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ABSTRACT

Alterations in the basement membrane receptor dystroglycan (DG) are
evident in muscular dystrophies and carcinoma cells and characterized by
a selective loss or modification of the extracellular �-DG subunit. Defects
in posttranslational modifications of DG have been identified in some
muscular dystrophies, but the underlying modifications in carcinoma cells
have not yet been defined. We reveal here multiple posttranslational
modifications that modulate the composition and function of DG in nor-
mal epithelial cells and carcinoma cells. We show that �-DG is shed from
the cell surface of normal and tumorigenic epithelial cells through a
proteolytic mechanism that does not require direct cleavage of either �- or
�-DG. Shedding is dependent on metalloprotease activity and the propro-
tein convertase furin. Surprisingly, furin is also found to directly process
�-DG as a proprotein substrate, changing the existing model of DG
composition. We also show that the glycosylation of �-DG is altered in
invasive carcinoma cells, and this modification causes complete loss of
laminin binding properties. Together, these data elucidate several novel
events regulating the functional composition of DG and reveal defects that
arise during cancer progression, providing direction for efforts to restore
this link with the basement membrane in carcinoma cells.

INTRODUCTION

Dystroglycan (DG) is an integral membrane receptor that links the
extracellular matrix (ECM) to the cytoskeleton and mediates cell-
ECM communications in a wide variety of cell types, including
muscle, neural, and epithelial cells (1, 2). First identified by its
association with dystrophin in muscle cells (3), DG has since been
found to play diverse and important roles in cell function, including
adhesion (4), sarcolemmal integrity (5), neurological development (6),
basement membrane assembly (7), and epithelial polarization and
morphogenesis (8–10), and also acts as a receptor for bacterial and
viral infection (11, 12). Importantly, loss or alteration of DG function
has been clearly implicated in several disease states from muscular
dystrophies to neuronal disorders to cancer progression (9, 13, 14).
Therefore, the factors regulating DG function in normal and diseased
cells have become increasingly important to understand.

DG consists of two polypeptide subunits, �- and �-DG, that are
synthesized from a single mRNA and subsequently cleaved to form
the two subunits (see Fig. 1A). �-DG is retained at the cell surface by
noncovalent association with �-DG and binds to ECM components
such as laminin, agrin, and perlecan (1). �-DG spans the membrane
and links to the cytoskeleton through its COOH-terminal cytoplasmic
domain. �-DG consists of an NH2-terminal and a COOH-terminal
globular domain separated by an extended mucin-like region. Exten-

sive O-linked glycosylation in the middle domain mediates interaction
with laminins and other ECM molecules (15, 16). The predicted
protein molecular mass of the �-DG polypeptide is �75 kDa, yet the
apparent molecular mass of �-DG varies from 120 to 200 kDa,
reflecting extensive glycosylation. Complexity is evident in the post-
translational modifications of the �- and �-DG molecules, and these
variations can impact receptor function (13). Altered glycosylation
can eliminate binding of �-DG to ECM components and has already
been implicated in diseases, including Fukuyama congenital muscular
dystrophy and muscle-eye-brain disease (13, 16, 17). Another factor
contributing to variations in DG composition is the apparent shedding
of �-DG from the cell surface, detected in both normal and cancerous
cells (18, 19).

Whereas some of the modifications in DG that contribute to mus-
cular dystrophies have been elucidated (13, 17), the modifications in
DG that arise in cancer cells remain obscure. Expression of wild-type
DG cDNA in carcinoma cells did not restore detectable �-DG in most
cases, implicating posttranslational modifications as the primary de-
fect (9). The apparent ratio of �-DG/�-DG is highly variable in cancer
cells, despite the fact that �- and �-DG are the translation products of
a single gene, and points to a selective loss of the �-DG subunit at the
cell surface (9, 20). However, these observations are complicated by
the fact that the monoclonal antibodies used to detect the �-DG
subunit in human cells (IIH6 and VIA4) depend on carbohydrate
modifications for epitope binding (4). Reports using carcinoma cells
and tissues have suggested that cleavage of the 43-kDa �-DG to a
31-kDa form results in loss of the NH2-terminal portion of �-DG that
tethers �-DG and correlates with loss of �-DG itself (20, 21). Another
study, using a variety of cell types, demonstrated that �-DG was
cleaved at the cell surface by a metalloprotease (MP), and these
authors also concluded that loss of �-DG was a consequence of �-DG
cleavage (22). However, neither study demonstrated that �-DG levels
were indeed altered by inhibition of �-DG cleavage. Although cleav-
age of �-DG could be one cause for loss of �-DG, this alone does not
appear to explain the widely variable ratio of detectable �-DG/�-DG
(9).

Here we examine the posttranslational modifications regulating DG
in nonmalignant breast epithelial cells and carcinoma cells. We es-
tablish that multiple independent cleavage events, involving MPs and
furin, regulate the fate of both �- and �-DG and alter the levels of
functional receptor on the cell surface. Furin is observed to directly
cleave �-DG, removing the NH2-terminal globular domain but pre-
serving laminin binding function. These cleavage events occur in both
functionally normal and tumorigenic epithelial cells. Last but not
least, we reveal that, similar to observations in some muscular dys-
trophies, altered glycosylation of �-DG is the principle cause for the
loss of DG function in invasive carcinoma cells.

MATERIALS AND METHODS

Chemicals. The IIH6 anti-�-DG antibody has been described previously
(3). The anti-�-DG antibody (clone NCL-�-DG) was purchased from Nova-
castra Laboratories (Newcastle upon Tyne, United Kingdom), and anti-E-
cadherin antibody (clone 36) was purchased from Transduction Laboratories
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(Lexington, KY). Secondary antibodies and anti-IgM-horseradish peroxidase
(HRP) were purchased from Sigma (St. Louis, MO), and anti-immunoglobulin-
HRP antibodies were from Amersham Pharmacia Biotech (Piscataway, NJ).
Fluorescein isothiocyanate-conjugated secondary antibodies and streptavidin-
HRP were from Caltag Laboratories (Burlingame, CA). Propidium iodide was
purchased from Sigma. MP inhibitors BB-2516, GM6001, and control C1004
were purchased from AMS Scientific (Concord, CA). Furin inhibitor I [deca-
noyl-Arg-Val-Lys-Arg-chloromethyketone (CMK)] was purchased from Cal-
biochem (La Jolla, CA). MG-132 and brefeldin A were purchased from Sigma.

Cell Culture. The murine EpH4 cell line has been described previously
(23). EpRas cells were obtained from Dr. Ernst Reichmann (Universitäts-
Kinderspital Zürich, Zurich, Switzerland) and are a nonmalignant cell clone
derived from Ras-transfected EpH4 cells (24). Human breast cancer cell lines
MDA-MB-231, MDA-MB-468, T47D, and BT-474 were obtained from Amer-
ican Type Culture Collection (Manassas, VA). LoVo, LoVo-neo, LoVo-fur1,
and LoVo-fur2 were kindly provided by Dr. Claire Dubois (University of
Sherbrooke, Quebec, Quebec, Canada). LoVo cells transfected with furin were
created in the laboratory of Dr N. Kitamura (Kansai Medical University,
Osaka, Japan). LoVo cells were stably transfected with pCMVFur, a vector
encoding wild-type furin cDNA, to create the clones LoVo-fur1 and LoVo-
fur2 or transfected with a control vector pRC/CMV to create LoVo-neo (25).

All cell lines were cultured in Dulbecco’s modified Eagle’s medium:Ham’s
F-12 (Hyclone, Logan, UT). For EpH4 and EpRas cells, the medium was
supplemented with 2% fetal bovine serum (FBS), 5 �g/ml insulin (Sigma) and
10 �g/ml gentamicin (Invitrogen, Carlsbad, CA). All of the cancer cell lines
were cultured in medium supplemented with 5% FBS. LoVo cells and trans-
fected derivatives were cultured in medium supplemented with 10% FBS. For
serum starvation, cells were cultured in medium containing insulin and gen-
tamicin for 2 to 3 days. Cells treated with protease inhibitors were cultured for
2 days in serum-free medium containing insulin (insulin and gentamicin for
EpH4 and EpRas) and inhibitors before protein extraction. Inhibitor concen-
trations used were 5 �mol/L for BB-2516, 50 �mol/L for GM6001 and its
control analog C1004, and 20 �mol/L for CMK.

Western Blots. Proteins were extracted from cells on plastic using cell
lysis buffer [50 mmol/L Tris (pH 7.4), 1% (w/v) sodium deoxycholate, 1%
(v/v) Nonidet P-40, 0.1% (w/v) SDS, and 150 mmol/L NaCl], and protease
inhibitor mixture (Calbiochem). Insoluble material was removed by centrifu-
gation at 12,000 � g for 15 minutes. Proteins were separated by standard
SDS-PAGE using ready-made gels (Biowhittaker, Walkersville, MD) and
transferred to Immobilion-P membranes (Millipore Corp., Billerica, MA). For

immunodetection of proteins, membranes were blocked in 5% nonfat dried
milk in TBST buffer [20 mmol/L Tris (pH 7.5), 100 mmol/L NaCl, 0.1% (v/v)
Tween 20] and then incubated with primary antibodies diluted in the blocking
buffer. Membranes were washed four to five times in TBST buffer after
incubation for 1 hour in secondary antibodies. Detection for the bound anti-
bodies was done with either ECL-Plus (�- and �-DG) or enhanced chemilu-
minescence substrate (E-cadherin) according to the manufacturer’s instructions
(Amersham Pharmacia Biotech). Intensities of individual bands were quanti-
fied using a Fluorchem 8000 Chemi-Imager from Alpha Innotech (San Lean-
dro, CA). When assessing the ratio of �-DG/�-DG, �- and �-DG levels were
analyzed from the same transfer membranes to eliminate potential errors in
protein loading. To achieve this, the transfer membranes were cut above the
50-kDa band, and the upper half was probed with anti-�-DG antibody, and the
lower half was probed with anti-�-DG antibody. The band intensities of the 43-
and 31-kDa isoforms of �-DG were summed to calculate the quantity of �-DG
present. The laminin overlay assay was performed as described previously
(16).

Immunofluorescence Staining. Cells were cultured in chamber slides and
incubated with or without furin inhibitor for 2 days in serum-free medium.
Cells were then washed twice with PBS, fixed with 2% paraformaldehyde in
PBS for 10 minutes at room temperature, and washed again with PBS.
Subsequently, cells were incubated in blocking buffer [PBS with 0.1% (v/v)
Tween 20 and 10% goat serum] for 1 hour at room temperature and then
incubated overnight with primary anti-�-DG antibody (IIH6) in blocking
buffer at 4°C. Cells were then washed three times for 10 minutes each in PBS
containing 0.1% (v/v) Tween 20. Cells were then incubated with secondary
anti-IgM antibody conjugated to fluorescein isothiocyanate for 1 h at room
temperature. The cells were counterstained for the nuclei with propidium
iodide (10 �g/ml in PBS), washed, and then processed for fluorescence
imaging.

Wheat Germ Agglutinin Precipitation. Culture supernatants of the cells
cultured under various conditions were collected and concentrated 10 to 15
times using protein concentrator spin columns (Vivascience, Carlsbad, CA),
and an equal amount of precipitation buffer [100 mmol/L Tris (pH 7.4), 300
mmol/L NaCl, and 1% Nonidet P-40] was added along with protease inhibitor
mixture. Each sample was incubated with 50 �l of wheat germ agglutinin-
agarose (Amersham Pharmacia Biotech) with rotation at 4°C overnight. The
wheat germ agglutinin-agarose beads were washed three times with precipi-
tation buffer and analyzed by SDS-PAGE and immunoblotting with anti-�-DG
antibodies.

Fig. 1. MP activity induces loss of �-DG in
normal mammary epithelial cells and breast tumor
cell lines. A, structure of �- and �-DG. �-DG is a
dumbbell-shaped molecule with an NH2-terminal
and a COOH-terminal globular domain, separated
by a mucin-like domain. �-DG forms a noncova-
lent linkage with �-DG, which spans the plasma
membrane and thereby links �-DG to the cytoskel-
eton. O-linked glycosylation is shown as a chain of
circles of varying length, whereas N-linked glyco-
sylation is shown as branches. B, immunoblot
analysis of �- and �-DG levels in cell lines cul-
tured in the presence or absence of the MP inhib-
itor BB-2516. Cells were cultured in serum-free
medium for 2 days with or without BB-2516, and
then total cellular proteins were extracted and sub-
jected to immunoblot analysis of �-and �-DG. C,
ratio of �-DG/�-DG levels from cell extracts in B.
Intensities of individual bands were quantified, and
the �-DG/�-DG ratio was calculated. The �-DG/
�-DG ratio of untreated cells was set at 100%, and
that of BB-2516-treated cells was calculated as the
percentage increase from the control. D, detection
of �-DG protein secreted into the cell culture me-
dia. The culture supernatant from cells cultured in
the presence or absence of BB-2516 for 2 days was
collected, and glycoproteins present in the medium
were precipitated by wheat germ agglutinin-Sepha-
rose. The precipitated proteins were subjected to
immunoblot analysis using anti-�-DG antibody
IIH6. A total cell extract from EpH4 cells was
included as a positive control for �-DG expression
and for molecular mass comparison.
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Biotinylation of Cell Surface Proteins and Coimmunoprecipitation.
Cells cultured in 100-mm dishes were washed twice with ice-cold PBS and
then incubated with 0.25 mg/ml of NHSPEO4-biotin in PBS for 30 min at room
temperature. Subsequently, cells were washed three times with PBS and then
lysed in immunoprecipitation buffer [50 mmol/L Tris-HCl (pH 7.4), 100
mmol/L NaCl, 0.1% (v/v) Nonidet P-40, 1 mmol/L dithiothreitol, 1 mmol/L
phenylmethylsulfonyl fluoride, and protease inhibitor mixture]. Cleared lysate
was incubated with anti-�-DG monoclonal antibody overnight at 4°C, fol-
lowed by the addition of protein A-agarose beads and a further incubation for
3 hours with continuous rotation at 4°C. The beads were subsequently washed
three times with immunoprecipitation buffer and then resuspended in sample
buffer directly, boiled, and processed for SDS-PAGE and immunoblotting for
proteins conjugated with biotin using HRP-conjugated streptavidin.

Cleavage of �-Dystroglycan In vitro by Purified Furin. EpH4 cells were
cultured in the presence of the furin inhibitor CMK for 2 days, and then cell
surface proteins were biotinylated as described above. �-DG bound to �-DG
was purified from the total cell extract by immunoprecipitation using anti-
�-DG antibody as described above. DG complex bound to the protein A-
agarose beads was directly incubated with pure furin (5–10U; Sigma) in
digestion buffer [100 mmol/L HEPES (pH 7.6), 1 mmol/L CaCl2, and 0.5%
Triton X-100] for 2 h at 37°C. Subsequently, 4� SDS-PAGE sample buffer
was directly added to the sample, and the sample was boiled and processed for
immunoblotting with streptavidin, laminin, and anti-�-DG antibodies.

RESULTS

Metalloprotease Activity Induces �-Dystroglycan Shedding, In-
dependent of �-Dystroglycan Cleavage. To investigate the regula-
tion of DG composition in breast epithelial cells and carcinoma cells,
we analyzed multiple cell lines with differing growth and tumorigenic
properties. As reported previously (9), both �-DG and �-DG were
detected in nontumorigenic mammary epithelial cells (e.g., EpH4 and
EpRas) and some nonaggressive breast cancer cell lines (e.g., T47D
and BT-474), although the ratio of �-DG/�-DG varied widely be-
tween these cell lines (ref. 9; Fig. 1A and B). In invasive tumor cell
lines, such as MDA-MB-231 and MDA-MB-468, �-DG was unde-
tectable using the IIH6 monoclonal antibody, but �-DG was still
readily detected. The 31-kDa variant of �-DG was evident in all cell
lines except BT-474 and EpH4 cells.

To investigate the role of proteases in the apparent loss of �-DG,
we first tested the ability of MP inhibitors to alter the levels of �-DG
in these cell lines and to increase the ratio of �-DG/�-DG. As shown
in Fig. 1B, treatment with a general MP inhibitor (BB-2516) resulted
in a substantial increase in �-DG levels in EpH4, EpRas, BT-474, and
T47D cells. However, the MP inhibitor did not restore �-DG levels in
cell lines originally lacking detectable levels of �-DG (MDA-MB-231
and MDA-MB-468; Fig. 1B). Likewise, serine protease, cysteine
protease, and proprotein convertase (PC) inhibitors had no effect in
restoring detectable �-DG to the MDA-MB-468 and MDA-MB-231
cell lines (data not shown).

As reported previously (22), MP inhibitor treatment caused the
disappearance of the 31-kDa �-DG band in those cell lines that
displayed this protein variant (Fig. 1B). Disappearance of the 31-kDa
variant corresponded with increased levels of the full-length 43-kDa
�-DG molecule, although this change was minor in all cell lines
except EpRas. However, in those cell lines in which �-DG was
detectable, �-DG levels were elevated to a greater extent than were
the levels of �-DG by MP inhibitor treatment, effecting an increase in
the ratio of �-DG/�-DG (Fig. 1C). Notably, EpH4 and BT-474 cells
lacked any evidence of �-DG cleavage, yet the �-DG levels were
elevated almost 2- and 3-fold, respectively, by the MP inhibitor.
Together, these results demonstrated a MP-mediated mechanism for
the loss of �-DG that was independent of �-DG cleavage by MPs.
Another general MP inhibitor, GM6001, produced results similar to

those seen with BB-2516, and an inactive GM6001 analog (C1004)
had no effect at the same concentrations (data not shown).

Loss of �-DG by MP activity could result either from direct
cleavage of �-DG or indirectly, through, for example, cleavage of an
associated protein, causing detachment of intact �-DG from the cell
surface. To distinguish between these two possibilities, we examined
the molecular mass of the shed �-DG in the culture medium by
immunoblotting. �-DG was detected in the conditioned medium from
the two cell lines we tested, and this shedding was almost completely
inhibited in the presence of MP inhibitors (Fig. 1D). However, the
molecular mass of the shed �-DG was comparable with that of the cell
surface-bound form, indicating that �-DG itself may not be the target
for MP-dependent shedding.

�-DG was not detected in conditioned medium from MDA-MB-
468 and MDA-MB-231 cells (data not shown); therefore, the cause of
the loss of �-DG detection in these cells was still unexplained.
Likewise, �-DG was not detected in these cells after treatment with
the trafficking inhibitor brefeldin A, which inhibits transport of mol-
ecules to the cell surface, or after treatment with the proteasome
inhibitor MG132, which blocks protein degradation internally (data
not shown). The proteasome inhibitor MG132 did specifically en-
hance the levels of the 31-kDa isoform of �-DG relative to the 43-kDa
form, indicating that the 31-kDa cleavage product of �-DG is targeted
for destruction in the proteasome (data not shown).

Proprotein Convertase Activity Facilitates �-Dystroglycan
Shedding and Modifies �-Dystroglycan Composition. We next
tested whether other proteases, in addition to MPs, participated in the
regulation of �-DG shedding. Inhibitors of cysteine and serine pro-
teases had no observable effect on �-DG shedding (data not shown).
However, an inhibitor of the PCs, CMK, produced a dramatic effect
on the levels and composition of the �-DG protein. Aside from an
unexpected shift in molecular mass (investigated below), PC inhibi-
tion produced a substantial increase in �-DG levels (Fig. 2A) and a
noticeable increase in the �-BG/�-DG ratio in all of the cell lines in
which �-DG was detectable (Fig. 2B). In EpRas and T47D cells,
cleavage of �-DG was only partially inhibited in the presence of
CMK.

Surprisingly, not only were �-DG levels augmented by the inhibi-
tion of convertase activity, but the molecular mass of the �-DG
molecule was also increased by approximately 40 kDa in all four cell
lines (Fig. 2A). This upward shift in the molecular mass of �-DG was
not caused by preventing cleavage of the full-length DG polypeptide
into the � and � subunits because anti-�-DG antibodies did not detect
the higher molecular mass (�190 kDa) form of �-DG (data not
shown). In addition, there was no reduction in the levels of 43-kDa
�-DG, despite the fact that the 150-kDa �-DG band completely
disappeared in the cells treated with convertase inhibitor. We con-
cluded, therefore, that convertase activity leads to posttranslational
processing of �-DG through direct cleavage of �-DG into two mol-
ecules.

The two convertase cleavage products could both remain attached
to the cell surface through noncovalent interactions, or one could be
released as a soluble molecule. Lacking antibodies directed to both
peptides, we resorted to a method of DG polypeptide detection that
was independent of domain-specific antibodies. Extracellular proteins
were labeled in living cells using cell surface biotinylation, and the
DG complex present at the cell surface was then isolated by coim-
munoprecipitation using the COOH-terminal �-DG antibody. Immu-
noprecipitated cell surface proteins were then detected using strepta-
vidin-HRP. If both cleavage products remained firmly attached to
�-DG, then both could be coprecipitated by this method and detected
by streptavidin-HRP. Immunoprecipitation of the DG complex from
EpH4 cells revealed a strong �-DG band at 43 kDa and a broad
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secondary band at 150 kDa, corresponding to the molecular mass of
�-DG, and a minor band was also observed at �38 kDa (Fig. 2C).
Immunoprecipitation of the DG complex from cells treated with the
convertase inhibitor revealed a complete upward shift in the molecular
mass of the 150-kDa band to about 190 kDa (Fig. 2C), matching the
shift in �-DG detected when the IIH6 antibody was used (Fig. 2A).
The inhibitor treatment did not alter the intensity of the 43-kDa �-DG
band or alter the band at 38 kDa. Therefore, the second cleavage
product (estimated at �40 kDa) was not evident in these immuno-
precipitations. Reprobing the same blot (after stripping the streptavi-
din-HRP) with the IIH6 (anti-�-DG) antibody detected the 150- and
190-kDa bands (Fig. 2C). This result confirmed the coprecipitation of
�-DG using the �-DG antibody, as expected, because the �-DG
COOH-terminal domain directly associates with the �-DG NH2-
terminal domain (26). Therefore, we concluded that the �40-kDa
cleavage product, absent from the immunoprecipitations, comprises
the NH2-terminal portion of �-DG. Because the cleavage of �-DG by
convertase activity was evident in all cell lines tested, this newly
generated NH2-terminal fragment represents a common and distinct
molecule, and we refer to it here as “CN-DG” for cleaved NH2-
terminal �-DG.

The PCs might cleave DG within the Golgi and could affect
transport to the cell surface. However, immunofluorescence staining
of �-DG in EpH4 cells showed that �-DG stained prominently on the
cell surface, with or without treatment with the convertase inhibitor
CMK (Fig. 2D), indicating that lack of cleavage had no effect on
transport of the DG molecule.

Furin Mediates Direct Cleavage of �-Dystroglycan. PCs are a
family of more than six endopeptidases known to proteolytically
activate a large number of proprotein substrates (27). In contrast to
most PCs, which are expressed in a tissue-specific manner (28, 29),
the PC furin is expressed in almost all tissues of the body. To ascertain
whether furin could act directly on �-DG and to confirm that it did not
act indirectly through a signaling cascade, we treated �-DG in vitro
with purified furin to test for �-DG cleavage. For this experiment, we
treated the EpH4 cells with or without CMK for 2 days and then
biotinylated the cell surface proteins. Subsequently, full-length �- and

�-DG were immunoprecipitated using the anti-�-DG antibody and
detected by streptavidin-HRP. Incubation of full-length �-DG with
purified furin resulted in a reduction in the molecular mass of �-DG
back to the original mass of 150 kDa and the creation of a new band
at �37 kDa that likely corresponds to the CN-DG molecule (Fig. 3A).
Again, the immunoprecipitated �-DG was also detected using the
IIH6 antibody on the same blot, after stripping of the streptavidin-
HRP (Fig. 3B). Laminin overlay of the same membrane confirmed
that the 150-kDa form of �-DG possessed the laminin-binding site
(Fig. 3B). Probing of crude cell extracts (Fig. 3B) demonstrated the
specificity the laminin overlay method. Therefore, both the laminin
and IIH6 binding domains resided between this furin cleavage site,
which defines the NH2 terminus of �-DG, and the COOH terminus,
which binds to �-DG.

Determination of the cleavage site in �-DG by direct peptide
analysis of the �-DG NH2 terminus has not yet been successful,
apparently due to blockage of the NH2 terminus. PCs cleave their
substrates at the optimal consensus sequence of R-X-K/R-R2 [where
X is any amino acid, and2 denotes the cleavage site (27)]. Survey of
the �-DG peptide sequence identified only one optimal cleavage site
(R-V-R-R) at amino acid 312, as shown in Fig. 3B, and this site is
conserved from human to Xenopus laevis. Cleavage of �-DG at this
site would remove a 312-amino acid–long polypeptide comprising the
entire NH2-terminal globular domain (Fig. 3C) and could account for
the �40-kDa loss in mass by the action of PCs.

Furin Cleavage in Living Cells. To determine whether the en-
zyme furin was indeed responsible for this cleavage in living cells, we
obtained the invasive colon carcinoma cell line LoVo; this cell line is
commonly used to assess furin functions because it lacks furin activity
due to point mutations in both alleles (30). In addition, we obtained
two independent clones of LoVo cells transfected with wild-type furin
cDNA and designated LoVo-fur1 and LoVo-fur2 (25). To detect
�-DG in LoVo cells without relying on epitope-specific antibodies,
we chose to immunoprecipitate the DG complex from these cells after
protein labeling by cell surface biotinylation, as described above (see
Figs. 2C and 3A). Detection of the immunoprecipitated proteins in
LoVo cells revealed the �-DG band at 43 kDa and a strong, broad

Fig. 2. Evidence for PC-dependent cleavage of
�-DG. A, effect of the PC inhibitor on the levels of
�- and �-DG in normal mammary epithelial cells
and breast tumor cell lines. Cells were cultured in
serum-free medium for 2 days with or without the
PC inhibitor CMK, and then total cellular proteins
were extracted and subjected to immunoblot anal-
ysis of �-and �-DG. To eliminate potential errors in
protein loading, �- and �-DG were analyzed from
the same transfer membranes, which were cut
above the 50-kDa band, and the upper half was
probed with anti-�-DG antibody, and the lower half
was probed with anti-�-DG antibody. B, �-DG/
�-DG ratio levels in Fig. 2A. Intensities of bands
were quantified, and the �-DG/�-DG ratio was
calculated. The �-DG/�-DG ratio of untreated cells
was set at 100%, and that of CMK treated cells was
calculated as the percentage increase from the con-
trol. C, immunoprecipitation of �-DG-associated
proteins in EpH4 cells. Cells were cultured in the
presence or absence of CMK for 2 days, and then
cell surface proteins were labeled with biotin. Pro-
teins of the DG complex were immunoprecipitated
using an anti-�-DG antibody and detected by either
streptavidin-HRP binding to detect biotin-labeled
cell surface proteins or immunoblotting with IIH6
antibody to detect �-DG. Immunoprecipitations
lacking the primary antibody were used to control
for nonspecific binding. D, localization of �-DG in
the absence of PC-dependent cleavage. EpH4 cells
were cultured for 2 days in the presence or absence
of CMK and subjected to immunofluorescence
staining to detect �-DG localization (bar, 20 �m).
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band corresponding to �-DG at a molecular mass of 150 kDa (Fig.
4A). Significantly, in the LoVo cells expressing furin, the molecular
mass of �-DG was reduced to slightly above 100 kDa (Fig. 4A). We
confirmed that furin cleavage caused this reduction in the molecular
mass by inhibiting this cleavage using the PC inhibitor CMK in
furin-transfected LoVo cells, restoring the 150-kDa �-DG band seen
in the parental LoVo cells (Fig. 4B).

The results in Fig. 4B indicate that LoVo cells expressed the
full-length �-DG peptide; the �-DG COOH terminus was present and
associated with the �-DG subunit, as evidenced by coimmunoprecipi-
tation, and LoVo cells expressing furin possessed the NH2 terminus of
�-DG defined by the furin cleavage site. However, in LoVo cells
expressing furin, �-DG migrated at little more than 100 kDa, approx-
imately 50 kDa smaller than the �-DG detected in other cells lines
(e.g., EpH4, BT-474, and T47D). The smaller molecular mass form of
�-DG observed in LoVo cells could be explained by hypoglycosyla-
tion of �-DG. Indeed, immunoblots for �- and �-DG expression
showed that the form of �-DG expressed in LoVo cells was not
detected by the IIH6 anti-�-DG monoclonal antibody or by laminin
overlay (Fig. 4C; data not shown), both of which depend on proper
glycosylation for epitope binding (15, 16).

Altered Glycosylation Is the Primary Cause of Loss of Dystro-
glycan Function in Invasive Carcinoma Cells. The lack of �-DG
detection in LoVo cells by the IIH6 antibody and laminin was remi-
niscent of results obtained in other invasive carcinoma cell lines (ref.
9; Fig. 1). Therefore, we hypothesized that hypoglycosylation ex-
plained the absence of �-DG detection in invasive carcinoma cells
such as MDA-MB-468 and MDA-MB-231 breast carcinoma cells. To
test this hypothesis, the DG complex was immunoprecipitated from
MDA-MB-468 and MDAMB-231 cells after cell surface biotinyla-
tion. Immunoprecipitations from these cells revealed the presence of
a 43-kDa �-DG and a broad band corresponding to �-DG in both cell

lines (Fig. 5A). MDA-MB-468 and MDA-MB-231 cells both possess
�-DG bands with a molecular mass of �110 and 100 kDa, respec-
tively, which was distinct from that of cells expressing functionally
normal �-DG (e.g., EpH4) but similar to that of LoVo cells expressing
furin (Fig. 5A). Treatment of these cell lines with the CMK produced
the expected increase in the molecular mass of �-DG (Fig. 5A);
therefore, the NH2 terminus of these proteins was defined by the furin
cleavage site. Treatment of these cells with the MP inhibitor BB-2516
enhanced the levels of the 100–110-kDa bands (data not shown),
indicating that MP-induced shedding of �-DG occurs in these cells, as
it does in others (see Fig. 1B), yet MP inhibitors did not alter the
molecular mass of the �-DG or restore �-DG detection by the IIH6
antibody (Fig. 1B). To directly test for laminin-1 binding in these
carcinoma cells, we performed laminin overlay assays, using purified
laminin-1. In contrast to normal cells, MDA-MB-468 and MDA-MB-
231 cells did not bind laminin-1, demonstrating a loss of receptor
function (Fig. 5B). Treatment of these cells with CMK or MP inhib-
itors did not recover laminin-1 binding activity (Fig. 5B; data not
shown). Therefore, it was evident that �-DG is present in invasive
breast carcinoma cells with the polypeptide sequence extending from
the NH2 terminus, defined by the furin cleavage site, to the COOH
terminus. However, the fully processed �-DG protein is displayed at
a smaller molecular mass due to hypoglycosylation, which also causes
a loss of the IIH6 binding epitope and laminin binding.

DISCUSSION

The results presented here reveal several novel events of posttrans-
lational processing that regulate DG function in normal epithelial cells
and carcinoma cells. The results reveal that furin directly cleaves
�-DG, changing our perception of the composition of �-DG and
uncovering potentially important aspects of function and regulation in

Fig. 3. Properties of �-DG fragments after di-
rect cleavage by fuirn. A, direct cleavage of �-DG
by furin. Full-length �- and �-DG were isolated by
cell surface biotinylation and subsequent immuno-
precipitation with �-DG antibody from EpH4 cells
treated without (Lane 1) or with CMK (Lanes 2
and 3). The precipitated DG complex was then
incubated with purified furin for 2 hours in the
absence of furin inhibitor CMK (Lane 3). �-DG
was detected by immunoblot using streptavidin-
HRP. B, assays of IIH6 antibody and laminin bind-
ing to �-DG after furin cleavage. Full-length �-
and �-DG were isolated by immunoprecipitation
with �-DG antibody from EpH4 cells treated with-
out (Lane 1) or with CMK (Lanes 2 and 3). The
precipitated DG complex was then incubated with
purified furin for 2 hours in the absence of furin
inhibitor CMK (Lane 3). Total cell extracts of
EpH4 cells treated without (Lane 4) and with CMK
(Lane 5) were included to demonstrate the speci-
ficity of the laminin binding assay. C, complete
amino acid sequence of human �-DG protein
showing the location of potential PC cleavage
sites. The one optimal cleavage site at amino acid
312 is underlined and bold, whereas minimal sites
are underlined. The diagram on the right shows the
dumbbell-shaped �-DG molecule along with the
location of the optimal PC cleavage site right after
the end of the NH2-terminal globular domain.
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the DG molecule. We provide insights into the mechanism of �-DG
shedding through the action of proteases, demonstrating new roles for
MPs and furin. Importantly, we show that altered glycosylation is the
primary cause for deficiencies in �-DG that occur in invasive cancer
cells, revealing novel molecular defects that accompany cancer pro-
gression.

Direct Processing of Dystroglycan by Furin. One of the most
surprising observations presented here is the previously unrecognized
fact that �-DG can be processed by the PC furin into two molecules.
PCs are known to activate molecules through removal of a propeptide
(27). Observing such a cleavage in DG suggests that DG function too
is altered or regulated through removal of an NH2-terminal peptide.

Cleavage of �-DG by furin creates distinct molecules, warranting
distinct names to designate them. The major fragment (�150 kDa in
EpH4 cells) associates with �-DG, as determined by coimmunopre-
cipitation, and retains the laminin-binding epitope, as determined by
laminin overlay (ref. 9; Fig. 5B). Therefore, the 150-kDa molecule
corresponds to the mucin-like domain and a COOH-terminal globular
domain, where the associations with laminin and �-DG, respectively,
have been mapped (16, 26). This molecule is also detected by the IIH6
and VIA4 antibodies (9, 20), which have been widely used to define
�-DG expression and localization. For this reason, we propose that the
150-kDa molecule retain the designation �-DG. We now designate as
CN-DG (for cleaved NH2-terminal �-DG) the 37-kDa cleavage prod-
uct that corresponds to what was previously considered the NH2-
terminal portion of �-DG.

Although not directly confirmed by protein sequence analysis, all
evidence indicates that the furin cleavage site occurs at amino acid
312. Only this one site in the �-DG amino acid sequence matches the
optimal sequence for furin cleavage (R-X-K/R-R). The observed shift
in molecular mass of about �40 kDa coincides with the estimated
mass of the 312-amino acid–long polypeptide (�34 kDa), plus added
carbohydrates. This predicted mass was even more closely approxi-
mated by the CN-DG band, which was detected at 37 kDa after in
vitro furin cleavage (Fig. 3A).

All epithelial cell lines tested, whether normal or malignant, dis-
played complete processing of �-DG by furin (with the exception of
furin-deficient LoVo cells). It remains to be determined how com-
monly this cleavage event occurs in vivo and to what extent this
cleavage regulates DG functions. Furin expression is nearly ubiqui-
tous in vivo (28), suggesting that cleavage of �-DG by furin might be
widespread.

Currently, the functional significance of this furin-mediated cleav-
age is unknown. The cleaved �-DG, like the full-length �-DG, retains
the ability to interact with laminin, as shown by laminin overlay (Figs.
3 and 5). The NH2-terminal globular domain of �-DG has some
homology with immunoglobulins (31) and was previously shown to
be required for binding to viruses (32). Therefore cleavage of this
domain may serve as a defense against infections. Of particular
interest is the question of whether CN-DG remains associated with
�-DG or is released as a soluble molecule. At present, immunopre-
cipitations of the DG complex from EpH4 cells, LoVo cells, and
breast tumor cell lines (Figs. 2–5) have not detected evidence of
CN-DG association at the cell surface. The fate of CN-DG in vivo is
not known, but, intriguingly, if CN-DG is secreted, then it may
possess unique functions that have yet to be explored.

Factors Involved in �-Dystroglycan Shedding. Our results have
confirmed reports that �-DG cleavage at the cell surface is blocked by
MP inhibitors (22). However, contrary to previous conclusions, we
find that cleavage of �-DG is not the primary mechanism for loss of
�-DG because MP inhibitors increase the overall �-DG/�-DG ratio
and increase the levels of �-DG even in cells in which �-DG cleavage
is not evident (EpH4 and BT-474 cells). Therefore, release of �-DG
from the cell surface is clearly independent of �-DG cleavage. Shed-
ding of �-DG could occur through cleavage of �-DG itself or through
cleavage of some associated protein in the DG complex. However, in
the cells tested here, we observed no reduction in the molecular mass
of shed �-DG, implying that �-DG shedding might be a secondary
event subsequent to the cleavage of an associated protein. In support
of this model, the loss of �-sarcoglycan or �-sarcoglycan, both of
which are DG-associated molecules, is known to destabilize �-DG
attachment to the cell surface in muscle cells (33, 34). Although most
DG-associated proteins have not yet been observed in epithelial cells
(35), immunoprecipitations of the DG complex did reveal a band at 38
kDa (Figs. 2 and 3), suggesting their presence. However, the 38-kDa

Fig. 4. Detection of dystroglycan isoforms in LoVo cells. A, immunoprecipitation of
the DG complex from LoVo cells and furin-transfected derivatives. Cell surface proteins
were labeled with biotin. Proteins of the DG complex were immunoprecipitated using an
anti-�-DG antibody and detected by streptavidin-HRP binding to detect biotin-labeled cell
surface proteins. Immunoprecipitations lacking the primary antibody were used to control
for nonspecific binding. B, immunoprecipitation of the DG complex from LoVo cells and
furin-transfected derivatives in the presence of the furin inhibitor CMK. Cells were
cultured in the presence or absence of CMK for 2 days. Cell surface proteins were labeled
with biotin. Proteins of the DG complex were immunoprecipitated using an anti-�-DG
antibody and detected by streptavidin-HRP binding to detect biotin-labeled cell surface
proteins. C, immunoblot analysis of total cellular extracts from LoVo cells and furin-
transfected derivatives (LoVo-fur1 and LoVo-fur2) together with T47D cell extract as a
positive control for �-and �-DG detection. Cells were grown in the presence of serum,
equal amounts of proteins were loaded in each lane, and the transfer membrane was cut,
as described in the text, to detect �- and �-DG separately, from the same membrane.
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protein band has not been observed to change in the presence of
protease inhibitors, and the precise mechanism of �-DG shedding
remains obscure.

Inhibition of PCs also blocked �-DG shedding, as revealed by the
marked increase in �-DG/�-DG ratio in all cell lines tested. The
mechanism for this is unknown, but it may result from furin-depend-
ent activation of the MP(s) responsible for �-DG shedding. Alterna-
tively, the processing of �-DG by furin may render �-DG more
susceptible to shedding through another mechanism. Significantly,
both MPs and furin have been implicated in cancer progression (36,
37), and their ability to induce �-DG shedding may contribute to their
cancer-promoting properties.

Of course, it remains to be determined how commonly �-DG
shedding occurs in vivo and to what extent this shedding regulates DG
functions. The significance of �-DG cleavage is also in question. It is

possible that cleavage of �-DG is secondary to �-DG shedding, in
which release of �-DG from the cell surface exposes the 43-kDa
�-DG to cleavage by MPs and its subsequent degradation. It appears
that cleavage of �-DG directs the 31-kDa form to the proteasome for
degradation, suggesting this cleavage is a signal for turnover of the
protein.

Loss of �-Dystroglycan in Invasive Carcinoma Cells. Several
reports have shown that DG function is frequently compromised in
carcinoma cells, including cells from breast and colon cancers (9, 20,
21). However, none of the studies have revealed the mechanism for
this DG deficiency, except for the suggestion that �-DG cleavage
leads to loss of �-DG from the cell surface. Here we show clear
evidence that although it appears that �-DG can be shed from the
surface of all cells, altered glycosylation is the primary cause for loss
of �-DG detection and loss of �-DG binding to ECM molecules in

Fig. 6. Hypothetical model of the processing events modulating �-DG function. In normal cells and noninvasive carcinoma cells, the glycosylation of �-DG takes place in the Golgi,
creating a functional laminin-binding epitope. In addition, furin cleaves �-DG to release the CN-DG molecule. The mature �-DG/�-DG dimer assembles with unknown DG-associated
molecules (green oval molecule) in the membrane. At the cell surface, MP-dependent cleavage of a DG-associated protein(s) leads to dissociation of the dystroglycan complex, resulting
in the shedding of �-DG from the cell surface. This in turn renders the 43-kDa �-DG molecule susceptible to MP-dependent cleavage to form a 31-kDa variant that is internalized and
degraded through the proteasome pathway. These same events occur in invasive carcinoma cells, except that initial glycosylation steps are defective, resulting in a completely
nonfunctional �-DG (i.e., one that is unable to bind to basement membrane components).

Fig. 5. Altered processing of �-DG and loss of
DG function in invasive breast cancer cell lines. A,
immunoprecipitation of the DG complex from
EpH4, MDA-MB-231, and MDA-MB-468 cells
revealed bands corresponding to �-DG at 150 kDa
in normal cells and 100 kDa in carcinoma cells.
The bands were shifted upward to about 150 kDa
in the invasive carcinoma cells after treatment with
CMK for 2 days. B, laminin binding in carcinoma
cells. Proteins from A were assayed for laminin
binding by laminin overlay. Laminin binding was
detected in EpH4 control cells, but not in MDA-
MB-231 and MDA-MB-468 cells, with or without
treatment with the PC inhibitor CMK.
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invasive carcinoma cells. Immunoprecipitations of the DG complex
revealed an abnormally small (�100–110-kDa) form of �-DG in
invasive carcinoma cell lines (MDA-MB-231, MDA-MB-468, and
LoVo cells expressing furin), despite the fact that they express a
polypeptide with the NH2 terminus defined by the furin cleavage site.
This form was not detected by the carbohydrate-dependent IIH6
antibody or by laminin overlay, demonstrating altered glycosylation
and loss of receptor function. MP and PC inhibitors failed to restore
�-DG detection using the IIH6 antibody or to restore laminin binding
in these cells. Altered glycosylation explains all of these observations
and explains why overexpression of DG cDNA failed to enhance
�-DG detection or function in the same breast cancer cell lines (9).
There are a growing number of reports on the role of altered glyco-
sylation of �-DG in diseases, including muscular dystrophies and
neurodegenerative diseases (13, 17). To our knowledge, this is the
first report showing that altered �-DG glycosylation contributes to the
functional modulation of DG in cancer cells, possibly adding invasive
cancer to the list of “dystroglycanopathies” (13).

Our results provide a new schematic for the modulation of DG in
normal and carcinoma cells and point to several mechanisms for the
regulation of DG that can be exploited to enhance or restore DG
function. We provide a working model of these events in Fig. 6.
Although results in this study have been limited to epithelial cells, it
is possible that MPs and/or PCs also promote the loss of �-DG in
some muscular dystrophies. It will now be important to determine the
precise cause of �-DG shedding, the nature of carbohydrate alter-
ations in cancer cells, and what factors regulate these events. Under-
standing the regulation of DG is critical to discern mechanisms of
normal development and disease progression and may aid in the
discovery of new therapies for many diseases including muscular
dystrophies and cancer.
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