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A role of fukutin, a gene responsible for Fukuyama type
congenital muscular dystrophy, in cancer cells: a possible role
to suppress cell proliferation
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Summary

Fukutin, a gene responsible for Fukuyama type congenital muscular dystrophy
(FCMD), is presumably related to the glycosylation of a-dystroglycan (a-DG),
involved in basement membrane formation. Hypoglycosylation of a-DG plays a key
role for the pathogenesis of FCMD. On the other hand, fukutin and o-DG are also
expressed in various non-neuromuscular tissues. Recently, a role of a-DG as a cancer
suppressor has been proposed, because of a decrease of glycosylated o-DG in can-
cers. In this study, function of fukutin was investigated in two cancer cell lines,
focusing on whether fukutin is involved in the glycosylation of a-DG in cancer cells
and has any possible roles related to a cancer suppressor. Localization of fukutin
and a result of laminin-binding assay after RNA interference suggest that fukutin
may be involved in the glycosylation of a-DG in a small portion in these cancer cell
lines. In Western blotting and immuno-electron microscopy, localization of fukutin
in the nucleus was suggested in addition to the Golgi apparatus and/or endoplasmic
reticulum. Immunohistochemically, there were more Ki-67-positive cells and more
nuclear staining of phosphorylated c-jun after knockdown of fukutin in two cell
lines. Fukutin appears to suppress cell proliferation through a system involving
c-jun, although it is unclear this process is related to a-DG or not at present. The
result may propose a possibility of another function of fukutin in addition to the
glycosylation of a-DG in cancer cells.
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Fukutin is a gene responsible for Fukuyama type congenital
muscular dystrophy (FCMD) (Kobayashi et al. 1998).
FCMD is an autosomal recessive disease, showing muscular
dystrophy, and central nervous system (CNS) and eye anom-
alies (Schessl et al. 2006), accompanying hypoglycosylation
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of a-dystroglycan (a-DG) (Hayashi et al. 2001; Yamamoto
et al. 2004b; Martin 2005; Schessl et al. 2006). Muscular
dystrophies exhibiting hypoglycosylation of a-DG are called
as a-dystroglycanopathy, which include congenital muscular
dystrophies such as FCMD, muscle-eye-brain disease (MEB)
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and Walker—-Warburg syndrome (WWS) (Martin 2005). o-
DG is one of the components of the dystrophin-glycoprotein
complex (DGC), which is involved in basement membrane
formation, linking intracellular and extracellular proteins
(Figure 1) (Michele & Campbell 2003; Oak et al. 2003;
Martin 2005; Schessl et al. 2006). It is heavily glycosylated
and acts as a receptor for extracellular proteins such as lami-
nin, agrin, perlecan and o-neurexin (Michele & Campbell
2003; Oak et al. 2003; Martin 2005; Schessl et al. 2006).
MEB is caused by mutations in protein O-linked mannose
B1,2-N-acetylglucosaminyltransferase (POMGnT1), which is
an enzyme implicated in the glycosylation of o-DG
(Takahashi ez al. 2001; Yoshida et al. 2001; Manya et al.
2003). A part of WWS cases are caused by mutations in
protein-O-mannosyltransferase 1 (POMT1), which is also an
enzyme involved in the glycosylation of a-DG (Beltran-Vale-
ro de Bernabé et al. 2002; Akasaka-Manya et al. 2004; Kim
et al. 2004). Hypofunction of POMGnT1 or POMT1 may
result in the hypoglycosylation of o-DG, and an abnormal
basement membrane may be formed (Michele & Campbell
2003; Martin 20035; Schessl et al. 2006). Fukutin-null mice
(Kurahashi et al. 2005), and
fukutin-deficient chimaeric mice exhibit brain lesions similar
to those of a FCMD fetus (Chiyonobu et al. 2005). Both
mice show an abnormal basement membrane with reduced
glycosylation of o-DG (Chiyonobu et al. 2005; Kurahashi
et al. 2005). Fukutin is considered to be related to the gly-
cosylation of o-DG like POMGnT1 and POMT1 (Hayashi
et al. 2001; Yamamoto et al. 2004b; Martin 2005; Schessl
et al. 2006), but its function has not been directly proved.
On the other hand, both fukutin and o-DG are expressed
in various tissues including epithelial cells, in addition to the
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striated muscle and nervous system (Saito et al. 2004;
Yamamoto et al. 2004a). A model of a complex similar to
DGC of the skeletal muscle has been considered in epithelial
cells (Sgambato & Brancaccio 2005). Decrease of glyco-
sylated of a-DG has been reported in various cancers, such
as colon (Sgambato et al. 2003), breast (Muschler ez al.
2002; Sgambato et al. 2003), oral (Jing et al. 2004), uterine
cervical and vulvar cancers (Sgambato et al. 2006). As DG
mRNA tends to be preserved, episodes during and/or
postglycosylation may be a major cause of the decrease of
glycosylated o-DG in cancer cells (Sgambato et al. 2003;
Jing et al. 2004). As the decrease of glycosylated a-DG tends
to be more conspicuous in higher grades and/or more
advanced lesions (Sgambato ef al. 2003, 2006), a role as a
cancer suppressor has been proposed (Muschler et al. 2002;
Sgambato & Brancaccio 2005). In this study, function of
fukutin was investigated in cancer cell lines, focusing on
whether fukutin is involved in the glycosylation of a-DG in
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cancer cells and has any possible roles related to a cancer
suppressor. Expression and localization of fukutin were
investigated in HeLa cells by Western blotting and immuno-
electron microscopy. Moreover, RNA interference (RNAi)
was performed in HeLa and breast cancer cells.

Materials and methods

Cell lines

HeLa cells and human breast cancer cells (ZR-75-1) were
grown in RPMI (Invitrogen, Carlsbad, CA, USA), supple-
mented with 10% fetal bovine serum (Thermo Fisher Scien-
tific, Waltham, MA, USA) and 1% penicillin-streptomycin
(Invitrogen). Cells were maintained at 37 °C in a humidified
incubator with a CO, atmosphere.

Western blotting

HeLa cells were homogenized with RIPA buffer (20 mM
Tris-Cl, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) containing protease inhibi-
tor cocktail (Complete, Mini: Roche Diagnostics, Mann-
heim, Germany). After centrifugation at 12,500 g, 4 °C for
60 min, the supernatant was used as total extracts. Further-
more, nuclear and cytoplasmic proteins were separately
extracted using NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagents (Pierce, Rockford, IL, USA), according to the
manufacturer’s instructions.

The extracts (30 pg of total extracts, and 60 pg of nuclear
or cytoplasmic extracts) were electrophoresed in a 9% SDS-
polyacrylamide gel, and transferred onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA, USA). After
being treated overnight at 4 °C with TBS containing 0.2%
Tween-20, 5% skim milk and 2% porcine serum, the mem-
brane was incubated for 1 h at room temperature with the
anti-fukutin antibody (polyclonal, 1:500; Yamamoto et al.
2002), anti-fukutin antisera (anti-C1; polyclonal, kindly pro-
vided by Dr Saito; Saito et al. 2000) and anti-B-actin anti-
body (monoclonal, 1:2000; Sigma-Aldrich, Tokyo, Japan).
The anti-fukutin antibody was raised against approximately
70% of the C-terminal side of fukutin protein (Yamamoto
et al. 2002). The anti-C1 antisera was made against a pep-
tide corresponding to residues 448-461 (Saito; Saito et al.
2000). Immunoreactive signals were visualized by the chemi-
luminescense detection system using ECL kits (Amersham,
Buckinghamshire, UK). Blots processed with the omission of
the primary antibodies served as the negative reaction
controls. Normal skin, pancreas, kidney and uterine cervix
obtained by autopsy were used for positive controls of
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fukutin. Each specimen was treated in accordance with the
Helsinki Declaration revised in 2000.

Immuno-electron microscopy

Immuno-electron microscopy by the postembedding method
was performed in HeLa cells. Cells were fixed in 2.5% glu-
taraldehyde at 4 °C, overnight, and embedded in Epon 812
(TAAB, Berks, England). Ultrathin sections were treated
with 3% H,O, at room temperature (RT) for 10 min, and
then, with normal serum at RT for 10 min. Sections were
incubated with the anti-fukutin antibody (polyclonal, 1:20;
Yamamoto et al. 2002) at 4 °C, overnight. After washing
with PBS, sections were incubated with 15 nm gold-labelled
goat anti-rabbit IgG (H + L) (Amersham Bioscience, Tokyo,
Japan) at RT for 4 h. After washing with H,O, sections
were stained with uranyl acetate and lead citrate, and
examined using a TOPCON EM-002B electron microscope
(TOPCON, Tokyo, Japan).

RNA;i

Three types of Stealth siRNA duplex for the fukutin mRNA
were designed and synthesized by Invitrogen. Target senses
were 5-UGCAAAUGCAGUAAAGUCUCUUGGA-3" (F429),
5’-UUUGGAAGGGAACAAAUUUCCUGUC-3" (F697) and
5’-UAAUGUUGCAUUGUCGAUACCAUCC-3’ (F1021).
Scrambled negative control Stealth™ RNA (SNC, Invitrogen)
was used as a negative control. Omission of siRNA was
always performed as a negative control in each experiment.
HeLa cells and ZR-75-1 cells were plated 1 day before trans-
fection at a density of about 200,000 cells in each 35-mm
dish. Antibiotics were omitted from the medium. siRNA
(20 nM final concentration) was transfected into the cells
using lipofectamine2000 (Invitrogen) and Opti-MEM (Invi-
trogen) according to the manufacturer’s instructions. Four
hours after transfection, 10% fetal bovine serum was added in
the culture medium. The culture medium was changed to the
regular formulation 1 day after transfection. Cells were har-
vested 1 and 5 days after transfection.

RT-PCR

RNA was extracted from Hela and ZR-75-1 cells 1 day after
RNAI, using the acid guanidium thiocyanate-phenol-chloro-
form method. Following the treatment of 2 ug RNA with M-
MLV reverse transcriptase (Life Technologies, Rockville,
MD, USA) at 37 °C for 2 h, cDNA of 2 ng/ul was amplified
by PCR using the AccuPrime™ Taq DNA polymerase system
(Invitrogen). The sequence of the primers for 112-731 bp of

the fukutin cDNA (GenBank: AB008226) was 5’-ATGAGT-
AGAATCAATAAGAA-3’ (coding sense) and 5-AACTGTA-
ACTTTCGGAAGGG-3’ (anticoding sense), for 95-621 bp of
POMGnT1 (GenBank: AB057356) was 5-ATGGACG-
ACTGGAAGCCCAG-3’ (coding sense) and 5-GTGCAGAT-
GAGCACTCGGCC-3’ (anticoding sense), for 180-590 bp of
POMT1 (GenBank: AH007906) was 5-ATGTGGGGATT-
TTTGAAGCG-3’ (coding sense) and 5-AGCAGCTCCCA-
TGGCGGCAC-3" (anticoding sense), for 395-883 bp of
oa-DG (GenBank: XM_018223) was 5-ATGAGGATGTC-
TGTGGGCCT-3" (coding sense) and S5-ATCACTGTG-
GTCTTCAGGGT-3" (anticoding sense), and for GAPDH
was S-TTTGGTCGTATTGGGCGCCT-3" (coding sense)
and  5-GTGGTCATGAGTCCTTCCAC-3’
sense). The reaction mixture was amplified for 35 cycles in a
Zymoreactor thermo-cycler (ATTO Co., Tokyo, Japan). The
amplification profiles consisted of denaturing at 94 °C for
1.5 min, annealing at 56 °C for 1 min and extension at 72 °C
for 1 min. PCR products were electrophoresed using 1.2%
agarose  gels,
photographed. The density of each band was measured using

(anticoding

stained with ethidium bromide, and
NIH image version 1.61, and ratio of each product against
GAPDH was calculated.

Immunobhistochemistry

HeLa and ZR-75-1 cells 5 days after RNAi were exam-
ined by immunohistochemistry. Cells cultured on culture
slides (BD Falcon, Bedford, MA, USA) were fixed in 95%
ethanol for 5 min at RT, and incubated with PBS contain-
ing 2% skim milk and 1% Triton X-100 for 20 min at
RT. Cells were incubated with the anti-fukutin antibody
(polyclonal, 1:100; Yamamoto et al. 2002) overnight at
4 °C, and then with Cy3-conjugated donkey anti-rabbit
IgG (1:200; Jackson Immunoresearch Laboratory, West
Grove, PA, USA) for 6 h. Immunostaining using a primary
antibody pre-absorbed with full-length fukutin protein was
performed to evaluate the specificity of the antibody. For
the negative control experiment, the primary antibody was
omitted from the solution. Specimens were examined using
a fluorescence microscope (Nikon ECLIPSE TS100; Nikon,
Tokyo, Japan).

For more immunohistochemistry using various primary
antibodies, cell-blocks were made. Cells were detached by
cell scraper (Iwaki, Tokyo, Japan), fixed in 4% paraformal-
dehyde/phosphate-buffered saline (pH 7.6) for 30 min at
4 °C, and then, were collected by centrifugation. Cells were
gathered using 2% agarose, embedded in paraffin in a rou-
tine manner and sectioned at 3 pm. Sections were treated
with 3% H,0O, in PBS for 10 min to block endogenous
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peroxidase and were transferred to normal serum for
30 min. After incubation with the primary antibody over-
night at 4 °C, sections were treated with biotinylated anti-
rabbit IgG or biotinylated anti-mouse IgG at RT for 30 min,
and then with avidin—biotin complex at RT for 30 min. Col-
our was developed with chromogen diaminobenzidine tetra-
hydrochloride and the
haematoxylin.

Primary antibodies used for cell-blocks were anti-o-DG
(ITH6C4, monoclonal, 1:200; Upstate Biotechnology, Lake
Placid, NY, USA), Ki-67 (MIB-1, monoclonal, 1:100; DaKo
Cytomation, Glostrup, Denmark), p-c-jun (monoclonal,
1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
c-fos (polyclonal, 1:50; Calbiochem, Cambridge, MA,
USA), cyclin D1 (monoclonal, diluted, ZYMED Laborato-
ries, San Francisco, CA, USA), p21 (monoclonal, 1:100;
Santa Cruz), p27 (monoclonal, 1:500; Santa Cruz), c-src
(monoclonal, 1:500; Santa Cruz), osteopontin (monoclonal,
1:2000; Santa Cruz), p53 (monoclonal, diluted, Immuno-
tech, Cedex, France), and bcl-2 (monoclonal, DaKo, 1:500)
antibodies.

slides were counterstained by

Sections were pretreated with trypsin for
30 min at 37 °C for fukutin and c-fos, and with microwave
antigen retrieval for o-DG, Ki-67, cyclin D1, p21, p27,
c-src, p53 and bcl-2. For Ki-67 immunostaining, positive
cells per more than 500 cells were counted. For the nega-
tive control experiment, the primary antibody was omitted

from the solution.

Laminin-binding assay

One day after the transfection of siRNA, Hela cells and
ZR-75-1 cells were trypsinized and inoculated on 35 mm
laminin-coated dishes (BD Bioscience, Bedford, MA, USA)
with RPMI (Invitrogen), supplemented with 10% fetal
(Thermo Fisher Scientific) and 1%
penicillin-streptomycin (Invitrogen). Cells only treated with
lipofectamine2000 were used for negative controls. Cells
were cultured at 37 °C, and a condition of adhesion to the

bovine serum

dish surface was examined from 2 to 8 h after the inocula-
tion. A ratio between completely attached and non-attached
cells was calculated on more than 300 cells.

Results

Western blotting of HeLa cells

Total extracts of skin, pancreas, kidney and uterine cervix
obtained by using RIPA buffer showed the band at about
60 kDa. A band at about 60 kDa was also observed in total
extracts of HeLa cells (Figure 2). Cytoplasmic and nuclear
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Figure 1 Dystrophin-glycoprotein complex in striated muscle.
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Figure 2 Western blotting for fukutin in control tissues and
HeLa cells (a, b). A band at about 60 kDa is seen in total
extracts of skin, pancreas, kidney, uterine cervix and HeLa cells
(a). Both nuclear and cytoplasmic extracts of HeLa cells exhibit
a band at about 60 kDa (arrow), and nuclear extracts show
stronger reaction compared with cytoplastic extracts (b). There
are no bands in negative controls. Sk, skin; Pn, pancreas; Kd,
kidney; Cx, uterine cervix; NC, negative control; Cy, cytoplas-
mic extracts; Nuc, nuclear extracts.

B-actin

extracts of HeLa cells also showed the band at the same
molecular weight (Figure 2). The band was stronger in the
nuclear extracts. Negative controls did not show positive
reactions.

Immuno-electron microscopy of HeLa cells

Gold-particles were observed in cytoplasmic organelles,
presumably in the endoplasmic reticulum and/or Golgi
apparatus. Moreover, particles were seen in the nucleus
predominantly in the heterochromatin. Particles in the
nucleus appeared to be more compared with those in the
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endoplasmic reticulum and/or Golgi apparatus, although a
quantitative analysis was not performed (Figure 3).

RNAi for HeLa and ZR-75-1 cells: RT-PCR

mRNA of fukutin, POMGnT1, POMT1 and DG was ampli-
fied by RT-PCR. Amplification products of fukutin were
reduced in HeLa and ZR-75-1 cells transfected with F429,
F697 and F1021. No reduction was induced by SNC. In
spite of the transfection of siRNA, there was no significant
decrease in RT-PCR products of POMGnT1, POMT1 or
DG in both cell lines (Figure 4). The result indicates that
fukutin was knocked-down, specifically. As F697 induced
the highest reduction of fukutin, cells transfected F697 was
used for further examinations.

Figure 3 Immuno-electron microscopy for fukutin in HeLa cells
(a, b). Gold particles are seen in the nucleus, predominantly in
the heterochromatin, and presumably in the Golgi apparatus
and/or endoplasmic reticulum (arrows). N, nucleus.

(a) GAPDH Fukutin POMGNnT POMT DG
C F C F C F CF C F
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fa) m HeLa/F697
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<
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S
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E «
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Fukutin POMGNnT POMT DG
Products of RT-PCR
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POMGNT POMT DG
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Figure 4 Results of RT-PCR in Hel.a (a) and ZR-75-1 cells (b)
after RNAI. In RT-PCR using primers for fukutin, POMGnT1,
POMT1 and DG ¢cDNA, amplification products for fukutin are
reduced significantly in both cell lines after RNAi, but those for
POMGnT1, POMT1 or DG are not. Control, cells only treated
with lipofectamine; F697, cells transfected with F697.

RNA:i for HeLa and ZR-75-1 cells: morphology and
immunobhistochemistry

HeLa cells transfected with F429, F697 and F1021 tended
to show spindled appearances, but there were no morpho-
logical alterations in cells only treated with lipofectamine or
cells transfected with SNC (Figure 5). ZR-75-1 cell tended
to grow making clusters, and it was difficult to observe an
alteration of shape in each cell.

In immunohistochemistry for fukutin, positive immuno-
reaction was seen in the cytoplasm and nucleus of control
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Figure 5 Cell morphology (a—c) and results of immunohisto-
chemistry for fukutin (d-i) in HeLa and ZR-75-1 cells after
RNAi. Compared with controls (a), HeLa cells exhibit an
elongated appearance after transfection of F697 (b). Cells trans-
fected with SNC, siRNA for negative control, do not show any
morphological changes (c). Immunohistochemically, fukutin is
positive in the nucleus and cytoplasm in control HeLa and ZR-
75-1 cells (d, g), and the immunoreaction in the nucleus and
cytoplasm is reduced in cells transfected with F697 (e, h).
Immunoreaction is also reduced when the primary antibody is
pre-absorbed with fukutin protein (f, i). Control, cells only
treated with lipofectamine; F697, cells transfected with F697;
SNC, cells transfected with SNC.

HeLa and ZR-75-1 cells, and immunoreaction in both the
cytoplasm and nucleus was reduced in cells transfected with
F697 (Figure 5). Immunoreaction was diminished when the
fukutin antibody was pre-absorbed with fukutin protein,
and when the fukutin antibody was omitted from the
solution.

In immunohistochemistry using cell-blocks after RNAI,
similar results were obtained in both Hela and ZR-75-1
cells (Figure 6). No significant differences could be observed
in the immunohistochemistry of a-DG between cells trans-
fected with F697 and control cells only treated with lipofec-
tamine. o-DG was not positive in the nucleus. Ki-67-positive
cells were increased in cells transfected with F697 (Figure 6).
Positive cells were 56.9 + 1.67% (mean = SD) in fukutin-
suppressed HeLa cells, but only 35.2 + 3.05% in control
cells (P =0.015). about

Ki-67-positive cells comprised
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Figure 6 Results of immunohistochemistry using various anti-
bodies in HeLa and ZR-75-1 cells after RNAi. No clear differ-
ences are found in o-DG immunohistochemistry (a-d). Ki-67-
positive cells increases after knockdown of fukutin in both
HeLa and ZR-75-1 cells (e-h). After knockdown of fukutin,
immunoreaction for c-jun becomes stronger in the nucleus and
cytoplasm of HeLa cells, (i, j) and increases slightly in ZR-75-1
cells (k, 1). There are no apparent differences in c-fos or cyclin
D1 (m-t). Control, cells only treated with lipofectamine; F697,
cells transfected with F697; D1, cyclin D1.

45.5 + 2.37% of fukutin-suppressed ZR-75-1 cells, but only
27.8 £ 2.08% of the control cells (P =0.011). Fukutin-
suppressed Hela cells showed stronger nuclear and cyto-
plasmic staining of p-c-jun compared with control cells
(Figure 6). Slight increase of p-c-jun could be seen in ZR-75-
1 cells (Figure 6). No clear difference could be found in the
immunohistochemistry of c-fos, cyclin D1, p21, p27, c-src,
osteopontine, p53 or bcl-2 in either cell line (Figure 6).

RNAi for HeLa and ZR-75-1 cells: laminin-binding assay

Laminin-binding assay was performed as an indirect method
to evaluate the glycosylation of a-DG. After the inoculation,
HeLa cells gradually attached to the dishes and showed
elongated appearances with time, so that elongated cells
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Figure 7 Results of laminin-binding assay after RNAI.
Elongated cells and rounded cells were observed in HelLa cells
after inoculation in laminin-coated dishes. Photos show appear-
ance of cells 6 h after inoculation. A ratio of attached cells to
non-attached ones was tended to be low in fukutin-suppressed
HeLa (a) and ZR-75-1 cells (b). Control, cells only treated with
lipofectamine; F697, cells transfected with F697.

were regarded as attached cells, and rounded cells were as
non-attached cells (Figure 7). ZR-75-1 cell also gradually
attached to the dishes, but did not show elongated appear-
ance clearly. In ZR-75-1 cells, cells or clusters that did not
move with vibration were regarded as attached cells, because

it was difficult to distinguish the difference by morphology.
A ratio between attached and non-attached cells looked
slightly reduced when fukutin was knocked down in both
HeLa and ZR-75-1 cells (Figure 7).

Discussion

Fukutin is expressed in various somatic organs such as the
lung, the liver, the kidney, the pancreas, the skin and the
intestine as well as in neuromuscular tissues (Kobayashi ez al.
1998; Saito et al. 2004; Yamamoto et al. 2004a). Expression
of fukutin in HeLa cells was confirmed by Western blotting,
exhibiting a band about 60 kDa (Yamamoto et al. 2002),
which was also observed in the skin, pancreas, kidney and
uterine cervix. In cultured myocytes (Matsumoto et al. 2004)
and COS-7 cells (Kobayashi et al. 1998) transfected with
fukutin, fukutin protein originated from the transfected gene
is localized in the cis-Golgi compartment, an organelle gener-
ally required for the synthesis of glycoproteins. In the present
immuno-electron microscopy, existence of gold particles in
the Golgi apparatus and/or endoplasmic reticulum of HeLa
cells may be compatible with the presumable function of
fukutin in relation to the glycosylation of a-DG.

For further examination, RNAi was performed to eluci-
date whether a knockdown of fukutin reduces the glycosyla-
tion of a-DG or not. If fukutin was greatly involved in the
glycosylation of oa-DG, immunohistochemistry and Western
blotting would reveal a decrease of the glycosylation after
RNAi, because much DG mRNA was
HelLa and ZR-75-1 cells. However, the present immuno-
histochemistry using IITH6C4, the antibody for the glycosy-
lated epitope of a-DG (Ervasti & Campbell 1993; Martin
2005), could not show apparent reduction of glycosylation
of a-DG in fukutin-suppressed HeLa or ZR-75-1 cells, so as
Western blotting (data not shown). Therefore, laminin-bind-

expressed in

ing assay was performed to evaluate the glycosylation of
oa-DG indirectly, as the glycosylated site of o-DG is a
receptor for laminin (Michele & Campbell 2003). Although
several proteins bind to the glycosylated site (Michele &
Campbell 2003; Oak et al. 2003; Martin 2005; Schessl et al.
2006), the reduced glycosylation can result in a loss of
laminin-binding ability (Michele et al. 2002; Kim et al.
2004). The laminin-binding ability looked slightly decreased
in fukutin-suppressed HelLa and ZR-75-1 cells. Together
with the findings of Western blotting and immuno-electron
microscopy, showing a band about 60 kDa on the cytoplas-
mic extracts and gold particles in the Golgi apparatus
and/or endoplasmic reticulum, fukutin may be able to work
for the glycosylation of a-DG in these cancer cell lines, but
may be limited in a small portion.
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An interesting finding is that the band about 60 kDa was
seen in nuclear and cytoplasmic extracts, and the former
looked stronger than the latter. The result of Western blot-
ting seems to be consistent with that of immuno-electron
microscopy, in which gold particles appeared to be more in
the nucleus compared with those in the Golgi apparatus
and/or endoplasmic reticulum of HeLa cells. Although fuku-
tin protein originated from the transfected gene is localized
to the cis-Golgi compartment (Kobayashi et al. 1998; Mat-
sumoto et al. 2004), an in situ subcellular localization of
fukutin has not been clearly determined. Positive nuclear
staining of fukutin was often observed in immunohistochem-
istry using various normal human tissues and cancer tissues
(data not shown). Possibilities remain that the nuclear stain-
ing of fukutin is an artifact or cross-reaction or detecting
isoforms, but specificity of the anti-fukutin antibody has
been examined by ELISA and by absorption tests on Wes-
tern blotting and immunohistochemistry (Yamamoto et al.
2002). In this study, immunoreaction was diminished by
absorption test as well. Moreover, RNAI is considered to be
one of the good tools to prove a specificity of an antibody.
Reduction of immunoreaction for fukutin in the nucleus
after RNAi seems to support that at least a part of the
nuclear staining reveals fukutin protein itself. Nuclear locali-
zation may propose a new function of fukutin in addition to
the glycosylation of a-DG.

As fukutin seems to be expressed in the nucleus, effects of
fukutin suppression for cell proliferation were examined.
There were more Ki-67-positive cells after suppression of
fukutin in HeLa cells and ZR-75-1 cells. The anti-Ki-67
antibody detects cells in Gy, S, G, and M phase of the cell
cycle (Gerdes et al. 1984; Cattoretti et al. 1992), and it has
been used widely to evaluate cell proliferation in the field of
routine surgical pathology. The increase of Ki-67-positive
cells after fukutin suppression suggests that fukutin sup-
presses cell proliferation. An elongated appearance observed
in fukutin-suppressed Hela cells might reflect a sarcomatoid
feature of cancer, which is one of the subtypes of poorly dif-
ferentiated carcinoma.

Immunohistochemistry for several proteins relating to cell
proliferation was performed to investigate a mechanism for
the increase of cell proliferation after the fukutin suppres-
sion. As a lot of proteins are complicatedly involved in the
cell proliferation, several proteins were selected in this exper-
iment, especially ones relating to the cell cycle or presumably
relating to DGC. Cyclin D1, p21, p27 and p53 regulate the
cell cycle in the nucleus (Morgan et al. 2002). In DGC of the
striated muscle, the C-terminus of a-DG binds to the N-ter-
minus of B-DG in the extracellular area (Michele & Camp-
bell 2003; Oak et al. 2003). B-DG, a transmembrane protein,

© 2008 The Authors

A role of fukutin in cancer cells 339

binds to dystrophin and other proteins such as growth factor
receptor bound protein 2 (Grb2) at its C-terminus in the
cytoplasm (Figure 1) (Russo et al. 2000; Michele & Camp-
bell 2003; Oak et al. 2003). Moreover, c-jun is probably in
the downstream section of the signalling pathway involving
DGC, together with c-jun NH,-terminal kinase (JNK) (Oak
et al. 2003). Tyrosine phosphorylation of the C-terminus of
B-DG is dependent on c-src (Sotgia et al. 2001; Oak et al.
2003). Thus, c-jun and c-src are involved in signal transduc-
tion relating to DGC (Oak et al. 2003). Osteopontin is regu-
lated by c-src and is a direct target of p53 (El-Tanani et al.
2006). In this examination, only c-jun showed a difference
after the suppression of fukutin. No apparent differences
were found in the other proteins examined.

c-Jun is a component of the transcription factor activator
protein 1 (AP-1), forming homodimers or heterodimers with
c-fos or other bZip proteins (Vleugel et al. 2006), and is
phosphorylated by ¢-JNK (Oak et al. 2003; Nateri et al.
2005). After activation by phosphorylation, c-jun works as a
transcription factor in the nucleus and is involved in cell
proliferation (Vleugel et al. 2006). Inhibition of c-jun
expression or inactivation of c-jun suppresses tumour
growth (Nateri et al. 2005; Zhang et al. 2006). Because the
anti-c-jun antibody used in this study detects phosphorylated
c-jun, an activated form, c-jun is considered to be activated
after knockdown of fukutin in HelLa and ZR-75-1 cells.
Fukutin may suppress epithelial cell proliferation through a
system involving c-jun.

Is the activation of c-jun related to the glycosylation of
a-DG in Hela and ZR-75-1 cells? Hypoglycosylation of
a-DG might induce the activation, because this experiment
suggested a slight involvement of fukutin for the glycosyla-
tion of o-DG in these cells, and c-jun is located in the
downstream section of the signalling pathway related to
the DGC (Oak et al. 2003). However, if a loss of fukutin
caused hypoglycosylation of o-DG, our result showing
increased proliferation after knockdown of fukutin would
be contradictory to the data showing binding of laminin
to the DGC induces activation of the signalling involving
c-jun and increases proliferation in myoblasts (Oak et al.
2003; Zhou et al. 2007). There might be a difference
between muscle and epithelial cells. On the other hand,
based on the nuclear expression, more functions of fukutin
might be proposed in relation to the activation of c-jun,
because activated c-jun works in the nucleus and glycosy-
lated a-DG has not been detected in the nucleus. Although
significance of the nuclear localization of fukutin is uncer-
tain at present, more roles of fukutin in addition to the
glycosylation of o-DG can be suspected especially in
epithelial cells.
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