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The interaction between epithelial cells and the extracellu-
lar matrix is crucial for tissue architecture and function and is
compromised during cancer progression. Dystroglycan is a
membrane receptor that mediates interactions between cells
and basement membranes in various epithelia. In many epi-
thelium-derived cancers, B-dystroglycan is expressed, but
a-dystroglycan is not detected. Here we report that a-dystro-
glycan is correctly expressed and trafficked to the cell mem-
brane but lacks laminin binding as a result of the silencing of
the like-acetylglucosaminyltransferase (LARGE) gene in a
cohort of highly metastatic epithelial cell lines derived from
breast, cervical, and lung cancers. Exogenous expression of
LARGE in these cancer cells restores the normal glycosyla-
tion and laminin binding of a-dystroglycan, leading to
enhanced cell adhesion and reduced cell migration in vitro.
Our findings demonstrate that LARGE repression is respon-
sible for the defects in dystroglycan-mediated cell adhesion
that are observed in epithelium-derived cancer cells and
point to a defect of dystroglycan glycosylation as a factor in
cancer progression.

Normal epithelial cells are tightly associated with one
another and with the underlying basement membrane to main-
tain tissue architecture and function. During cancer progres-
sion, primitive cancer cells escape from this control by modify-
ing the binding affinities of their cell membrane receptors.
Several receptors have been described as important for this
process. Of these, the integrins are the best studied (1). The
receptor dystroglycan has been reported to be required for the
development and maintenance of epithelial tissues (2, 3). A
direct requirement for dystroglycan in epithelia is further dem-
onstrated by the profound effect that loss of dystroglycan
expression has on cell polarity and laminin binding in cultured
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mammary epithelial cells (4, 5). However, dystroglycan is not
only important in the establishment and maintenance of epi-
thelial structure. Associations have also been made between the
loss of a-dystroglycan immunoreactivity and cancer progres-
sion in tumors of epithelial origin, including breast, colon, cer-
vix, and prostate cancers (4, 6-9). The dystroglycan loss of
function could thus serve as an effective means by which can-
cerous cells modify their adhesion to the extracellular matrix
(ECM).2

Dystroglycan is a ubiquitously expressed cell membrane
protein that plays a key function in cellular integrity, linking
the intracellular cytoskeleton to the extracellular matrix.
The dystroglycan gene encodes a preprotein that is cleaved
into two peptides (10). The C-terminal component, known
as B-dystroglycan, is embedded within the cell membrane,
whereas the N-terminal component, a-dystroglycan, is pres-
ent within the extracellular periphery but remains associated
with B-dystroglycan through non-covalent bonds. B-Dystro-
glycan binds to actin (11), dystrophin (11), utrophin (11),
and Grb2 (12) through its C-terminal intracellular domain.
a-Dystroglycan, on the other hand, binds to ECM proteins
that contain laminin globular domains including laminins
(13, 14), agrin (15), and perlecan (16), as well as to the trans-
membrane protein neurexin (17). a-Dystroglycan is exten-
sively decorated by three different types of glycan modifica-
tions: mucin type O-glycosylation, O-mannosylation, and
N-glycosylation. The state of a-dystroglycan glycosylation
has been shown to be critical for the ability of the protein to
bind to laminin globular domain-containing proteins of the
ECM (18).

Previous studies of epithelium-derived cancers (4, 9) demon-
strated that the loss of immunoreactivity of «-dystroglycan
antibodies correlates with tumor grade and poor prognosis.
This reduced detection of a-dystroglycan, however, is based on
aloss of a-dystroglycan reactivity to antibodies (known as [TH6
and VIA4-1) that recognize the laminin-binding glyco-epitope
of a-dystroglycan, i.e. the protein is only functional when it is

2 The abbreviations used are: ECM, extracellular matrix; LARGE, like-acetyl-
glucosaminyltransferase; LG, LARGE; EV, empty vector; TchA, trichosta-
tin A; 5dA, 5-aza-2’-deoxycytidine; FACS, fluorescence-activated cell
sorter; glyco-aDG, glyco-epitope of a-dystroglycan; POMT1, protein
O-mannosyltransferase 1; POMT2, protein O-mannosyltransferase 2;
POMGNT1, protein O-mannose B-1,2-acetylglucosaminyltransferase
(POMGNT1); FKRP, Fukutin-related protein.
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To investigate the molecular
mechanism responsible for the
loss of a-dystroglycan in epitheli-
um-derived cancers and its role in
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metastatic progression, we exam-
ined the expression and glycosyla-
tion status of a-dystroglycan in a
group of breast, cervical, and lung
cancer cell lines. Here we report that although a-dystrogly-
can is expressed in the metastatic cell lines MDA-MB-231,
HeLa, H1299, and H2030, it is not functionally glycosylated.
In screening these cell lines for expression of the six known
a-dystroglycan-modifying proteins, we observed that only
one, LARGE, was extensively down-regulated. We also
report that the ectopic restoration of LARGE expression in
these cell lines led not only to the production of a functional
dystroglycan but also to the reversion of certain characteris-
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tics associated with invasiveness, namely cell attachment to
ECM proteins and cell migration.

EXPERIMENTAL PROCEDURES

Full experimental procedures and any associated references
are available in the supplemental materials.

RESULTS

To characterize the mechanism that underlies the loss of
a-dystroglycan detection in epithelium-derived cancers, we
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first studied the expression and glycosylation of «- and B-dys-
troglycan in a series of model human cancer cell lines derived
from breast, lung, and cervical tissue. These include a breast
cancer cell line (MDA-MB-231), a cervical cancer cell line
(HeLa), and two lung cancer cell lines (H1299 and H2030), and
results were compared with those from a control mammary
epithelial cell line (MCF10A) and a low metastasis lung cancer
cell line (A549). MDA-MB-231, H1299, H2030, and HeLa cells
were originally isolated from human cancer biopsies (American
Type Culture Collection) and have been proven to retain their
invasive phenotype in in vitro as well as in mouse in vivo studies.
The presence and glycosylation of dystroglycan in these cells
was tested by FACS analysis, using one antibody that targets the
a-dystroglycan core irrespective of its glycosylation status
(GT20ADG). According to the FACS analysis, all of the cell lines
of this cohort expressed similar quantities of core a-dystroglycan
on the cell surface (Fig. 14), demonstrating that the cancer-asso-
ciated defect of dystroglycan was not due to an expression or traf-
ficking defect. The expression of a-dystroglycan in these cells was
confirmed by Western blotting (data not shown). We next tested
the glycosylation status of dystroglycan by FACS analysis, using
another antibody that targets the a-dystroglycan glyco-motif
required for its binding to laminin (IIH6). The results (Fig. 1A4)
show that H1299, H2030, MDA231, and HeLa cells lacked func-
tionally glycosylated dystroglycan.

To determine the consequences of this loss of functional glyco-
sylation, we assessed the interaction of these cell lines with lami-
nin-111, the main ECM ligand of dystroglycan in epithelia, by
FACS analysis. This analysis was carried out using fusion protein
alLG1-5, which contains the dystroglycan-binding domains of
laminin-111 (a1 G-like domains 1-5) fused to a Myc tag. a-Dys-
troglycan is known to bind to laminin-111 in a Ca**-dependent
fashion. Thus, to corroborate the specificity of the laminin-dystro-
glycan interaction, we incubated the cells with either Ca*>*/Mg>"
or EDTA. We observed that all the cell lines in which a-dystrogly-
can was hypoglycosylated were defective for Ca®>"-dependent
laminin-111 binding at their cell surface (Fig. 14).

To test whether any of the known dystroglycan modifiers
(POMT1, POMT2, POMGnT1, Fukutin, FKRP, or LARGE) were
defective in any of the cancer cell lines under study, we performed
a complementation assay based on the FACS assays. To this end,
we inserted the human cDNAs corresponding to each gene into
adenoviral plasmids that also express green fluorescent protein (to
control for infection). The only gene found to rescue MDA-MB-
231 IIH6 staining on FACS scans was LARGE, indicating that a
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deficiency in this gene alone underlies the defect in dystroglycan
glycosylation (Fig. 1B). This is not the result of coding sequence
mutations, as sequence analysis revealed that LARGE and all the
other known and putative glycosyltransferases that modify dystro-
glycan were found to be normal in MDA-MB-231 cells. Although
several sequence variations relative to the deposited reference cod-
ing sequences were identified, subsequent screening of publicly
available databases revealed these to be common polymorphisms
(supplemental Table 1).

To determine the exact nature of the LARGE effect in the
cancer cell lines, we evaluated the expression levels of dystro-
glycan and its modifying proteins by real-time PCR. We found
that in each of the a-dystroglycan hypoglycosylated cell lines
under study, LARGE was the only one for which we could not
detect significant levels of mRNA (Fig. 1C and supplemental
Fig. 1). Thus, hypoglycosylation of a-dystroglycan correlates
with the loss of LARGE expression in these metastatic cell lines.
We hypothesized that this down-regulation of LARGE is the
mechanism behind the loss of dystroglycan receptor function.

To test whether LARGE silencing in these cell lines is the
consequence of an epigenetic process, we treated cell cultures
with the demethylating agent 5-aza-2'-deoxycytidine (5dA),
alone and in combination with the histone deacetylase inhibitor
trichostatin A (TchA). After the combined treatment, we found
that LARGE transcription was significantly up-regulated in
each of the four cell lines that exhibits a-dystroglycan hypogly-
cosylation (Fig. 1D). These results show that the LARGE gene is
not deleted in these cells and that instead, its expression is
reversibly silenced by an epigenetic mechanism. To determine
whether the rescue of LARGE expression by this treatment is
accompanied by recovery of proper a-dystroglycan glycosyla-
tion, we repeated the treatment in cell line H2030, which
showed the highest degree of LARGE up-regulation. We used
FACS analysis to test these cells for a-dystroglycan glycosyla-
tion. Approximately 50% of the H2030 cells were positive for
the a-dystroglycan IIH6 glyco-epitope after the combined
treatment, confirming that the epigenetic down-regulation of
LARGE is functionally significant (data not shown).

To investigate the functional role of LARGE in these epithe-
lium-derived cancer cell lines, we modified each to stably
express either LG or empty vector (EV, control). Each of the
four LARGE-expressing modified cell lines showed high
expression of the transgene, at both the transcriptional and the
protein levels (data not shown). We used FACS analysis to eval-
uate whether recombinant LARGE expression restored normal

FIGURE 1. Dystroglycan glycosylation in control and metastatic cell lines derived from epithelia. A, cells in culture were detached with 10 mm EDTA and
incubated with the antibody IIH6, which recognizes a glyco-epitope of a-dystroglycan (Glyco-aDG), the antibody GT20ADG, which recognizes the a-dystroglycan core
(Core-aDG), or a laminin-derived fusion protein (a1LG1-5; detected using an anti-Myc antibody). FACS analysis of laminin staining was performed in the presence of
Ca?*/Mg?* (bluetrace) and in the presence of the cation chelator EDTA (pink trace). Fluorescent-labeled secondary antibodies were used for protein detection, and the
analysis was carried out using a FACScan flow cytometer. Gray trace, secondary antibody only. These analyses showed that all the cell lines tested express both
a-dystroglycan and B-dystroglycan at the cell surface but that the MDA-MB-231 (MDA231), H1299, H2030, and Hela cell lines are negative for the a-dystroglycan
glyco-epitope that is associated with the ability to bind laminin-111. B, MDA-MB-231 cells were infected with adenoviral vectors expressing the dystroglycan-
modifying glycosyltransferases and tested by FACS analysis for reactivity to the IIH6 antibody. LARGE was the only gene that restored IIH6 staining. Solid line, primary
and secondary antibody; broken line, secondary antibody only. C, total RNA was isolated from each of the cell lines studied, and cDNA was synthesized by random
priming. For each cell line, LARGE and 28 S RNA (normalization control) were specifically amplified, in triplicate, in the presence of SYBR green. The expression of LARGE
is shown as expression relative to that of the 28 S RNA in the same sample. Note that expression of the LARGE is virtually undetectable in the cell lines in which
a-dystroglycan is hypoglycosylated, i.e. MDA-MB-231 (MDA231), H1299, H2030, and Hela. D, effect of 5-deoxy-2'-azacytidine and TchA treatment on LARGE expres-
sionin cell lines expressing hypoglycosylated a-dystroglycan. H1299, H2030, MDA-MB-231 (MDA231), and Hel a cells were subjected to treatment, for 96 h, with 5dA,
either alone or with trichostatin A (5dA+TchA) added for the last 12 h of treatment. LARGE expression is presented as the ratio of LARGE mRNA versus 28 S RNA
expression in the control cell line MCF10A. The standard error (error bars) was calculated using the Student's test (n = 4);*, p < 0.01.
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(Matrigel) (Fig. 2D). We found that

LARGE-mediated modification of a-dystroglycan in
MDAZ231-LG cells consistently reduced the rates of cell migra-
tion through the Matrigel, which indicates that dystroglycan
glycosylation by LARGE impairs the ability of the cell to escape
from its laminin anchor and thus its ability to migrate. Finally,
we assessed the effect of LARGE expression on anchorage-in-
dependent growth (in soft agar), which correlates well with
tumorigenic potential in vivo (26). We found that LARGE re-
expression inhibited colony formation (Fig. 2E), indicating that
LARGE has an antitumorigenic function in these cells. Taken
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together, these data indicate that LARGE expression negatively
influences cancer cell phenotypes associated with aggressive
invasive and metastatic disease.

DISCUSSION

The ability of dystroglycan to bind to LG domain-containing
ECM proteins and to mediate their polymerization is highly
dependent on dystroglycan glycosylation status. The results
presented here not only provide evidence for the importance of
the functional glycosylation of dystroglycan in epithelial-de-
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rived cancers but also implicate epigenetic silencing of LARGE
as the cause of the cancer-associated loss of functional dystro-
glycan glycosylation.

We have confirmed, by independent methods, that a-dystrogly-
can is hypoglycosylated and non-functional in terms of laminin
binding in metastatic cell lines. Although dystroglycan is present at
the cell membrane in each case, defective glycosylation renders it
unable to bind to the ECM protein laminin. These a-dystroglycan
hypoglycosylated cells are not able to anchor to the basement
membrane or organize ECM polymerization as effectively as nor-
mal epithelial cells, and their integration into the epithelium is
compromised. These results demonstrate that LARGE is impor-
tant for proper a-dystroglycan functional glycosylation and,
thereby, for the ability of dystroglycan to function as an ECM
protein receptor. The fact that dystroglycan is well synthesized
and transported to the cell membrane makes it tempting to
speculate that this cancer-associated form of dystroglycan may
have a different function than the fully glycosylated one, shift-
ing its affinity from laminin to a different ECM ligand.

The LARGE locus was first described as a region prone to loss
of heterozygosity in cancer (27). We have shown that the mech-
anism governing LARGE inactivation in our cohort of epitheli-
um-derived cell lines is reversible and that it is not a result of a
chromosomal aberration. Instead, LARGE repression in our
a-dystroglycan hypoglycosylated cell cohort supports the
notion that LARGE is involved in cancer progression. Indeed,
its expression can be partially restored by treatment with drugs
that are known to force the re-expression of anti-oncogenes.
Whether this recovery is a response to a general cellular pro-
gram of gene silencing or is regulated by specific transcription
factors is now under investigation. The rescue of functional
a-dystroglycan glycosylation by LARGE in vitro and the fact
that no mutation has been found in any of the dystroglycan-
modifying genes in the MDA-MB-231 cell line support the
notion that no other gene or mechanism is involved in this
cancer-associated dystroglycan glycosylation defect. The
reversibility of LARGE repression makes it tempting to specu-
late that LARGE is expressed during certain phases of cancer
progression, for example, during the extravasation process,
when it may be necessary for the cancer cell to interact with the
vascular endothelium.

It is striking that six different known or putative glycosyltrans-
ferases (POMT1, POMT2, POMGnT1, LARGE, Fukutin, and
FKRP) have only one identified target in brain and muscle, dystro-
glycan. In epithelium, dystroglycan also seems to be the main func-
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tional target of LARGE. The main features of the phenotype
observed in our cell cohort after LARGE re-expression can be
ascribed to a-dystroglycan based on the resemblance between a
breast cancer cell line deficient for the a-dystroglycan protein (4)
and the breast cancer cell line MDA-MB-231, which is deficient
for LARGE. Also, dystroglycan knock-out mice recapitulate most
of the features shown by the LARGE-deficient mouse (28 —30).
Although other targets of LARGE have not been identified yet,
these findings indicate that a-dystroglycan is the major target of
LARGE-dependent glycosylation and that this modification
affects the maintenance of epithelia, as well as that of skeletal mus-
cle and brain.

LARGE is a putative glycosyltransferase that contains two
domains with homology to known catalytic sites, one related to
B-1,3-N-acetylglucosaminyltransferase and another to bacte-
rial glycosyltransferase (29). These two predicted catalytic
domains of LARGE contain three DXD motifs that are typically
conserved among glycosyltransferases that use nucleoside
diphosphate sugars as donors. Because mutation of each DXD
motif to NNN in human LARGE prevents the generation of
functionally modified a-dystroglycan in Chinese hamster ovary
transformant (31), it is very likely that LARGE actually acts as a
glycosyltransferase, although the biochemical activity of
LARGE has not yet been determined. This notion is supported
by the fact that LARGE mutated patients and spontaneous
myodystrophy mouse Large™ present with similar clinical
and biochemical phenotypes to patients with mutations in the
known glycosyltransferases POMT1, POMT2, and POMGnT]1.

Correct cell anchoring to the ECM is crucial to orchestrating
and maintaining cellular structure and function. In the epithelium,
these effects result from cooperation between the 81 integrins and
dystroglycan complexes (1), which connect the ECM to intracel-
lular actin and intermediate filaments and also elicit intracellular
signal transduction and differentiation (1, 4, 32). In fact, the
changes in integrins 1 and -4 and &2, -3, and -6 that have been
reported in mammary tumors and cell lines lead to a loss of polar-
ity and invasiveness, and it has been documented that integrin
misplacement can lead to the loss of polarity in epithelial cells (33).
Further studies will be needed to determine whether LARGE-me-
diated modification of a-dystroglycan has an effect on either inte-
grin-mediated ligand binding or integrin-mediated signaling.

In conclusion, we have demonstrated in a cohort of highly
metastatic epithelial cancer cell lines that epigenetic silencing
of LARGE glycosyltransferase underlies the «-dystroglycan
hypoglycosylation that renders this receptor unable to bind to

FIGURE 2. Effects of LARGE expression in cell lines expressing hypoglycosylated a-dystroglycan. A, after cancer cell lines with stable expression of
LARGE were generated, the modified cells were tested by FACS using antibody IIH6 (Glyco-aDG) and antibody GT20ADG (Core-aDG). Each cell line
expressing the empty virus (EV, red trace), was compared with its LARGE-expressing counterpart (LG, green trace). Solid line, primary and secondary
antibody; broken line, secondary antibody only. In all cases, LARGE expression restored expression of the a-dystroglycan glyco-epitope. B, cancer cell
lines that stably express LARGE were also tested by FACS analysis for the ability to bind the laminin «1-derived fusion protein a1LG1-5 in the presence
of Ca?*/Mg?™ (blue trace) or EDTA (pink trace). Gray trace, secondary antibody only. LARGE expression was found to confer the ability to bind laminin a1
to the epithelium-derived cancer cells. C, assay for adhesion of cells to laminin-111. 96-well plates were coated with laminin-111, and then MDA231 EV
(EV) and MDA231 LG (LG) cells were seeded at 1.5 X 10° cells per laminin-coated well. Cell attachment was measured by crystal violet staining 1 h later.
Attachment of MDA231 LG cells was also measured in the presence of antibody [IH6 (Glyco-aDG). The standard error (error bars) was calculated using the
Student’s test (n = 4); *, p < 0.01. D, Transwell migration of MDA231 cells through Matrigel-coated 8-um pore filters. MDA-MB-231 cells were incubated
in the upper chambers, in culture medium without fetal bovine serum, for 24 h. During this time, they migrated toward the bottom chamber, which
contained medium with 10% fetal bovine serum. Cells were counted from at least four random fields at X20 magnification. The standard error was
calculated using the Student’s test (n = 6); *, p < 0.01. E, effect of LARGE expression on anchorage-independent growth of MDA-MB-231 cells. Cells were
suspended in 0.3% agar medium and layered onto a 0.5% agar base layer (n = 3). After 28 days, colony number was assessed following crystal violet
staining. The standard error was calculated using the Student’s test (n = 3); *, p < 0.01.
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its natural ligand, laminin-111. This repression can be partially
rescued by treatment with 5dA and TchA. The consequences
and significance of this repression are demonstrated by the res-
cue of a-dystroglycan receptor function by forced expression of
LARGE. Ectopic expression of LARGE alters the cancer cell
phenotype toward one that is significantly less invasive. This
study thus demonstrates that LARGE is silenced in epithelium-
derived cancer cells. The re-expression of the LARGE gene may
thus represent a future avenue for the treatment of cancer.
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