medium only or with 105 M of histamine
for 1-48 h, and the time course of the cytokine
production was examined. Histamine enhanced
the production of IL-6 and IL-8 in a time-depen-
dent manner (data not shown). The up-regulatory
effect of histamine was clearly evident after 24
and 48 h of culture (data not shown). As the
spontaneous and histamine-induced cytokine pro-
duction was higher in the HaCaT cells than in the
NHKs and the enhancing effects of histamine
were similarly observed both in the HaCaT cells
and NHKs, HaCaT ceclls were mainly used in the
following experiments.

3.2. Inhibition of the histamine-induced IL-6 and
IL-8 production by HI1 and H2 receptor
antagonists

In order to determine the involvement of HIR
or H2R in the augmentation of IL~-6 and IL-8
production by histamine, we first examined the
expression of mRNAs for HIR and H2R by
RT-PCR. Total RNA was extracted from HaCaT
cells and analyzed by RT-PCR as described in
Section 2. Products of the expected size for HIR
and H2R mRNAs were clearly identified, as has
been reported previousty [17].

We next investigated whether emedastine difu-
marate, pyrilamine or cimetidine interferes with
the enhancing effects of histamine on cytokine
production. Keratinocytes were incubated with
10-°2-10-* M of emedastine difumarate, 10— 5-
10—3 M of pyrilamine or 10 ~%-10"° M of cime-

Table 1
Histamine dose-dependently stimulated the IL-6 and IL-8§ secretion by HaCaT cells and NHKs. Representative data of fiveexperi-
ments
Control Histamine
10" M 10— M 105 M 10-*M

HaCaT cells IL-6 (pg/ml £ 8.D.) 53.8+0.8 68.5 4 3.1* 9234 1.0* 92.6 + 2.2% 90.1 +2.8*

IL-8 (pg/ml + 5.D.) 569.2+92.1 781841901 962.6+161.2*  936.5+20.9* 897.7 +- 74.8*
NHKs IL-6 (pg/ml £ 5.D.) 81+04 79405 11.9+0.5* 11.1+0.1* 10.6 +1.1*

IL-8 (pg/ml +8.D.) 38.7+14.1 71.8 +£29.7 7274 122* 71.2414.4* 86.5 +3.7*

*P <0.05 compared with unstimulated control.
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Table 2

Percentage inhibition by HIR and H2R antagonists of the
secretion of IL-6 and IL-8 from HaCaT cells in response to
stimulation by histamine

IL-6 (%) IL-8 (%)

Emedastine 10~ M (HIR 100* 100
antagonist)

Pyrilamine 10—3 M (HIR 66.8 63.3
antagonist)

Cimetidine 10-* M (H2R 43.7 522
antagonist)

Pyrilamine 10~% M+ Cimetidine 100 100
10-* M

Mean percentage inhibition (1= 3).

tidine in the presence of histamine (10-% M) for
24 h. As shown in Table 1, emedastine difumarate
(a strong HIR antagonist) completely inhibited
the histamine-induced up-regulation of IL-6 and
IL-8 production. The inhibitory effect of pyril-
amine (a weaker HIR antagonist) on the his-
tamine-induced IL-6 and IL-8 production was
only partial. Cimetidine, an H2R antagonist, also
partially inhibited the effects of histamine. Inter-
estingly, pyrilamine in combination with cime-
tidine completely abrogated the histamine-
induced up-regulation of cytokine production
(Table 2). Since the viability of keratinocytes was
not affected, the inhibitory effects were not at-
tributable to the cytotoxicities of these drugs.

3.3. Effects of IFN-y and IL-4 on the
histamine-induced cytokine production by
keratinocytes

We next examined whether IFN-y and IL-4
affect the histamine-induced IL-6 and IL-8 pro-
duction. HaCaT cells were incubated with IFN-y
or IL-4 in the presence or absence of histamine
(10-°M) for 24 h. As shown in Fig. 1, the sponta-
neous production of IL-6 was significantly and
dose-dependently up-regulated by IFN-y (Fig.
1A). IL-4 slightly enhanced the spontaneous 11.-6
production at concentrations of 1 or 10 ng/ml
(Fig. 2A). Moreover, the histamine-induced IL-6
production was significantly augmented by both
IFN-vy and IL-4 (Figs. 1A and 2A).

In contrast, the spontancous production of IL-8

was dose-dependently inhibited by both IFN-y
and IL-4. The histamine-induced IL-8 up-regula-
tion was also significantly down-regulated by both
IFN-y and IL-4 (Figs. 1B and 2B).

4. Discussion

We have cxamined the effects of histamine on
the production of IL-6 and IL-8 by keratinocytes.
Histamine significantly augmented the production
of IL-6 and IL-8 in a dose- and time-dependent
manner. The production of IL-6 and IL-8 by
HaCaT cells was about 10-times greater than that
by NHKSs, partly because the immortalized
HaCaT cells may be more metabolically active
than NHKs. Keratinocytes expressed both HIR
and H2ZR mRNAs. The enhancing effects of his-
tamine were completely inhibited by a potent
HIR antagonist, emedastine difumarate. Pyril-
amine (2 much weaker HIR antagonist) and cime-
tidine (an H2R antagonist) only partially
inhibited the enhancing effects of histamine. How-
ever, the production of IL-6 and IL-8 was com-
pletely abrogated by the combination of
pyrilamine and cimetidine. These results suggest
that HIR signaling is more dominant than H2R
signaling in inducing IL-6 and IL-8 production in
keratinocytes,

It has been reported that histamine enhances
the production of IL-6, IL-8 and granulocyte-
macrophage colony-stimulating factor (GM-CSF)
in human conjunctival epithelial cells [18,19]. The
production of 1L-8 is also augmented in human
bronchial epithelial cells by histamine [20]. As in
these human epithelial cells, histamine was found
to stimulate the production of IL-6 and IL-8 in
human keratinocytes in the present study.
Shinoda et al. examined the effect of histamine on
production of IL-6 and IL-la in keratinocytes
induced by ultraviolet (UV) B irradiation [17].
They found that histamine, together with UVB,
synergistically enhanced IL-6 production. In con-
trast, it was found that histamine had no effect on
IL-la production by keratinocytes [17]. As was
observed in the present study, they also found
that the effect of histamine was completely
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blocked by an HIR antagonist and was partially
inhibited by an H2R antagonist [17].

IL-8 is a potent neutrophilic chemoattractant
[21], and IL-6 directly induces the proliferation of
keratinocytes, resulting in epidermal acanthosis [7].
The fact that histamine enhances IL-6 and IL-8
production is very interesting when considering the
pathomechanism of chronic inflammatory skin dis-
orders such as psoriasis.

Histopathologically, psoriasis is characterized by
regular acanthosis, intraepidermal neutrophilic ac-
cumulation, and dermal infiltration of activated T
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cells, monocytes and mast cells [22]. 1L-6 and IL-8
have been demonstrated to be expressed in high
levels in psoriatic skin [7,23,24]. Moreover, intrale-
sional histamine concentrations have been reported
to be increased in the lesional skin of psoriasis [14].
Thus, the histamine-induced IL-6 and IL-8 upreg-
ulation may further contribute to the lesional
acanthosis and neutrophilic infiltration in psoriasis.
Of note is that long-term treatment with a high dose
of an H2R antagonist, ranitidine, improved psori-
asis [25,26). Further studies are needed to clarify the
role of HIR and H2R in skin diseases.
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Fig. 1. Effects of histamine (10=° M) and IFN-y (10 -1000 U/ml) on IL-6{(A) and IL-8(B) production by HaCaT cells.
Representative data of three experiments, *P < 0.05 compared with the spontaneous production (control). # P < 0.05 compared

with the histamine-induced production.
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