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Summary

Fukutin is the gene responsible for Fukuyama-type congenital muscular dystrophy
(FCMD), an autosomal recessive disease associated with central nervous system
(CNS) and eye anomalies. Fukutin is involved in basement membrane formation
via the glycosylation of a-dystroglycan (a-DG), and hypoglycosylation of a-DG
provokes the muscular, CNS and eye lesions of FCMD. Astrocytes play an important
role in the pathogenesis of the CNS lesions, but the post-transcriptional regulation
of fukutin mRNA has not been elucidated. In this study, we investigated the charac-
teristics of fukutin mRNA using an astrocytoma cell line that expresses fukutin and
glycosylated a-DG. The glycosylation of a-DG was considered to be increased by
over-expression of fukutin and decreased by knockdown of fukutin. Knockdown of
Musashi-1, one of the RNA-binding proteins involved in the regulation of neuronal
differentiation, induced a decrease in fukutin mRNA. Immunoprecipitation and
ELISA-based RNA-binding assay demonstrated possible binding between fukutin
mRNA and Musashi-1 protein. A relationship between fukutin mRNA and vimentin
protein was also proposed. In situ hybridization for fukutin mRNA showed a posi-
tive cytoplasmic reaction including cytoplasmic processes. From these results, fukutin
mRNA is suggested to be a localized mRNA up-regulated by Musashi-1 and to be a
component of a mRNA-protein complex which includes Musashi-1 and (presumably)
vimentin proteins.
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Fukutin is the gene responsible for Fukuyama-type congenital
muscular dystrophy (FCMD) (Kobayashi et al. 1998), an
autosomal recessive disease, showing muscular dystrophy,
and CNS and eye anomalies (Fukuyama et al. 1960; Osawa
et al. 1997). A representative CNS lesion is cobblestone lissen-
cephaly or type II lissencephaly of the cerebrum and cerebel-
lum. Fukutin is considered to be related to the glycosylation
of a-dystroglycan (a-DG) (Hayashi et al. 2001; Michele &
Campbell 2003; Martin 20055 Schessl et al. 2006; Yamamoto
et al. 2010), in association with protein O-linked mannose
B1,2-N-acetylglucosaminyltransferase (POMGnT1) (Xiong
et al. 2006). o-DG is one of the components of the dystro-
phin-glycoprotein complex, which is involved in basement
membrane formation, linking intracellular and extracellular
proteins (Michele & Campbell 2003; Martin 2005; Schessl
et al. 2006). The glycosylated o-DG is a receptor of extracellu-
lar matrix proteins such as laminin (Michele & Campbell
2003; Martin 2005; Schessl et al. 2006).

In FCMD patients, hypoglycosylation of o-DG was
observed in the sarcolemma of striated muscle and in the glia
limitans of the CNS where the basement membrane is formed
(Hayashi ez al. 2001; Yamamoto et al. 2004, 2010). A fragile
basement membrane causes muscular dystrophy and disrup-
tions of the glia limitans. During the foetal period immature
neurons over-migrate through the disruptions, which is con-
sidered to result in cobblestone lissencephaly. Because the
glia limitans is formed by astrocytic endfeet and covered with
the basement membrane, the functions of fukutin in astro-
cytes appear to be important for the pathogenesis of the CNS
lesions of FCMD (Yamamoto et al. 2004, 2010).

Thus, the pathomechanism of CNS lesions of FCMD and
functions of fukutin have been elucidated gradually, but it
is still unclear how fukutin is regulated after transcription.
A founder mutation of FCMD is a 3-kb insertion in the 3'-
untranslated region (3-UTR) of the fukutin gene (Kobay-
ashi et al. 1998). The insertion is considered to cause a
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decrease in transcription and/or instability of mRNA (Ko-
bayashi et al. 1998), but the precise mechanism is
unknown. Recent studies have revealed diverse and dynamic
roles of RNA in the maintenance and regulation of cells.
The post-transcriptional RNA regulation includes alternative
splicing, polyadenylation, RNA editing and regulation by
RNA-binding proteins, which generate RNA and protein
diversity in eukaryotes (Bolognani & Perrone-Bizzozero
2008; Tazi et al. 2009; Farajollahi & Maas 2010; Licatalosi
& Darnell 2010). A defect or imbalance of these mechanisms
can be a cause of some diseases including neurological disor-
ders (Bolognani & Perrone-Bizzozero 2008; Tazi et al. 2009;
Farajollahi & Maas 2010; Licatalosi & Darnell 2010).

Because astrocytes play an important role in the pathogen-
esis of CNS lesions of FCMD, it could be interesting to elu-
cidate the post-transcriptional regulation of fukutin mRNA
in astrocytes. In this study, characteristics of fukutin mRNA
were investigated using an astrocytoma cell line.

Materials and methods

Cell line

A cell line from a human astrocytoma (1321N1) (Macintyre
et al. 1972; Foster & Perkins 1977) was purchased from
European Collection of Cell Cultures (Wiltshire, SP4 OJG,
UK). Cells were grown in DMEM (Invitrogen, Carlsbad,
CA, USA), supplemented with 10% foetal bovine serum
(Thermo Fisher Scientific, Waltham, MA, USA), 2 mM glu-
tamine (Invitrogen) and 1% penicillin-streptomycin (Invitro-
gen). Cells were maintained at 37 °C in a humidified
incubator with a CO, atmosphere.

Transfection of fukutin cDNA in astrocytoma cells

RNA was extracted from normal striated muscle obtained
by autopsy at Tokyo Women’s Medical University that was
performed after the family members granted informed con-
sent in accordance with the Helsinki Declaration. After
reverse transcription, 2 ng/ul cDNA was amplified by PCR
using pfx50 DNA polymerase (Invitrogen). The sequences of
the primers of the fukutin ¢cDNA (GenBank: AB008226)
were as follows: 5-CACCATGAGTAGAATCAATAAG
AACGTGGTTTTG-3" (coding sense) and 5- ATATAACT
GGATAACCTCAT -3’ (anticoding sense). The reaction mix-
ture was amplified for 35 cycles in a Zymoreactor thermo-
cycler (ATTO Co., Tokyo, Japan). The amplification profiles
consisted of denaturing at 94 °C for 15 s, annealing at
62 °C for 30s and extension at 68 °C for 60 s. After
electrophoresis of the PCR products using 1.2% agarose
gels, gels containing the DNA were cut and the DNA was
purified using a PureLink Quick Gel Extraction Kit (Invitro-
gen). To make a stable transformant, a plasmid containing
fukutin ¢cDNA was cloned using a pcDNA 3.1 Directional
TOPO Expression Kit, according to the manufacturer’s
instructions (Invitrogen). The plasmid was transfected into
astrocytoma cells using lipofectamine2000 (Invitrogen) and
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Opti-MEM (Invitrogen). The transfection was confirmed
by western blotting, polymerase
chain reaction (RT-PCR) and sequencing performed by Taka-
ra (Tokyo, Japan). The cells transfected with fukutin cDNA
were maintained in the above culture medium with an addi-
tional supplement of geneticin (800 pg/ml; Invitrogen).

reverse transcriptase

RNAi

RNAIi was performed on original astrocytoma cells, as previ-
ously described (Yamamoto ef al. 2008). Stealth siRNA
duplexes for fukutin and for Musashi-1 mRNA were
designed and synthesized by Invitrogen. The target sense for
fukutin was 5-UUUGGAAGGGAACAAAUUUCCUGUC-3’
(F697) and that for Musashi-1 was 5-CGGUGGAGGAC-
GUGAAGCAAUAUUU-3" (M426). Scrambled negative con-
trol Stealth™ RNA (SNC; Invitrogen) was used as a negative
control. Omission of siRNA was always performed as a neg-
ative control in each experiment. Astrocytoma cells were
plated one day before transfection at a density of about
200,000 cells in each 35-mm dish. Antibiotics were omitted
from the medium. siRNA (40 nM final concentration) was
transfected into the cells using lipofectamineMAX (Invitro-
gen) and Opti-MEM (Invitrogen) according to the manufac-
turer’s instructions. The culture medium was changed to the
regular formulation one day after transfection. Cells were
harvested 4 days after transfection. Suppression of each gene
was confirmed by RT-PCR or western blotting.

RNA extraction and semi-quantitative RT-PCR

RNA was extracted from cultured cells by the acid guanidi-
um thiocyanate-phenol-chloroform method. The reverse
transcription was performed using M-MLV reverse trans-
criptase (Life Technologies, Rockville, MD, USA) at 42 °C
for 2 h, or using PrimeScript RT-PCR kit (Takara).

c¢DNA at 2 ng/pl was amplified by PCR using the Accu-
Prime Taq DNA polymerase system (Invitrogen). The
sequences of the primers for 112-731 bp of fukutin ¢cDNA
(GenBank: AB008226) were 5-ATGAGTAGAATCAATA-
AGAA-3" (coding sense) and 5- AACTGTAACTTTCG-
GAAGGG -3’ (anticoding sense), those for 395-883 bp of
DG (GenBank: XM_018223) were 5’-ATGAGGATGTCTG
TGGGCCT-3’ (coding sense) and 5-ATCACTGTGGTCTT
CAGGGT-3’" (anticoding sense), those for B-actin were
5’-TGGCACCCAGCACAATGAA-3" (coding sense) and
5’-CTAAGTCATAGTCCGCCTAGAAGCA-3’  (anticoding
sense), and those for GAPDH were 5-TTTGGTCGTATT
GGGCGCCT-3’" (coding sense) and 5-GTGGTCATGAG
TCCTTCCAC-3’ (anticoding sense). The reaction mixture
was amplified for 35 cycles in a Zymoreactor thermo-cycler
(ATTO). The amplification profiles consisted of denaturing
at 94 °C for 1.5 min, annealing at 56 °C for 1.5 min and
extension at 72 °C for 1 min. PCR products were electro-
phoresed using 1.2% agarose gels, stained with ethidium
bromide and photographed. The density of each band was
measured using ATTO CS Analyzer, version 3.00.1007, and
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the ratio of each product against that of B-actin or GAPDH
was calculated.

Immunobhistochemistry

For immunohistochemistry of a-DG, a cellblock was made.
Original astrocytoma cells were detached using a cell scraper
(Iwaki, Tokyo Japan), fixed in 4% paraformaldehyde/
phosphate-buffered saline (pH 7.6) for 30 min at 4 °C and
then collected by centrifugation. Cells were gathered using
2% agarose, embedded in paraffin in a routine manner and
sectioned at 3 pm. Sections were treated with 3% H,0, in
PBS for 10 min to block endogenous peroxidase and were
transferred to normal serum for 30 min. The sections were
incubated with the anti-o-DG antibody against the core pep-
tide of a-DG (a-DG-p, sheep, polyclonal, 1:1000, kindly
provided by Dr. S. Kroger) (Herrmann et al. 2000) overnight
at 4 °C or with the anti-a-DG antibody against the laminin-
binding site of glycosylated epitope of o-DG (IIH6C4,
monoclonal, 1:500; Upstate Biotechnology, Lake Placid,
NY, USA) (Ervasti & Campbell 1993) for two nights at
4 °C. For detection, the Vectastain ABC System (Vector
Laboratories, Burlingame, CA, USA) was employed for
o-DG-p, and the EnVision System (DAKO, Glostrup,
Denmark) was for IIH6C4. Colour was developed with
chromogen diaminobenzidine tetrahydrochloride, and the
slides were counterstained using haematoxylin. For the
negative control experiment, the primary antibody was
omitted from the solution.

Astrocytoma cells cultured on culture slides (BD Falcon)
were fixed in 95% ethanol for 5 min at RT and incubated
with PBS containing 2% skim milk and 1% Triton X-100
for 20 min at RT. Cells were double-stained using the anti-
fukutin antibody (rabbit, polyclonal, 1:50; Yamamoto et al.
2002) and vimentin (Code No M725, mouse, monoclonal,
1:200; DAKO) antibody. The slides were incubated with pri-
mary antibody at 4 °C, overnight, and then with Cy3-conju-
gated  donkey anti-rabbit IgG  (1:200;  Jackson
Immunoresearch Laboratory, West Grove, PA, USA) and
FITC-conjugated donkey anti-mouse IgG (1:200; Jackson
Immunoresearch) at room temperature (RT) for 1 h. The
nucleus was counterstained by DAPI. For the negative con-
trol experiment, the primary antibody was omitted from the
solution. Specimens were examined using a fluorescence
microscope (Nikon ECLIPSE TS100; Nikon, Tokyo, Japan).

Protein extraction and western blotting

Cultured cells were suspended in RIPA buffer (20 mM Tris—
Cl, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 1% sodium de-
oxycholate, 0.1% SDS) containing protease inhibitor cocktail
(Complete, Mini; Roche Diagnostics, Mannheim, Germany).
After centrifugation at 12,500 g, 4 °C for 60 min, the super-
natant was used. The specimen was electrophoresed in a 9%
SDS-polyacrylamide gel and transferred onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA, USA). After
being treated at 4 °C overnight with TBS (100 mM Tris—Cl,

pH 7.4, 150 mM NacCl) containing 0.2% Tween-20, 5% skim
milk and 2% porcine serum, the membrane was incubated
with a primary antibody at RT for 1 h and then with a sec-
ondary antibody. Immunoreactive signals were visualized
with a chemiluminescense detection system using ECL kits
(Amersham, Buckinghamshire, UK).

Primary antibodies used were as follows: anti-fukutin
antisera (anti-N1; rabbit, polyclonal, kindly provided by
Dr. Saito; Saito et al. 2000), anti-Musashi-1 (Clone:
282613, 1:500; R&D Systems, Minneapolis, MN, USA), vi-
mentin (1:500; DAKO) and anti-B-actin (I-19:s¢c-1616,
1:300; Santa Cruz, Santa Cruz, CA, USA) antibodies. Blots
processed with the omission of the primary antibodies served
as negative reaction controls.

Examination of laminin-binding ability

Laminin-binding ability of astrocytoma cells was examined as
an indirect method to evaluate the glycosylation of a-DG (Ya-
mamoto et al. 2008) because quantitative analyses using wes-
tern blotting and immunohistochemistry were difficult owing
to the small amount of glycosylated a-DG in the cells used.

After trypsinization, cells were inoculated on 35-mm
laminin-coated dishes (BD Bioscience, Bedford, MA, USA)
with DMEM (Invitrogen), supplemented with 10% foetal
bovine serum (Thermo Fisher Scientific), 2 mM glutamine
(Invitrogen) and 1% penicillin-streptomycin (Invitrogen) and
cultured at 37 °C. Cells were allowed to attach gradually to
the surface of the dish and showed elongated appearances
with time, so that elongated cells were regarded as attached
cells, and rounded cells as non-attached cells. The ratio
between attached and non-attached cells was calculated for
more than 300 cells. The examination was performed from
two to six h after the inoculation. For cells on which RNAi
was performed, cells harvested one day after the transfec-
tion of siRNA were used. Cells treated with lipofectamine-
MAX were used as negative controls.

RNA immunoprecipitation

Twenty-five microlitres of the Pierce protein G agarose
(Thermo Fisher Scientific) was incubated with 5 pg of anti-
Musashi-1 (Clone: 282613; R&D Systems), anti-Musashi-1
(H-45: sc-98845; Santa Cruz) or anti-vimentin (DAKO) anti-
body, or rabbit immunoglobulin fraction (negative control,
Code No: x0903; DAKO) in 250 pl of washing buffer
(50 mM Tris-Cl, pH7.5, 150 mM NaCl. 0.05% NP-40), at
4 °C, for at least 4 h with constant rotation. Cultured astro-
cytoma cells (110 mg for Musashi-1 and 30-40 mg for vi-
mentin) were suspended in 1 ml of extraction buffer
(10 mM PIPES, pH6.8, 300 mM sucrose, 100 mM NaCl,
3mM MgCl,, 1mM EGTA, 0.5% Triton X-100,
0.2 mg/ml PMSF) and incubated on ice for 5 min. After
centrifugation at 1000 g for 5 min, the supernatant was
diluted with an equal volume of washing buffer with NaCl
and bovine serum albumin added to final concentrations of
150 mM and 3% respectively. The solution was precleared
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with 25 pl of protein G agarose at 4 °C for 1 h. After the
preclearing, salmon sperm DNA was added to the superna-
tant (final concentration: 100 pg/ml), and the solution was
immunoprecipitated with antibody-conjugated protein G
agarose at 4 °C with rotation (overnight for Musashi-1 and
3 h for vimentin). After the immunoprecipitation, the pro-
tein G agarose was washed 10 times with washing buffer
and eluted with 50 pl of elution buffer (50 mM NaHCO;,
1% SDS). RNA was extracted from the eluted solution using
RNeasy Kit (Qiagen, Valencia, CA, USA) following the
instructions and reverse-transcribed using PrimeScript RT-
PCR kit (Takara). PCR was performed using the primers of
fukutin and POMGnT1. ¢cDNA obtained by Musashi-1
immunoprecipitation was amplified twice by the manner
described in the RT-PCR section. For fukutin, the primers
for 112-731 bp were used in the first amplification, and
those for 112-578 bp [5-ATGAGTAGAATCAATAAGAA-
3’ (coding sense) and 5-GTTCCAGAGAGTGAGTCTATCC
-3’ (anticoding sense)] were used in the second amplification.
Primers for POMGnT1 (GenBank: AB057356) were 5-AT-
GGACGACTGGAAGCCCAG-3" (coding sense) and 5’-
GTGCAGATGAGCACTCGGCC-3’ (anticoding sense), cov-
ering 95-621 bp. ¢cDNA obtained by vimentin-immunopre-
cipitation was amplified using the primers for 112-731 bp
of fukutin: amplification profiles of PCR consisted of dena-
turing at 94 °C for 30 s, annealing at 55 °C for 30 s and
extension at 68 °C for 1 min. Some of the immunoprecipi-
tated materials were examined by western blotting using
anti-Musashi-1 and anti-vimentin antibodies.

ELISA-based RNA-binding assay

Microtitre plates were incubated with antibodies (1:100 for
anti-Musashi-1 and 1:500 for anti-vimentin antibodies) at
37 °C for 1 h. After washing with TBS, the plates were incu-
bated with cell extract (20 mg/ml) using RIPA buffer at
37 °C for 1 h. For the extract, astrocytoma cells transfected
with fukutin were used. The plates were washed with TBS,
incubated with RNA at 4 °C for 3 h, washed with TBS and
then incubated with digoxigenin-labelled probe (100 ng/ml)
at 42 °C overnight. The RNA was extracted from astrocy-
toma cells and the probe was made by RT-PCR of fukutin
mRNA covering 112-731 bp. After washing with TBS,
plates were treated with TBS with 3% skim milk at 37 °C
for 1 h and then with alkaline phosphatase-conjugated anti-
digoxigenin antibody (1:1000; Roche) at RT for 1 h. The
colour was developed using an alkaline phosphatase sub-
strate kit (Bio-Rad, Richmond, CA, USA). The titre was
measured using a Benchmark microplate reader (Bio-Rad).

In situ hybridization

In situ hybridization was performed according to the previously
described manner (Yamamoto et al. 2002) on astrocytoma cells,
cultured on culture slides (BD Falcon, Bedford, MA, USA)
and fixed in 95% ethanol for 5§ min at RT. Basic protein was
removed by incubation in 0.2 N HCI at RT for 15 min. After
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rinsing in 2x SSC (0.3 M NaCl and 0.03 M sodium citrate,
pH 7.0), the slides were treated with 10 pg/ml proteinase K
(Amresco, Solon, OH, USA) in 2 mM CaCl,, 20 mM Tris—
HCI, pH 7.4, at 37 °C for 20 min, rinsed in phosphate-buf-
fered saline (PBS) and refixed in 4% paraformaldehyde-PBS
for 5 min. After rinsing in PBS, the slides were acetylated in
freshly made 0.1 M triethanolamine solution, pH 8.0, con-
taining 0.25% acetic anhydride for 10 min, washed three
times in 2x SSC for 5 min, dehydrated and air-dried. Hybrid-
ization was carried out in a moist chamber at 42 °C for 15 h.
The hybridization mixture contained 2 pg/ml digoxigenin-
labelled ¢cDNA probe, 50% formamide, 5x SSC, 5x Den-
hardt’s solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone,
0.1% bovine serum albumin), 0.1% SDS, 100 pg/ml soni-
cated salmon sperm DNA and 10% dextran sulphate. The
probe was made by RT-PCR of fukutin mRNA covering 552~
1497 bp (Yamamoto et al. 2002). The slides were washed
twice in 2x SSC, RT for 30 min, washed twice with 50%
formamide/1x SSC at 45 °C for 10 min and incubated with
an alkaline phosphatase-conjugated anti-digoxigenin antibody
(Roche) at 4 °C overnight. The colour was developed using
NBT/BCIP according to the manufacturer’s instructions
(Roche), and the sections were counterstained with methyl
green. Hybridization solution without addition of the probe
was used as a negative control.

Results

Expression of fukutin and o-DG in astrocytoma cells

The RT-PCR demonstrated the expression of fukutin and
DG mRNA on original astrocytoma cells (Figure 1a).

(@
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(b) o-DG-p lIH6C NC

Figure 1 (a) RT-PCR on astrocytoma cells. Both fukutin and DG
mRNA were expressed. (b) Immunohistochemistry on a cell block
of astrocytoma cells. The cytoplasm and cell membrane are posi-
tive for a-DG-p, while the cell membrane is faintly positive for
ITH6C4. A negative control does not show a positive reaction.
FKTN, fukutin; DG, dystroglycan; NC, negative control.
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Figure 2 Examination on fukutin-over-expressed astrocytoma
cells. (a) Morphology of astrocytoma cells after transfection of
fukutin. Cells became epithelioid after transfection of fukutin.
(b) Confirmation of transfection by PCR and western blotting.
PCR using primers of fukutin and vector shows a band, and
western blotting of fukutin revealed a stronger reaction as a
band at about 60 kDa. There are no bands in a negative con-
trol. (c) On examination of laminin-binding ability, fukutin-
over-expressed cells attached more to the laminin-coated dish
than in the control. FKTN-exp, fukutin-over-expressed cells; T7
and BGH, elements of vector; NC, negative control.
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Figure 3 Examination on fukutin-suppressed astrocytoma cells.
(a) Morphology of astrocytoma cells after suppression of fuku-
tin by RNAI. Cells become fusiform with elongation of cyto-
plasmic processes after knockdown of fukutin. (b) Confirmation
of knockdown by RT-PCR. Expression of fukutin is reduced
after knockdown. (¢) On examination of laminin-binding abil-
ity, fukutin-suppressed cells attached less to the laminin-coated
dish than in the control. FKTN-sup, fukutin-suppressed cells.

The cytoplasm and cell membrane were positive for a-DG-p,
while the cell membrane was faintly positive for
ITH6C4. A negative control did not show a positive reaction
(Figure 1b).

Alteration of laminin binding in fukutin-over-expressed
and -suppressed astrocytoma cells

Astrocytoma cells transfected with fukutin changed their
shapes to a more epithelioid appearance (Figure 2a). The
transfection of fukutin was confirmed by PCR using the
primers of fukutin and vector, and by western blotting using
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Figure 4 RNAi for Musashi-1 in astrocytoma cells. (a) Mor-
phology of astrocytoma cells. Cells exhibit slightly elongated
appearance after knockdown of Musashi-1. (b) Confirmation of
knockdown by western blotting. Expression of Musashi-1 is sig-
nificantly reduced after knockdown. (c) RT-PCR of fukutin in
astrocytoma cells. After knockdown of Musashi-1, fukutin
expression is significantly decreased. Msi-sup, Musashi-1-
suppressed cells.

anti-fukutin antibody (Figure 2b). On examination of lami-
nin-binding ability, the ratio between attached and non-
attached cells was significantly increased for fukutin-over-
expressed cells (Figure 2c¢).

After knockdown of fukutin, astrocytoma cells became
more fusiform with marked elongation of cytoplasmic
processes (Figure 3a). RT-PCR product of fukutin was
significantly reduced after the knockdown (Figure 3b). The
knockdown was also confirmed by real-time PCR (data
not shown). The ratio between attached and non-attached
cells was significantly decreased in fukutin-suppressed cells
(Figure 3c).

RNAi for Musashi-1

Astrocytoma cells tended to exhibit elongated cytoplasmic
processes upon knockdown of Musashi-1, although the
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Figure 5 RNA immunoprecipitation and ELISA-based RNA-
binding assay for Musashi-1. (a) RT-PCR in materials after
RNA immunoprecipitation using two types of anti-Musashi-1
antibodies. In RT-PCR for fukutin, stronger reaction is seen in
materials using anti-Musashi-1 antibodies than in the negative
control. No bands are seen in RT-PCR for POMGnT1. In wes-
tern blotting, a band at about 39 kDa is seen in a material im-
munoprecipitated with Musashi-1, but a weak band is also
observed in a reaction without primary antibody. (b) ELISA-
based RNA-binding assay showed an increase of absorption
only in a solution containing RNA, extract, probe and anti-
digoxigenin antibody. Msi-1, Musashi-1; FKTN, fukutin; POM-
GnT1, protein O-linked mannose B1,2-N-acetylglucosaminyl-
transferase; NC, negative control; IP, immunoprecipitation; WB,
western blotting.

shape of cells did not change as much as seen in fukutin-
suppressed cells (Figure 4a). Western blotting revealed a sig-
nificant decrease of Musashi-1 expression by the knockdown
(Figure 4b). RT-PCR on Musashi-1-suppressed cells demon-
strated a significant decrease of fukutin mRNA (Figure 4c).

Relationship between fukutin mRNA and Musashi-1
protein

In the RNA immunoprecipitation, fukutin cDNA was ampli-
fied in the material immunoprecipitated using two types of
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anti-Musashi-1 antibodies. POMGnT1 was not amplified
(Figure 5a). Although a weak band was seen in the negative
control specimen using rabbit immunoglobulin for immuno-
precipitation, a band from specimens using anti-Musashi-1
antibodies appeared to be stronger. In the western blotting,
a band at about 39 kDa was observed in the material immu-
noprecipitated using anti-Musashi-1 antibody, and not in
the negative control material using rabbit immunoglobulin.
However, a 39 kDa band was also seen in the reaction with-
out primary antibody (Figure 5a). This is probably because
the molecular weight of Musashi-1 protein overlapped with
that of the antibodies for immunoprecipitation. Moreover,
the amount of Musashi-1 protein might have been too small
to be detected because two sessions of PCR were needed to
reveal a band of fukutin cDNA.
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Figure 6 RNA immunoprecipitation and ELISA-based RNA-
binding assay for vimentin. (a) RNA immunoprecipitation using
anti-vimentin antibody. In RT-PCR for fukutin, a band is
observed only in a material using anti-vimentin antibody. Wes-
tern blotting of vimentin reveals a band at about 57 kDa only
in a material using anti-vimentin antibody. (b) ELISA-based
RNA-binding assay shows no apparent increase of absorption.
FKTN, fukutin; NC, negative control; IP, immunoprecipitation;
WB, western blotting.

The ELISA-based RNA-binding assay showed an increase
of positive reaction only in material treated with anti-Mus-
ashi-1 antibody, cellular extract, RNA and anti-digoxigenin
antibody (Figure 5b).

Relationship between fukutin mRNA and vimentin
protein

In the RNA immunoprecipitation, fukutin cDNA was ampli-
fied in the material after the immunoprecipitation using anti-
vimentin antibody (Figure 6a). POMGnT1 was not ampli-
fied. No apparent amplification of fukutin cDNA was
observed in the negative control specimen using rabbit
immunoglobulin for immunoprecipitation. The material

yr V!

Figure 7 In situ hybridization of fukutin and double-immuno-
histochemical staining of fukutin and vimentin in astrocytoma
cells. In in situ hybridization, positive reaction is predominantly
observed in the perikarya, but the cytoplasm including cytoplas-
mic processes is also stained (a). A negative control does not
show positive reaction (b). In immunohistochemistry, fukutin
(c) and vimentin (d) are widely distributed in the cytoplasm: (e)
is a merged photograph of (c) and (d). Positive reaction of fuku-
tin (red colour) is granular and that of vimentin (green colour)
is filamentous (f-h). These two positive deposits appear to be
partially co-localized or closely associated even in a peripheral
part of cytoplasmic process (arrowheads).
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immunoprecipitated with anti-vimentin antibody exhibited a
band at about 57 kDa by the western blotting using anti-vi-
mentin antibody (Figure 6a). A band was not seen in the
material for the negative control, or in the reaction without
primary antibody.

The ELISA-based RNA-binding assay did not show an
increase of positive reaction even in material treated with
anti-Musashi-1 antibody, cellular extract, RNA and anti-
digoxigenin antibody (Figure 6b).

In in situ hybridization, positive reaction was predomi-
nantly observed in the perikarya, but the cytoplasm including
cytoplasmic processes was also stained (Figure 7a). Negative
control did not show a positive reaction (Figure 7b).

In immunohistochemistry, both fukutin and vimentin were
positive in the cytoplasm (Figure 7c—e). Immunoreaction
for vimentin was filamentous and that for fukutin was
granular. These two immunodeposits looked partially co-
localized, even in peripheral areas of cytoplasmic processes
(Figure 7f-h).

Discussion

Previous studies have demonstrated that fukutin is associ-
ated with the glycosylation of o-DG. The CNS lesions of
FCMD mainly result from disruptions of the glia limitans
during the foetal period, which is evoked by a fragile base-
ment membrane because of the hypoglycosylation of a-DG.
With regard to the pathogenesis of CNS lesions, it is best
to study normal human astrocytes, especially those from a
foetus. However, we chose an astrocytoma cell line for this
study, because astrocytoma cells are considered to retain
the basic characteristics of astrocytes and are easily used
for various experiments: the cells express fukutin and o-DG
containing the laminin-binding site of the glycosylated epi-
topes. On examination of laminin-binding ability, fukutin-
over-expressed astrocytoma cells showed an increase of
laminin-binding ability and fukutin-suppressed cells showed
a decrease. In a previous study, we showed that the anti-
body against the laminin-binding site of the glycosylated
a-DG (ITH6C4) (Ervasti & Campbell 1993) inhibited adher-
ence of cultured rat astrocytes to a laminin-coated dish
(Yamamoto et al. 2006). Fukutin is considered to be related
to the glycosylation of o-DG in astrocytoma cells as well,
and the cells can be applicable as a substitute of normal
astrocytes.

Fukutin mRNA consists of 7349 bp with an open reading
frame of 1383 bp beginning at base 112. On founder muta-
tion of FCMD, the retrotransposal 3-kb sequence is inserted
into the 3’-UTR of fukutin mRNA (Kobayashi et al. 1998).
Among RNA regulation mechanisms, there is an interaction
between cis-acting elements in the 3-UTR and sequence-
specific RNA-binding proteins (Bolognani & Perrone-Bizzo-
zero 2008). An interaction between AU-rich elements (ARE)
in the 3’-UTR and ARE-binding proteins such as Hu is a
good example (Bolognani & Perrone-Bizzozero 2008).
RNA-binding proteins related to the CNS include fragile X
mental retardation protein (FMRP), cytoplasmic polyadeny-
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lation element binding factor and neuro-oncological ventral
antigen (Nova) (Ule & Darnell 2006). We chose Musashi-1
for this study because it is one of the markers of stem cells
(Okano et al. 2005), and fukutin tends to be expressed more
in the foetal brain (Saito et al. 2000; Yamamoto et al. 2002;
Hiroi et al. 2011).

Musashi-1 is involved in the regulation of neuronal differ-
entiation and is expressed in an astrocyte lineage as well
(Sakakibara & Okano 1997). It is related to the notch signal
via n-numb mRNA, keeping neuronal cells immature by sup-
pressing n-numb mRNA (Sakakibara & Okano 1997; Imai
et al. 2001; Okano et al. 2005). Because 3’-UTR of fukutin
mRNA contains Musashi-1-binding sequences, (G/A)U,AGU
(Imai et al. 2001; Okano et al. 2005) and GU;3_4(G/AG)
(Okabe et al. 2001), binding of Musashi-1 protein to fukutin
mRNA may occur.

When Musashi-1 was knocked down by RNAI, fukutin
mRNA was reduced in astrocytoma cells, suggesting that
Musashi-1 up-regulates fukutin mRNA. In RNA immuno-
precipitation, materials immunoprecipitated by two types of
anti-Musashi-1 antibodies showed amplification of fukutin
c¢DNA, but POMGnT1 was not amplified. Together with the
result of RNAi and ELISA-based RNA-binding assay, it
seems appropriate to suggest that Musashi-1 protein binds
to fukutin mRNA to regulate fukutin mRNA.

mRNAs are generally translated to proteins in the cell
body, but some mRNAs, such as those relating to the main-
tenance of cell polarity, asymmetrical segregation and synap-
tic plasticity, have a distinct characteristic (Lopez de
Heredia & Jansen 2004; Ule & Darnell 2006). Such
mRNAs, called localized mRNAs, are generally character-
ized by having signals recognized by RNA-binding proteins
in the 3’-UTR region, and by being transported to peripheral
areas of a cell such as dendrites (Lopez de Heredia & Jansen
2004): a complex consisting of mRNA and several proteins
moves along the microtubules using a molecular motor such
as kinesin and dynein (Lopez de Heredia & Jansen 2004;
Ule & Darnell 2006). Musashi-1 is one of the RNA-binding
proteins and plays an essential role in regulating asymmetric
cell division (Okabe et al. 2001; Okano et al. 2005).
Because this experiment showed binding of fukutin mRNA
and Musashi-1 protein, as well as peripheral localization of
fukutin mRNA, fukutin mRNA is suggested to be one of the
localized mRNAs.

Astrocytes have many important roles in the CNS, being
involved in interactions with neurons and in maintaining the
blood-brain barrier (BBB). A system of prompt responses
against quick changes of environments, like synaptic plastic-
ity, should be necessary for astrocytes as well. The basement
membrane is formed at the glia limitans and the BBB in the
CNS, with expression of glycosylated a-DG. The glycosylat-
ed o-DG is a receptor for several extracellular matrix pro-
teins (Michele & Campbell 2003; Martin 2005; Schessl
et al. 2006) and for some microorganisms (Cao et al. 1998;
Rambukkana et al. 1998; Tayeh et al. 2010) and is localized
at astrocytic endfeet. The glycosylation of a-DG could be a
phenomenon to adapt to varying circumstances at the most
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peripheral part of a cell, which is reasonable as fukutin
mRNA is a localized mRNA.

During experiments with RNA immunoprecipitation, we
incidentally found a possible relationship between fukutin
mRNA and vimentin protein. Because ELISA-based RNA-
binding assay showed no positive result, they seem to bind
indirectly. Vimentin is supposed to be a component of a
fukutin mRNA-protein complex. Interestingly, intermediate
filaments are dynamic and motile elements in various cells
(Helfand et al. 2004, 2005). These filaments rapidly move
along the microtubules, coupling with a molecular motor,
such as kinesin or dynein (Helfand ez al. 2004; Chang et al.
2006), like localized mRNAs described above. Vimentin is
one of the representative intermediate filaments and classi-
fied as a type III intermediate filament (Helfand et al. 2004;
Chang et al. 2006). It makes a complex with several proteins
such as Ndell, Lis-1 and aCOP and moves along the micro-
tubules (Shim et al. 2008). Fukutin mRNA might form a
complex including Musashi-1 and vimentin proteins. On the
other hand, fukutin mRNA might be regulated by several
RNA-binding proteins, because the long 3’-UTR of fukutin
mRNA contains at least Musashi-1 binding sequences and
ARE. There is a possibility that vimentin is a component of
other fukutin mRNA-protein complex. Further investigation
is necessary to clarify this point.

Arc, the immediate early gene product related to synaptic
plasticity, is transported along the microtubules forming a
complex called messenger ribonucleoprotein particle
(mRNP) to a site of synaptic activity and undergoes local
translation (Bramham et al. 2010). The mRNP includes Arc
mRNA and several proteins such as FMRP and Puro. Kine-
sin is a motor of this complex. The transcription of Arc is
regulated by cyclic AMP response element binding protein
(CREB) (Bramham et al. 2010). A CRE-like sequence has
been found in the fukutin gene promoter, and the transcrip-
tion of fukutin may be regulated by CREB (Fang et al.
2005). A regulation system of fukutin appears to share com-
mon characteristics with that of Ark.
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