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Dystroglycan is encoded by a single gene and cleaved
into two proteins a- and b-dystroglycan by posttransla-
tional processing. Recently, a-dystroglycan was demon-
strated to be an extracellular laminin-binding protein
anchored to the cell membrane by a transmembrane
protein b-dystroglycan in striated muscle and Schwann
cells. However, the biological functions of the dystrogly-
can-laminin interaction remain obscure, and in partic-
ular, it is still unclear if dystroglycan plays a role in cell
adhesion. In the present study, we characterized the
role of dystroglycan in the adhesion of schwannoma
cells to laminin-1. Immunochemical analysis demon-
strated that the dystroglycan complex, comprised of a-
and b-dystroglycan, was a major laminin-binding pro-
tein complex in the surface membrane of rat schwan-
noma cell line RT4. It also demonstrated the presence of
a-dystroglycan, but not b-dystroglycan, in the culture
medium, suggesting secretion of a-dystroglycan by RT4
cells. RT4 cells cultured on dishes coated with laminin-1
became spindle in shape and adhered to the bottom
surface tightly. Monoclonal antibody IIH6 against a-dys-
troglycan was shown previously to inhibit the binding of
laminin-1 to a-dystroglycan. In the presence of IIH6, but
not several other control antibodies in the culture me-
dium, RT4 cells remained round in shape and did not
adhere to the bottom surface. The adhesion of RT4
cells to dishes coated with fibronectin was not affected
by IIH6. The known inhibitors of the interaction of
a-dystroglycan with laminin-1, including EDTA, sul-
fatide, fucoidan, dextran sulfate, heparin, and sialic
acid, also perturbed the adhesion of RT4 cells to lami-
nin-1, whereas the reagents which do not inhibit the
interaction, including dextran, chondroitin sulfate,
dermatan sulfate, and GlcNAc, did not. Altogether,
these results support a role for dystroglycan as a major

cell adhesion molecule in the surface membrane of RT4
cells.

There is now mounting evidence that the intracellular signal
transduction pathways activated by the adhesion of cells to
other cells or the extracellular matrix (ECM)1 play crucial roles
in cellular differentiation, migration, and proliferation. The
prototypical cell adhesion molecules are the cell surface recep-
tors for the ECM glycoproteins. Dystroglycan, originally iden-
tified as a member of the sarcolemmal glycoproteins complexed
with dystrophin, is encoded by a single gene and cleaved into
two proteins a- and b-dystroglycan by posttranslational proc-
essing (1, 2). a-Dystroglycan is an extracellular glycoprotein
anchored to the cell membrane by a transmembrane glycopro-
tein b-dystroglycan, and the complex comprised of a- and
b-dystroglycan is called the dystroglycan complex (2–4). In
striated muscle, a-dystroglycan binds the ECM components
laminin-1 and -2 in a Ca21-dependent manner (3, 5, 6). On the
cytoplasmic side of the sarcolemma, b-dystroglycan is anchored
to the cytoskeletal proteins dystrophin or its homologues (7, 8).
Besides this structural role, b-dystroglycan is also proposed to
play a role in signal transduction, based on the finding that its
cytoplasmic domain contains a phosphotyrosine consensus se-
quence and several proline-rich regions that could associate
with SH2 and SH3 domains of signaling proteins (1). Dystro-
phin deficiency causes a drastic reduction of the dystroglycan
complex in the sarcolemma and, thus, the loss of the linkage
between the subsarcolemmal cytoskeleton and the ECM, even-
tually leading to muscle cell death in Duchenne muscular dys-
trophy and its animal model mdx mice (for reviews, see Refs. 9
and 10).

The dystroglycan complex is also expressed in non-muscle
tissues (1, 3, 11–13). In the peripheral nervous system, it is
expressed in the Schwann cell membrane, and the Schwann
cell a-dystroglycan binds not only laminin-1 but also laminin-2,
a major component of the endoneurium, in a Ca21-dependent
manner (13–15). Recently, laminin-2 was shown to be deficient
in congenital muscular dystrophy and its animal model dy
mice, which are characterized by peripheral dysmyelination as
well as muscular dystrophy (16–22). These findings have sug-
gested roles for the dystroglycan-laminin interaction in not
only the maintenance of sarcolemmal architecture but also
peripheral myelinogenesis.

Despite these recent developments, the biological functions

* This work was supported in part by the Muscular Dystrophy Asso-
ciation of America, grants from the Kato Memorial Bioscience Founda-
tion, the Cell Science Research Foundation, the Science Research Pro-
motion Fund from Japan Private School Promotion Foundation,
Research Grant (8A-1 and 8A-2) for Nervous and Mental Disorders from
the Ministry of Health and Welfare, and Research Grants (07264239,
06454280, 08457195, 06770463 and 05557037) from the Ministry of
Education, Science, Sports and Culture. The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

‡ These authors contributed equally to this work.
§ To whom correspondence should be addressed: Dept. of Neurology,

Teikyo University School of Medicine, 2-11-1 Kaga, Itabashi-ku, Tokyo
173, Japan. Tel.: 03 3964 1211; Fax: 03 3964 6394; E-mail: k-matsu@
med.teikyo-u.ac.jp.

§§ An Investigator of the Howard Hughes Medical Institute.

1 The abbreviations used are: ECM, extracellular matrix; BSA, bo-
vine serum albumin; cLSM, confocal laser scanning microscope; WGA,
wheat germ agglutinin; PBS, phosphate-buffered saline.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 272, No. 21, Issue of May 23, pp. 13904–13910, 1997
© 1997 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www-jbc.stanford.edu/jbc/13904



of the dystroglycan complex remain obscure, and in particular,
it has not yet been established if the dystroglycan complex is
indeed involved in the process of cell adhesion. In the present
study, we have identified the dystroglycan complex as a major
laminin-binding protein complex in the surface membrane of
rat schwannoma cell line RT4 and characterized its role in RT4
cell adhesion to laminin-1.

EXPERIMENTAL PROCEDURES

Cell Culture—Rat schwannoma cell line RT4 was kindly provided by
Drs. A. Asai (University of Tokyo) and Y. Kuchino (National Cancer
Center, Tokyo) (23). RT4 cells were grown in Dulbecco’s modification of
Eagle’s medium containing 10% fetal calf serum, 16.7 mM glucose, 2 mM

glutamine, 100 units/ml penicillin G sodium, and 100 mg/ml streptomy-
cin. Culture medium was changed every 3 days.

Identification of the Dystroglycan Complex in RT4 Cells—For immu-
nocytochemical analysis, RT4 cells were grown on cover glasses, fixed in
methanol cooled to 220 °C for 10 min, and then immunostained as
described previously (13, 15). Specimens were observed and fluorescent
images were obtained on a Zeiss confocal laser scanning microscope
(cLSM) model LSM 310, employing an argon ion laser (l 5 488 nm), as
described previously (13, 14).

For immunochemical analysis, RT4 cells were grown to confluency on
three 10-cm diameter culture dishes, scraped using a rubber policeman,
homogenzied in 1.5 ml of phosphate-buffered saline (PBS), and centri-
fuged at 140,000 3 g for 30 min at 4 °C. The pellets were homogenized
in 1.5 ml of buffer A (50 mM Tris-HCl, pH 7.4, 0.75 mM benzamidine, 0.1
mM phenylmethylsulfonyl fluoride, 0.7 mM pepstatin A, 76.8 nM aproti-
nin and 1.1 mM leupeptin) containing 1% digitonin and 0.5 M NaCl,
extracted for 1 h at 4 °C, and then centrifuged at 140,000 3 g for 30 min
at 4 °C. After the supernatants were diluted 10-fold using buffer A,
CaCl2 and MgCl2 were added to the final concentration of 1 mM each.
The diluted supernatants were incubated overnight at 4 °C with 100 ml
of laminin-1-Sepharose (2.5 mg/ml), which was blocked for 2 h at 4 °C
with buffer A containing 0.1% digitonin, 50 mM NaCl, 1 mM CaCl2, 1 mM

MgCl2, and 3% bovine serum albumin (BSA). After washing with buffer
A containing 0.1% digitonin, 50 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2,
the laminin-1-Sepharose was eluted with 300 ml of buffer A containing
0.1% digitonin, 50 mM NaCl, and 10 mM EDTA.

Identification of a-Dystroglycan in the RT4 Cell Culture Medium—
The RT4 cell culture medium was collected by decanting slowly when
RT4 cells grew to near confluency on 10-cm diameter culture dishes.
After brief centrifugation, the RT4 cell culture medium (80 ml) was
circulated over 5 ml of wheat germ agglutinin (WGA)-Sepharose (Phar-
macia Biotech Inc.) at 4 °C overnight in the presence of 0.5 M NaCl. The
WGA-Sepharose was washed with buffer A containing 0.5 M NaCl and
then eluted with 15 ml of buffer A containing 0.3 M N-acetylglucosamine
(GlcNAc). 100 ml of laminin-1-Sepharose was blocked with buffer A
containing 1 mM CaCl2, 1 mM MgCl2, and 3% BSA at 4 °C for 2 h, and
then washed with buffer A containing 1 mM CaCl2 and 1 mM MgCl2. The
GlcNAc eluates of WGA-Sepharose were incubated with laminin-1-
Sepharose at 4 °C overnight in the presence of 1 mM CaCl2 and 1 mM

MgCl2. After washing with buffer A containing 1 mM CaCl2 and 1 mM

MgCl2, the laminin-1-Sepharose was eluted with 300 ml of buffer A
containing 10 mM EDTA.

Assay of Adhesion of RT4 Cells to Laminin-1—As shown in Fig. 3, we
have found that RT4 cells synthesize laminin themselves. For cell
adhesion assay, however, culture dishes were coated with laminin-1 as
follows, to ensure homogeneous distribution of laminin on the dish
surface. A solution of mouse EHS sarcoma laminin-1 (Biomedical Tech-
nologies) (5 mg/ml in PBS) was added to the 11.3-mm diameter wells of
a 48-well plate, incubated at 37 °C overnight, and then aspirated. 200
ml of 3% BSA in PBS were added to the wells, incubated at room
temperature for 1 h, and then aspirated. 50,000 RT4 cells were added to
the wells and incubated, in the presence or absence of antibodies or
inhibitors, at 37 °C in a CO2 incubator. The shape and adhesion of the
cells were observed after 1 h or overnight incubation. For quantification
of cell adhesion, the medium, and the unattached cells were removed by
pipetting after 1 h of incubation. The number of the attached cells was
quantified by means of the endogenous enzyme hexosaminidase as
described by Landegren (24): after PBS wash, 120 ml of 3.75 mM p-ni-
trophenyl-N-acetyl-b-D-glucosaminide (substrate) in 50 mM citrate
buffer, pH 5.0, 0.25% Triton X-100 was added to each well and incu-
bated at 37 °C for 1 h. After a suitable interval, the color reaction was
developed, and enzyme activity was blocked by the addition of 180 ml of
50 mM glycine, pH 10.4, containing 5 mM EDTA per well. Absorbance
was measured at 405 nm.

Antibodies—Affinity-purified sheep antibody against dystroglycan
fusion protein D (Anti-FPD) was characterized previously (1–3). Mono-
clonal antibodies IIH6 and VIA41 against a-dystroglycan, 8D5 against
the C terminus of b-dystroglycan, A1C and XIXC2 against dystrophin,
and DRP1 against utrophin were characterized previously (2, 3, 25, 26).
IIH6, VIA41, and XIXC2 are IgM isotypes, while 8D5 and A1C are IgG
isotypes. For inhibition experiments of RT4 cell adhesion to laminin
by monoclonal antibodies, hybridoma supernatants containing IIH6,
VIA41, A1C, and XIXC2 were concentrated 10-fold using a Centricon
concentrater (Amicon), and one part of the concentrates were added to
nine parts of culture medium.

Miscellaneous—Laminin-1-Sepharose was prepared as described
previously using mouse EHS sarcoma laminin-1 (13–15). Immunohis-
tochemistry, SDS-polyacrylamide gel electrophoresis, and immunoblot-
ting were performed as described previously (13–15, 26). Laminin blot
overlay was performed using mouse EHS sarcoma laminin-1, and the
laminin-1 which bound to a-dystroglycan on the nitrocellulose transfer
was detected using antibody against mouse EHS sarcoma laminin-1
(Sigma), as described previously (13–15).

RESULTS

Identification of the Dystroglycan Complex as a Major Lami-
nin-binding Protein Complex in the Surface Membrane of RT4
Schwannoma Cells—Previously, we have demonstrated the ex-
pression of the dystroglycan complex and utrophin, a dystro-
phin homologue, in the surface membrane and cytoplasm of
Schwann cells, respectively (13, 14). In addition, we have also
found the expression of these proteins in human schwannomas
by immunohistochemistry (Fig. 1). These findings prompted us
to look at the expression of the dystroglycan complex and
utrophin in the schwannoma cell line RT4. Fig. 2 shows the
results of immunocytochemical analysis using cLSM. Similar
to Schwann cells, both a- and b-dystroglycan were localized in
the surface membrane of RT4 cells, while utrophin was local-
ized in the cytoplasm diffusely (Fig. 2). To see if these proteins
are complexed to function as a laminin receptor, we performed
laminin affinity chromatography of the digitonin extracts of
RT4 cells (Fig. 3). By immunoblot analysis, a-dystroglycan,
with a molecular mass of approximately 160 kDa, was detected
in the EDTA eluates of laminin-1-Sepharose (Fig. 3). RT4 cell
a-dystroglycan was confirmed to bind laminin-1 in blot overlay
(Fig. 3). b-Dystroglycan, with a molecular mass of approxi-
mately 40 kDa, was also detected in the EDTA eluates of

FIG. 1. Immunohistochemical analysis of dystroglycan and
utrophin in a human schwannoma. Shown are the immunofluores-
cent (IF) and phase contrast (PC) images of a human schwannoma.
b-Dystroglycan and utrophin were detected by antibodies 8D5 and
DRP1, respectively. Control indicates the image obtained by omitting
the primary antibody. Bar, 25 mm.
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laminin-1-Sepharose (Fig. 3). However, RT4 cell b-dystrogly-
can did not bind laminin-1 in blot overlay (Fig. 3). These results
indicate that, similar to striated muscle and Schwann cells,
b-dystroglycan is complexed with laminin-binding a-dystrogly-
can in RT4 cells (3, 14). On the other hand, utrophin was not
detected in the EDTA eluates of laminin-1-Sepharose (not
shown). In addition, it should also be noted that a-dystroglycan
and possibly laminin were the only proteins that bound lami-
nin-1 in blot overlay (Fig. 3). All together, these results indicate
that the dystroglycan complex, comprised of a- and b-dystro-
glycan, is a major laminin-binding protein complex in the sur-
face membrane of RT4 cells. They also indicate that the major
fraction of utrophin is localized in the cytoplasm of RT4 cells
and not associated with the dystroglycan complex in the cell
membrane.

Thus far, secretion of a-dystroglycan by cells has been pro-
posed as an intriguing possibility, but this has never been
confirmed (11). By immunoblot analysis, a-dystroglycan, but
not b-dystroglycan, was detected in the RT4 cell culture me-
dium after successive WGA and laminin affinity chromatogra-
phies (Fig. 3). Taken together with the fact that a-dystroglycan
is an extracellular protein anchored to the cell membrane by a
transmembrane protein b-dystroglycan (3, 14), these results
indicate that a fraction of RT4 cell surface a-dystroglycan is
dissociated from the cell membrane b-dystroglycan and re-
leased into the culture medium. Although this dissociation may
partially be due to lysis of the cells, these findings suggest a
possibility of active secretion of a-dystroglycan by RT4 cells.

Characterization of the Role of a-Dystroglycan in Adhesion of

RT4 Schwannoma Cells to Laminin-1—Figs. 4a to 8a show the
shape of RT4 cells grown overnight on culture dishes coated
with laminin-1 in the presence or absence of various reagents
in the culture medium. In the absence of inhibitors, RT4 cells
became spindle in shape after 1 h of incubation (not shown) and
remained so after overnight incubation (Fig. 4a). Spindle cells
adhered to the bottom surface of the culture dishes tightly and
did not oscillate when the dishes were shaken rigorously by
hands. Monoclonal antibody IIH6 against a-dystroglycan was
demonstrated previously to inhibit the binding of laminin-1 to
a-dystroglycan (3, 27–29). When IIH6 was present in the cul-
ture medium, RT4 cells remained round in shape and did not
take the characteristic spindle shape, even after overnight
incubation (Fig. 4a). Round cells oscillated, and many of them
drifted when the dishes were shaken rigorously by hand. When
the wells were pipetted after 1 h of incubation, the spindle cells
in the control wells were not detached, but the round cells in
the wells with IIH6 were removed almost completely (not
shown). This was confirmed by the quantification procedure
described under “Experimental Procedures” (Fig. 4b). Mono-
clonal antibody VIA41 against a-dystroglycan, which does not
inhibit the binding of laminin-1 (3, 29), did not have such
effects, neither did monoclonal antibodies A1C and XIXC2

against dystrophin (Fig. 4). We compared the effects of IIH6 on
the adhesion of RT4 cells to fibronectin with those to laminin-1.
In contrast to dishes coated with laminin-1, the adherence of
RT4 cells to dishes coated with fibronectin was not affected by
IIH6 (Fig. 5).

Since the interaction of a-dystroglycan with laminin-1 is
Ca21-dependent (1, 3, 11–13), we tested Ca21 dependence of
RT4 cell adhesion to laminin-1. When EDTA was added to the
culture medium, RT4 cells remained round in shape and were
easily detached by pipetting (Fig. 6). Furthermore, the antiad-
hesive effects of EDTA were reversed by the addition of excess
amount of Ca21, indicating Ca21 dependence of RT4 cell adhe-
sion to laminin-1 (Fig. 6).

Finally, we asked if the known inhibitors of the interaction of
a-dystroglycan with laminin-1 would affect RT4 cell adhesion
to laminin-1. It was demonstrated previously that sulfatide,
fucoidan, and dextran sulfate were potent inhibitors of the
interaction of a-dystroglycan with laminin-1, whereas heparin
was less potent (30, 31). When sulfatide, fucoidan, or dextran
sulfate was added to the culture medium, RT4 cells remained
round in shape and were easily detached by pipetting (Fig. 7).
The antiadhesive effects of heparin were less than those of
sulfatide, fucoidan, or dextran sulfate (Fig. 7). On the other
hand, the addition of dextran, chondroitin sulfate, or dermatan
sulfate, which were demonstrated previously not to inhibit the
interaction of a-dystroglycan with laminin-1 (30), did not affect
the shape or adhesion of RT4 cells to laminin-1 (Fig. 7). We
have demonstrated previously that the interaction of a-dystro-
glycan with laminin-1 is inhibited by a relatively high concen-
tration of sialic acid but not GlcNAc (14). In the presence of
sialic acid, but not GlcNAc, in the culture medium, RT4 cells
remained round in shape and were easily detached by pipetting

FIG. 2. Immunocytochemical analy-
sis of the dystroglycan complex and
utrophin in RT4 cells. Shown are the
cLSM fluorescent (IF) and phase contrast
(PC) images of RT4 cells. a- and b-dystro-
glycan and utrophin were detected by an-
tibodies anti-FPD, 8D5, and DRP1, re-
spectively. Bar, 2 mm.

FIG. 3. Immunochemical characterization of the dystroglycan
complex in RT4 cells. Shown are the results of laminin affinity
chromatography of a, the digitonin extracts of RT4 cells or b, the RT4
cell culture medium. The EDTA eluates of laminin-1-Sepharose were
separated by 5–15% SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. a-Dystroglycan (a-DG) and b-dys-
troglycan (b-DG) were detected by antibodies IIH6 and 8D5, respec-
tively. Lam O/L indicates the identical nitrocellulose transfer overlaid
with laminin-1. The bands indicated by Lam are the endogenous RT4
laminin which reacted with the antibody against laminin used to detect
bound laminin-1 in laminin overlay. Molecular mass standards (Da 3
1023) are shown on the left.
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(Fig. 8). These results, altogether, point to a role for a-dystro-
glycan in the adhesion of RT4 cells to laminin-1.

DISCUSSION

a-Dystroglycan, which is an extracellular peripheral mem-
brane glycoprotein anchored to the cell membrane by a trans-
membrane glycoprotein b-dystroglycan, binds laminin and
agrin in striated muscle, neuromuscular junction, and
Schwann cells (1–6, 13–15, 27, 28, 31–34). On the other hand,
the cytoplasmic domain of b-dystroglycan contains a phospho-
tyrosine consensus sequence and several proline-rich regions
that could associate with SH2 and SH3 domains of signaling
proteins (1, 35). Indeed, Grb2, an adaptor protein in the signal
transduction pathways, was recently demonstrated to bind to
the cytoplasmic proline-rich regions of b-dystroglycan via the
two SH3 domains (35). These findings have suggested a possi-
ble role for the dystroglycan complex, comprised of a- and
b-dystroglycan, as a signaling receptor involved in the mainte-
nance of sarcolemmal architecture, peripheral synaptogenesis,
and myelinogenesis. In addition, the dystroglycan complex has
also been implicated in kidney epithelial development, al-
though its ECM ligand in kidney has not yet been identified
(29). Despite these recent developments, the precise roles of

the interaction of the dystroglycan complex with ECM ligands
in these specialized biological processes remain obscure, and in
particular, it has not yet been confirmed if the dystroglycan
complex plays a role in cell adhesion.

Under these circumstances, identification of cell lines that
express the dystroglycan complex in the surface membrane
would provide us useful tools for testing the proposed functions
of the dystroglycan complex in vivo. In the present study, we
have demonstrated, by immunochemical analyses, that the
dystroglycan complex, comprised of a- and b-dystroglycan, is a
major laminin-binding protein complex in the surface mem-
brane of rat schwannoma cell line RT4. Similar to Schwann
cells (14), utrophin, which has the binding capacity for the
cytoplasmic domain of b-dystroglycan (7, 8, 36), was localized
diffusely in the cytoplasm of RT4 cells and not associated with
the dystroglycan complex. Thus, the putative membrane-asso-
ciated cytoskeletal protein anchoring the dystroglycan complex
to the underlying submembranous cytoskeleton remains to be
elucidated.

In the present study, we have also tested the role of a-dys-
troglycan in RT4 cell adhesion to laminin-1. When RT4 cells
were cultured on laminin-1, they became spindle in shape

FIG. 4. Effects of antibodies on the
shape and adhesion of RT4 cells to
laminin-1. 50,000 RT4 cells were added
to the 11.3-mm diameter wells of a 48-
well plate coated with laminin-1 and in-
cubated at 37 °C in a CO2 incubator, in
the absence (Control) or presence of
monoclonal antibodies IIH6, VIA41, A1C,
or XIXC2. a, photographs of the cells were
taken after overnight incubation. The
shape of the cells was essentially the
same after 1 h of incubation. Bar, 10 mm.
b, for quantitative cell adhesion assay,
each antibody was applied to three wells.
After 1 h of incubation, the unattached
cells were removed from the wells by pi-
petting, and the absorbance was meas-
ured as described under “Experimental
Procedures.” The bar graph shows the av-
erage absorbance value for the control
wells or the wells containing various an-
tibodies. The average value for the control
wells is given the arbitrary value of 1.
Shown are the results of one experiment
representative of three independent ex-
periments. To apply equal amount of
force, all wells were pipetted by a single
person, who did not know the location of
the wells containing various antibodies.
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immediately and adhered to the bottom surface tightly. How-
ever, when RT4 cells were cultured on laminin-1 in the pres-
ence of the known inhibitors of the interaction of a-dystrogly-
can with laminin-1, including EDTA, sulfatide, fucoidan,
dextran sulfate, heparin, and sialic acid, they remained round

in shape and did not adhere to the bottom surface. Because
these reagents may also perturb the interaction of laminin-1
with the cell surface adhesion molecules other than a-dystro-
glycan, such as the members of the integrin family for instance,
we have looked at the effects of monoclonal antibody IIH6

FIG. 5. Effects of monoclonal anti-
body IIH6 on the shape and adhesion
of RT4 cells to laminin-1 and fi-
bronectin. Fibronectin adhesion assay
was performed in the same way as lami-
nin-1 adhesion assay, except that the
wells were coated with bovine plasma fi-
bronectin (Sigma) instead of laminin-1. a,
photographs of RT4 cells were taken (bar,
10 mm) and b, quantitative cell adhesion
assay was performed as described in the
legend to Fig. 4, except that RT4 cells
were grown, in the absence (Control)
or presence of monoclonal antibody IIH6,
in the wells coated with laminin-1 or
fibronectin.

FIG. 6. Effects of EDTA on the shape
and adhesion of RT4 cells to lami-
nin-1. a, photographs of RT4 cells were
taken (bar, 10 mm) and b, quantitative
cell adhesion assay was performed as de-
scribed in the legend to Fig. 4, except that
RT4 cells were grown in the absence (Con-
trol) or presence of 5 mM EDTA (EDTA) or
5 mM EDTA plus 10 mM CaCl2 (EDTA 1
Ca).
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FIG. 7. Effects of glycoconjugates
on the shape and adhesion of RT4
cells to laminin-1. a, photographs of
RT4 cells were taken (bar, 10 mm) and b,
quantitative cell adhesion assay was per-
formed as described in the legend to Fig.
4, except that RT4 cells were grown in the
absence (Control) or presence of 2 mg/ml
dextran sulfate (DexS), fucoidan (Fuc),
sulfatide (Sulf), heparin (Hep), dextran
(Dex), chondroitin sulfate (ChS), or der-
matan sulfate (DerS).

FIG. 8. Effects of sialic acid on the
shape and adhesion of RT4 cells to
laminin-1. a, photographs of RT4 cells
were taken (bar, 10 mm) and b, quantita-
tive cell adhesion assay was performed as
described in the legend to Fig. 4, except
that RT4 cells were grown in the absence
(Control) or presence of 0.1 M sialic acid
(SA) or GlcNAc.
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against a-dystroglycan, which inhibits the interaction of a-dys-
troglycan with laminin-1, and found that this antibody drasti-
cally reduces the adhesion of RT4 cells to laminin-1. Further-
more, IIH6 did not perturb the adhesion of RT4 cells to
fibronectin. Together with the previous demonstration of high
affinity binding of laminin-1 to a-dystroglycan (1, 3), these
results indicate a role for a-dystroglycan as a major cell adhe-
sion molecule in the surface membrane of RT4 cells and suggest
that the dystroglycan complex may play an important role in
cell adhesion in vivo. Finally, we have demonstrated the results
which suggest the secretion of a-dystroglycan by RT4 cells. In
the future, it would be interesting to see if a-dystroglycan is
secreted in vivo and if the secreted a-dystroglycan has inhibi-
tory, and potentially regulatory, effects on the interaction of
the cell surface a-dystroglycan with the ECM ligands.

The mechanism by which the dystroglycan complex may
mediate such diverse and specific biological processes as sar-
colemmal stabilization, epithelial morphogenesis, synaptogen-
esis, and myelinogenesis remains unclear. For instance, it has
been disputed if the dystroglycan complex is actively involved
in the acetylcholine receptor clustering in the neuromuscular
junction as a signaling receptor of agrin (31, 33, 34, 37–43).
Among others, our results seem consistent with at least two
possibilities. First, the dystroglycan complex may function as a
helper protein in these processes; the initial and high affinity
binding of the ECM ligands to the dystroglycan complex may
enable the more specific and functional cell surface receptors,
such as the members of the integrin family or the putative
myotube-associated specificity component (MASC), which was
recently proposed to work in concert with the receptor tyrosine
kinase MuSK in the neuromuscular junction formation, to in-
teract with these ligands (31, 33, 34, 37, 38, 42). Second, the
dystroglycan complex may function as a structural protein in
the maturational stages of these processes. In this scenario, it
would be intriguing to postulate that the binding of the ECM
ligands to the dystroglycan complex may trigger the reorgani-
zation of the submembranous dystrophin/utrophin-cytoskele-
ton and lead to the stabilization of the cell membrane (44). The
fact that the binding sites for dystrophin/utrophin and Grb2
overlap in the C terminus of b-dystroglycan raises a possibility
that this process may be mediated by Grb2 and other signaling/
adaptor proteins (8, 35).

REFERENCES

1. Ibraghimov-Beskrovnaya, O., Ervasti, J. M., Leveille, C. J., Slaughter, C. A.,
Sernett, S. W., and Campbell, K. P. (1992) Nature 355, 696–702

2. Ervasti, J. M., and Campbell, K. P. (1991) Cell 66, 1121–1131
3. Ervasti, J. M., and Campbell, K. P. (1993) J. Cell Biol. 122, 809–823
4. Deyst, K. A., Bowe, M. A., Leszyk. J. D., and Fallon, J. R. (1995) J. Biol. Chem.

270, 25956–25959
5. Sunada, Y., Bernier, S. M., Kozak, C. A., Yamada, Y., and Campbell, K. P.

(1994) J. Biol. Chem. 269, 13729–13732
6. Pall, E. A., Bolton, K. M., and Ervasti J. M. (1996) J. Biol. Chem. 271,

3817–3821
7. Suzuki, A., Yoshida, M., Hayashi, K., Mizuno, Y., Hagiwara, Y., and Ozawa, E.

(1994) Eur. J. Biochem. 220, 283–292
8. Jung, D., Yang, B., Meyer, J., Chamberlain, J. S., and Campbell, K. P. (1995)

J. Biol. Chem. 270, 27305–27310
9. Campbell, K. P. (1995) Cell 80, 675–679

10. Ozawa, E., Yoshida, M., Suzuki, A., Mizuno, Y., Hagiwara, Y., and Noguchi, S.
(1995) Hum. Mol. Genet. 4, 1711–1716

11. Gee, S. H., Blacher, R. W., Douville, P. J., Provost, P. R., Yurchenco, P. D., and
Carbonetto, S. (1993) J. Biol. Chem. 268, 14972–14980

12. Smalheiser, N. R., and Kim, E. (1995) J. Biol. Chem. 270, 15425–15433
13. Yamada, H., Shimizu, T., Tanaka, T., Campbell, K. P., and Matsumura, K.

(1994) FEBS Lett. 352, 49–53
14. Yamada, H., Chiba, A., Endo, T., Kobata, A., Anderson, L. V. B., Hori, H.,

Fukuta-Ohi, H., Kanazawa, I., Campbell, K. P., Shimizu, T., and
Matsumura, K. (1996) J. Neurochem. 66, 1518–1524

15. Yamada, H., Denzer, A. J., Hori, H., Tanaka, T., Anderson, L. V. B., Fujita, S.,
Fukuta-Ohi, H., Shimizu, T., Ruegg, M. A., and Matsumura, K. (1996)
J. Biol. Chem. 271, 23418–23423

16. Arahata, K., Hayashi, Y. K., Koga, R., Goto, K., Lee, J. H., Miyagoe, Y., Ishii,
H., Tsukahara, T., Takeda, S., Woo, M., Nonaka, I., Matsuzaki, T., and
Sugita, H. (1993) Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 69, 259–264

17. Sunada, Y., Bernier, S. M., Utani, A., Yamada, Y., and Campbell, K. P. (1995)
Hum. Mol. Genet. 4, 1055–1061

18. Xu, H., Christmas, P., Wu, X. R., Wewer, U. M., and Engvall, E. (1994) Proc.
Natl. Acad. Sci. U. S. A. 91, 5572–5576

19. Xu, H., Wu, X.-R., Wewer, U. M., and Engvall, E. (1994) Nat. Genet. 8, 297–302
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Weissenbach, J., Tomé, F. M. S., Schwartz, K., Fardeau, M., Tryggvason, K.,
and Guicheney, P. (1995) Nat. Genet. 11, 216–218

23. Freeman, M. R., and Sueoka, N. (1987) Proc. Natl. Acad. Sci. U. S. A. 84,
5808–5812

24. Landegren, U. (1984) J. Immunol. Methods 67, 379–388
25. Cullen, M. J., Walsh, J., and Nicholson, L. V. B. (1994) Acta Neuropathol. 87,

349–354
26. Matsumura, K., Yamada, H., Shimizu. T., and Campbell K. P. (1993) FEBS

Lett. 334, 281–285
27. Gee, S. H., Montanaro, F., Lindenbaum, M. H., and Carbonetto, S. (1994) Cell

77, 675–686
28. Campanelli, J. T., Roberds, S. L., Campbell, K. P., and Scheller, R. H. (1994)

Cell 77, 663–674
29. Durbeej, M., Larsson, E., Ibraghimov-Beskrovnaya, O., Roberds, S. L.,

Campbell K. P., and Ekblom P. (1995) J. Cell Biol. 130, 79–91
30. Smalheiser, N. R. (1993) J. Neurosci. Res. 36, 528–538
31. Sugiyama, J., Bowen, D. C., and Hall, Z. W. (1994) Neuron 13, 103–115
32. Bowe, M. A., Deyst, K. A., Leszyk, J. D., and Fallon, J. R. (1994) Neuron 12,

1173–1180
33. Fallon, J. R., and Hall, Z. W. (1994) Trends Neurosci. 17, 469–473
34. Carbonetto, S., and Lindenbaum, M. (1995) Curr. Opin. Neurobiol. 5, 596–605
35. Yang, B., Jung, D., Motto, D., Meyer, J., Koretzky, G., and Campbell, K. P.

(1995) J. Biol. Chem. 270, 11711–11714
36. Matsumura, K., Ervasti, J. M., Ohlendieck, K., Kahl, S. D., and Campbell, K.

P. (1992) Nature 360, 588–591
37. Gesemann, M., Denzer, A. J., and Ruegg, M. A. (1995) J. Cell Biol. 128,

625–636
38. Hopf, C., and Hoch, W. (1996) J. Biol. Chem. 271, 5231–5236
39. Gesemann, M., Cavalli, V., Denzer, A. J., Brancaccio, A., Schumacher, B., and

Ruegg, M. A. (1996) Neuron 16, 755–767
40. Meier, T., Gesemann, M., Cavalli, V., Ruegg, M. A., and Wallace, B. G. (1996)

EMBO J. 15, 2625–2631
41. Campanelli, J. T., Gayer, G. G., and Scheller, R. H. (1996) Development 122,

1663–1672
42. Glass, D. J., Bowen, D. C., Stitt, T. N., Radziejewski, C., Bruno, J., Ryan, T. E.,

Gies, D. R., Shah, S., Mattsson, K., Burden, S. J., DiStefano, P. S.,
Valenzuela, D. M., DeChiara, T. M., and Yancopoulos, G. D. (1996) Cell 85,
513–523

43. O’Toole, J. J., Deyst, K. A., Bowe, M. A., Nastuk, M. A., McKechnie, B. A., and
Fallon, J. R. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 7369–7374

44. Cody, R. L., and Wicha, M. S. (1986) Exp. Cell Res. 165, 107–116

Role of Dystroglycan in Cell Adhesion13910


