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�-Dystroglycan (�-DG) represents a highly glycosylated cell surface
molecule that is expressed in the epithelial cell-basement mem-
brane (BM) interface and plays an essential role in epithelium
development and tissue organization. The �-DG–mediated epithe-
lial cell-BM interaction is often impaired in invasive carcinomas, yet
roles and underlying mechanisms of such an impaired interaction
in tumor progression remain unclear. We report here a suppressor
function of laminin-binding glycans on �-DG in tumor progression.
In aggressive prostate and breast carcinoma cell lines, laminin-
binding glycans are dramatically decreased, although the amount
of �-DG and �-dystroglycan is maintained. The decrease of laminin-
binding glycans and consequent increased cell migration were
associated with the decreased expression of �3-N-acetylglucosami-
nyltransferase-1 (�3GnT1). Forced expression of �3GnT1 in aggres-
sive cancer cells restored the laminin-binding glycans and de-
creased tumor formation. �3GnT1 was found to be required for
laminin-binding glycan synthesis through formation of a complex
with LARGE, thus regulating the function of LARGE. Interaction of
the laminin-binding glycans with laminin and other adhesive
molecules in BM attenuates tumor cell migratory potential by
antagonizing ERK/AKT phosphorylation induced by the compo-
nents in the ECM. These results identify a previously undescribed
role of carbohydrate-dependent cell-BM interaction in tumor sup-
pression and its control by �3GnT1 and LARGE.

glycosylation � cell adhesion � basement membrane � carcinoma

Interaction of epithelial cells with basement membrane (BM)
is mediated by cell adhesion molecules, which operate at the

interface of epithelial cell-ECM and regulate cell growth, mo-
tility, and differentiation by integrating signals from ECM or
soluble factors (1–3). One of the most important epithelial
cell-BM interactions is mediated by �-dystroglycan (�-DG) on
epithelial cells (4).

�-DG is a cell surface receptor for several major BM proteins,
including laminin, perlecan, and agrin. A laminin G-like domain
in all these glycoproteins binds to a unique glycan structure
attached to �-DG, and this interaction has been shown to be
critical in assembling BM (5, 6). This unique glycan structure is
referred to as laminin-binding glycans hereafter. �-DG is not
attached directly to the plasma membrane but is bound to it
through attachment to the transmembrane protein �-dystrogly-
can (�-DG), which binds to the cytoplasmic protein dystrophin,
which, in turn, binds to the actin cytoskeleton and many adaptor
molecules involved in cellular signaling (4, 5).

�-DG is highly glycosylated and contains both N-linked glycans
and mucin type O-glycans. The mucin type O-glycans are clustered
in a mucin-like domain at the N-terminal of mature �-DG, which
includes unique O-mannosyl glycans and sialic acid
�233Gal�134GlcNAc�132Man�13Ser/Thr (7). Defects in gly-
cosylation of the O-mannosyl glycans have been shown to cause
muscular dystrophy (8). So far, 7 glycosyltransferases or glycosyl-

transferase-like genes, including POMT1, POMT2, POMGnT1,
Fukutin, Fukutin-related protein, LARGE, and LARGE2, have
been found to be involved in �-DG functional glycosylation (4).
Among these molecules, LARGE is of particular interest because
it was shown to be functionally able to bypass the O-mannose
glycosylation defects in cells derived from patients with severe
muscular dystrophy (9, 10). LARGE was discovered as a gene
defective in meningioma (11) and was shown to be a causative gene
for muscular dystrophy (LARGEmyd) in mice (12) and in humans
(13). LARGE displays 2 distinct structural domains homologous to
UDP-glucose protein glucosyltransferase (14) and �3-N-
acetylglucosaminyltransferase 1 (�3GnT1) (11). �3GnT1 was orig-
inally identified by expression cloning as an enzyme that synthesizes
i-antigen, a linear poly-N-acetyllactosamine, on human fetal red
blood cell (15). �3GnT1 is widely distributed in various tissues and
is structurally distinct from the other members of �3GnT gene
family, and it was proposed that �3GnT1 might functionally differ
from those enzymes (16). The significance of �3GnT1 in biosyn-
thesis of laminin-binding glycans attached to �-DG has not been
investigated.

Despite the critical function of �-DG glycosylation in the
muscular system, not much is known about cancer development.
Several reports have shown that defects in �-DG are associated
with breast, colon, oral, and prostate carcinomas (17–20). How-
ever, the molecular cause for the �-DG defects found in various
carcinomas and the mechanistic link between �-DG defects and
tumor progression are not known.

In the present study, we found that �3GnT1 plays a critical role
in the synthesis of the laminin-binding glycans on �-DG by
collaboration with LARGE or LARGE2. We also showed that
reduced expression of �3GnT1 leads to diminished synthesis of
laminin-binding glycans, higher migration of cancer cells, and
increased tumor formation. Restoration of laminin-binding gly-
cans by forced expression of �3GnT1 results in reduced cell
migration, and thus a reduction in tumor formation. These
findings identified the key role of �-DG glycans and �3GnT1 in
tumor suppression.

Results and Discussion
Loss of �-DG Laminin-Binding Glycans Correlates with Malignant
Phenotype of Human Prostate and Breast Carcinoma Cells. To deter-
mine whether the loss of laminin-binding glycans or loss of �-DG
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core protein is associated with tumor progression, we examined
the expression of �-DG core protein and its glycosylation in
normal and carcinoma cell lines of human prostate and breast.
Diminished expression of laminin-binding glycans was detected
by VIA4–1 antibody for migratory and invasive carcinoma cells,
whereas only a small variation of �-DG core protein expressed
was detected by 6C1 antibody (Fig. 1A), which recognizes �-DG
core protein but has not been used previously for cancer cell
staining. Consistently, a great decrease of laminin-binding gly-
cans was detected by IIH6 antibody in human prostate carcinoma
specimens, whereas the expression of �-DG and �-DG was
unchanged and laminin expression was distributed in the ECM
of prostate tumor [supporting information (SI) Fig. S1]. Two
antibodies, IIH6 and VIA4–1, used in this study bind laminin-
binding glycans present in �-DG (21). These results suggest that
loss of laminin-binding glycans is associated with tumor progres-
sion. This finding clarifies that the decrease of �-DG in various
carcinomas shown in previous reports using only IIH6 and
VIA4–1 antibody (17–20) is mainly attributable to a specific
reduction of laminin-binding glycan formation on �-DG.

To evaluate the role of glycans attached to �-DG in tumor
progression, we used human prostate carcinoma PC3 cells, which
express varying amounts of laminin-binding glycans attached to
�-DG (Fig. 1 A). After 2 consecutive cell sortings, PC3 cells were
separated into those expressing substantial (PC3-H) and mini-
mal (PC3-L) amounts of laminin-binding glycans (Fig. 1B). Both

PC3-H and PC3-L cells expressed equivalent amounts of �-DG
core protein as assessed by 6C1 and PC3 cell markers CD44 and
CD16 (Fig. 1B). Laminin-111 bound to PC3-H but not to PC3-L,
although both cell types express comparable amounts of �6- and
�1-integrin subunits, which when associated form a major re-
ceptor for laminin-111 (Fig. 1B). �-DG from PC3-H cells
displayed a broad high molecular weight band that binds to IIH6
and laminin, whereas �-DG from PC3-L had a narrow molecular
weight distribution and failed to bind to either IIH6 or laminin
(Fig. S2 A). PC3-H and PC3-L express, on the other hand, almost
identical carbohydrate backbone structures, because no differ-
ence was observed on the staining with various lectins and
antibody against heparan sulfate (Fig. S2B). These results indi-
cate that PC3-H and PC3-L cells distinctly differ in the expres-
sion of laminin-binding glycans attached to �-DG.

Strikingly, PC3-H cells produced much smaller tumors after
being inoculated in the orthotopic prostate of SCID mice and
less metastasis to the draining lymph nodes and liver compared
with PC3-L and the parental PC3 cells (Fig. 1C). Combined,
these results indicate that the amount of laminin-binding glycans
is inversely correlated to the progression of prostate carcinoma.

Expression of �3GnT1 Directs the Synthesis of Laminin-Binding Gly-
cans and Suppresses Tumor Formation. The previously discussed
results suggested that glycosyltransferases(s) responsible for the
glycan formation may be deficient in PC3-L cells. Unexpectedly,
the transcripts for �3GnT1, a glycosyltransferase having partial
homology to LARGE, were not detected in PC3-L cells but were
expressed in parental PC3 and PC3-H cells, whereas no differ-
ence was detected for �-DG and all the other enzymes putatively
involved in laminin-binding glycan formation (Fig. 2A). This
finding prompted us to study the role of �3GnT1 in the
biosynthesis of laminin-binding glycans. Surprisingly, transfec-
tion with �3GnT1 but not with LARGE cDNA restored expres-
sion of IIH6- and VIA4–1–positive laminin-binding glycans at
the cell surface of transfected PC3-L cells and the capacity for
laminin binding (Fig. 2 B–D and Fig. S2C). The results indicated
that expression of LARGE alone is insufficient to form the
laminin-binding glycans in the absence of �3GnT1. Transfection
with �3GnT1 cDNA significantly reduced the invasion potential
of PC3-L cells (Fig. 2E) and suppressed the tumor formation in
prostates (Fig. 2F). Combined, these results indicated that
�3GnT1 is required for the expression of laminin-binding gly-
cans, thus suppressing tumor formation.

�3GnT1 Associates with LARGE Directing �-DG Functional Glycosyla-
tion. Despite the fact that �3GnT1 is known to have homology
with the second catalytic domain of LARGE, no information
was available before this study about the involvement of �3GnT1
in the glycosylation of �-DG. In support of the previously
discussed findings, siRNA-mediated knockdown of �3GnT1 in
PC3-H cells resulted in substantially decreased laminin-binding
glycans on �-DG (Fig. 3A and B). This effect was not attributable
to nonspecific knockdown of LARGE or LARGE2 as judged
from quantitative RT-PCR (Fig. S3A). Knockdown of LARGE,
POMT1, or �-DG by siRNA decreased the laminin-binding
glycans on �-DG (Fig. S3B). Importantly, knockdown of
�3GnT1 by siRNA also reduced the laminin-binding glycan
formation induced by overexpression of LARGE (Fig. 3C) or
LARGE2 (Fig. S3C) in HEK293 cells, indicating that overex-
pressed LARGE or LARGE2 requires endogenous �3GnT1 to
function. Expression of �3GnT1 alone in CHO cells barely
increased laminin-binding glycans; however, expression of
LARGE alone increased laminin-binding glycans, presumably
through collaborating with endogenous �3GnT1 in CHO cells
(Fig. S3D). Moreover, increased expression of �3GnT1 substan-
tially augmented the LARGE-mediated formation of �-DG
laminin-binding glycans (Fig. S3E). By contrast, increased ex-
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Fig. 1. Reverse association of laminin-binding glycan expression with ma-
lignancy of human prostate and breast carcinoma cells. (A) FACS analysis
showed that invasive human prostate (DU-145, LNCaP, and PC-3) and breast
(MCF7, MDA-MB-231, and MDA-MB-435) carcinoma cells showed reduced
expression of laminin-binding glycans on �-DG compared with noninvasive
human prostate cells (PWR-1E) and breast carcinoma (T47D) cells. �-DG pro-
tein and laminin-binding glycans were detected by 6C1 and VIA4–1 antibod-
ies, respectively. (B) FACS analysis of expression of laminin-binding glycans
(VIA4–1 and IIH6), �-DG core protein (6C1), CD44 and CD16, and �6- and
�1-integrins of 2 subpopulations of PC3 cells. Laminin-111 binding to the cells
was examined by immunofluorescence staining. (C) Tumor formation by
subpopulations of PC3 cells in the orthotopic prostate. The weight of the
prostate and regional lymph nodes and the tumor colony in the liver were
examined 7 weeks after the inoculation of PC3 cells into the prostate of SCID
mice. Representative primary tumors are shown on the left. (Scale bar: 1 cm.)
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pression of �3GnT2, which is another �3-N-acetylglucosaminyl-
transferase not related to �3GnT1 (22, 23), had no such effect
(Fig. S3E), despite the fact that �3GnT1, LARGE, and �3GnT2
can all facilitate the formation of i-antigen (Fig. S3F). When
�3GnT1 and LARGE or LARGE2 were coexpressed, �3GnT1
and LARGE or LARGE2 were coimmunoprecipitated (Fig. 3 D,
E, F and G and Fig. S3G). This association can take place only
when �3GnT1 and LARGE or LARGE2 are expressed in the
same cells, because mixing both proteins did not form any
complexes [Fig. 3 F and G, Right (far lanes) and Fig. S3G]. The
association was not detected with �3GnT2 (Fig. 3 F and G).
Together, these results indicate that �3GnT1 is a regulator for
LARGE or LARGE2 by forming a complex and is required for
formation of laminin-binding glycans on �-DG.

Immunofluorescent examination showed colocalization of
intact �3GnT1, LARGE and GMP130 in the Golgi apparatus
(Fig. S4B and Fig. S4C). Mutation of the DXD motif (24) (Fig.
S4A) abolished the activities of both enzymes in the formation
of laminin-binding glycans (Fig. S4D) and i-antigen (Fig. S3F)
and resulted in mislocalization of the mutated enzyme (Fig.
S4E). Apparently, �3GnT1 does not function as a chaperone,
because �3GnT1 and LARGE independently migrate to the
Golgi apparatus, in contrast to Cosmc, which functions as a
chaperone for core 1-forming enzyme (25).

Laminin-binding glycans, formed by �3GnT1 and LARGE
together, are unique, structurally differ from i-antigen and linear
poly-N-acetyllactosamine, and they mostly reside in locations
other than N-glycans and sulfated glycans, because treatment
with endo-�-galactosidase endo-F and sodium chlorate yielded
no decrease in binding of laminin to �-DG (Fig. S4F). The
majority, if not all, of laminin-binding glycans are located on
�-mannosyl oligosaccharides, because knockdown of POMT1
significantly reduced the expression levels of laminin-binding
glycans (Fig. S3B). Consistent with this observation, Lec15 cells
that express little dolichol mannose-phosphate, which is required
for POMT1 function, displayed a decreased amount of the
glycans (14), which can be restored by transfection of DPM2
cDNA (Fig. S4G), and POMT1-deficient mice had no laminin-
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Fig. 2. Expression of �3GnT1 directs the formation of the key laminin-
binding glycans and suppresses tumor formation. (A) RT-PCR analysis of
various transcripts encoding proteins implicated in the synthesis of �-DG and
its functional glycosylation. (B) �3GnT1 but not LARGE expression restores
laminin-binding glycans in PC3-L cells, as detected by IIH6. (C) Analysis of the
expression of laminin-binding glycans (VIA4-1 in green) and �-DG (6C1 in blue)
in PC3-L cells stably expressing �3GnT1 (PC3-L/�3GnT1) and mock-transfected
PC3-L cells. Red is control. (D) Immunofluorescent detection of soluble lami-
nin-111 binding to the stable transfectants. (E) Invasion assay of PC3-L/�3GnT1
and PC3-L/Mock using a transwell. The invaded cells were stained with crystal
violet and counted. Small dots are pores on the membrane. (Scale bar: 200
�m.) (F) Primary tumors formed by PC3-L/Mock and PC3-L/�3GnT1 in orthotopic
SCID mouse prostates 4 weeks after inoculation of the cells. (Scale bar: 1 cm.)
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binding glycans and died before birth (26). Further studies are
necessary to elucidate the structure of the laminin-binding glycans.

Glycosylated �-DG Suppresses ECM-Induced Carcinoma Cell Locomo-
tion Through Attenuating Integrin-Dependent Signaling Pathways.
Tumors derived from PC3-H and PC3-L cells showed similar
expression patterns for Ki-67, a proliferation marker; for p63, a
prostate basal cell marker that is absent in carcinoma cells (27); and
for laminin enriched in the BM of normal glands (Fig. S5A).
Tumors derived from PC3-H cells contain greater amounts of
IIH6-positive glycans than those derived from PC3-L cells, although
both �-DG and �-DG expression levels were similar in the 2 tumors
(Fig. S5B). Similarly, PC3-H and PC3-L cells exhibited almost
identical growth in anchorage-dependent and anchorage-
independent conditions (Fig. S5 C and D). These results showed
that PC3-H and PC3-L proliferate at a similar rate.

Using a Boyden chamber assay, PC3-H cells were much less
invasive and the decreased invasion was significantly reversed by
pretreatment with IIH6 antibody, which blocks laminin binding
to �-DG glycans (21), whereas the invasion by PC3-L cells was
not attenuated by this treatment (Fig. 4A). In addition, PC3-H
cells migrated much slower than PC3-L cells in a wound-healing
assay (Fig. S5E). These results strengthen our finding that
decreased expression of �-DG laminin-binding glycans corre-
lates with higher invasive and migratory potential of carcinoma
cells.

A cell adhesion assay revealed that PC3-L and PC3-H exhibit
comparable adhesion toward laminin-111 or type IV collagen-
coated dishes (Fig. S6A). Both cell types also express almost
equal amounts of transcripts for matrix metalloproteinase
(MMP)-2 and MMP-9, 2 MMPs implicated in tumor invasion
(Fig. S6B) (28). We thus reasoned that their distinct invasion
capacity is likely related to their migratory activity. Indeed

PC3-H cells migrated much slower than PC3-L cells on both
laminin-111 and fibronectin, the major ECM motility factors in
BM and stroma, respectively (Fig. 4B). Pretreatment with IIH6
antibody, which blocks laminin-111 binding to �-DG, increased
PC3-H cell migration on laminin-111 but not on fibronectin,
whereas such treatment had no effect for the migration of
PC3-L. Moreover, migration of both cell types was completely
inhibited by anti-�1 integrin antibody, and this inhibition was not
reversed by IIH6 antibody (Fig. 4B). Conversely, down-
regulation of laminin-binding glycans by siRNA-mediated
knockdown of �-DG, POMT1, �3GnT1, or LARGE increased
the migration of PC3-H cells on laminin-111 and fibronectin
(Fig. 4C). These results demonstrated antimigratory activity of
laminin-binding glycans attached to �-DG. While we were
preparing our article, a report appeared showing that down-
regulation of LARGE resulted in higher migration of carcinoma
cells (29).

Integrins are known to mediate ECM-induced cell motility
through activating Ras/MAPK and FAK-AKT signaling path-
ways (30), and �-DG binds to multiple adaptor molecules
involved in �1 integrin-mediated signaling (31, 32). We thus
examined phosphorylation of ERK and AKT in PC3-H cells
treated with or without siRNA against �-DG, POMT1, �3GnT1,
and LARGE. The amount of LARGE2 is minimal compared
with the amount of LARGE in PC3H cells (Fig. S3A); thus, the
role of LARGE2 was not evaluated. Individual down-regulation
of �-DG, POMT1, �3GnT1, or LARGE increased the phos-
phorylated AKT and ERK in PC3-H cells (Fig. 4D and Fig. S6D).
Moreover, the phosphorylation of ERK and AKT was much
lower in tumors derived from PC3-H and PC3-L/�3GnT1 cells
than in those derived from PC3-L and PC3-L/Mock cells (Fig.
S6C). These results indicate that functionally glycosylated �-DG
attenuates the downstream activation of integrin-mediated sig-
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nals, most likely through sequestering MEK from active ERK at
focal adhesions as previously suggested (32).

Binding of Glycosylated �-DG to the ECM Ligand Is Required for
Antimigratory Activity. To analyze whether �3GnT1-regulated lami-
nin-binding glycans have a more general role in cell migration, we
examined the expression of transcripts for 8 glycosyltransferases in
various prostate and breast carcinoma cells. In contrast to higher
levels of �3GnT1 expression in low-migratory PWR-1E, T47D, and
MCF7 cells, markedly reduced expression of �3GnT1 was detected
for highly migratory LNCap, PC3, MDA-MB-231, and MDA-MB-
435 cells (Fig. S7A). The expression level of �3GnT1 correlates with
the amount of laminin-binding glycans in all the cells tested, as seen
in Fig. 1A. siRNA-mediated down-regulation of �-DG or �3GnT1
significantly increased the migratory potential on both laminin-111
and fibronectin for all the laminin-binding glycan-positive cells
tested (Fig. S7B). Transfection of breast carcinoma MDA-MB-435
cells with �3GnT1 restored the laminin-binding glycan presenta-
tion, resulting in decreased migration on both laminin-111 and
fibronectin (Fig. S7 C and D). Together, these results support our
conclusion on a previously undescribed suppressor function of
�3GnT1 and laminin-binding glycans in carcinoma cell locomotion.

It has been shown that an E3 fragment (globular domains 4
and 5) and globular domains 1–3 of laminin �-chain bind to the
laminin-binding glycans on �-DG and integrin, respectively (6,
33). The addition of a laminin-111 E3 fragment attenuated the
migration of the laminin-binding glycan-positive cell lines PWR-
IE, DU-145, and T47D on laminin-111 and fibronectin (Fig. 4E).
This attenuation was associated with the decrease in ERK
phosphorylation in these cells (Fig. 4E, Bottom and Fig. S6E). By
contrast, the laminin-111 E3 fragment had no effect on migra-
tion on both laminin-111 and fibronectin or on phosphorylation
of ERK for MDA-MB-231 cells (Fig. 4E), which lack laminin-
binding glycans. Combined, these results indicate that binding of
�-DG glycans to laminin, and most likely to perlecan and agrin,
counteracts the signals initiated by integrin binding to extracel-
lular molecules (Fig. 5).

In conclusion, our study demonstrates a critical role of
�3GnT1 in attenuating cancer cell locomotion by regulating the
synthesis of laminin-binding glycans on �-DG and possibly on
other glycoproteins. The previously undescribed tumor suppres-
sor function of a carbohydrate significantly extends our under-
standing of the roles of glycosylation in pathogenesis over
previous findings (34). Further studies will be important to
determine if overexpression of �3GnT1 in vivo leads to control
of tumor growth in animal models and patients.

Materials and Methods
Details on reagents, cell culture, and tissue specimens; cloning, mutation, and
RT-PCR analyses; cell sorting, immunofluorescence, and immunohistochemis-
try; siRNA-mediated knockdown; cell proliferation assay; colony formation
assay; cell adhesion assay; wound healing assay; laminin-binding assay; inva-
sion and migration assays; orthotopic tumor formation assay; immunopre-
cipitation and immunoblotting; expression of laminin-binding glycans in CHO
mutant Lec15 cells; and statistical analysis can be found in SI Materials and
Methods.
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