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Background: The biosynthetic pathway for the ligand-binding moiety of �-dystroglycan, defects in which cause dystrogly-
canopathy, remains unclear.
Results: The phosphodiester-linked moiety on O-mannose is absent in dystroglycanopathy models and in wild-type lung and
testis.
Conclusion: Post-phosphoryl modification is a key determinant of the functional expression of �-dystroglycan as a laminin
receptor.
Significance: This work expands our understanding of the molecular mechanism of a unique post-translational modification.

�-Dystroglycan (�-DG) is a membrane-associated glycopro-
tein that interacts with several extracellular matrix proteins,
including laminin and agrin. Aberrant glycosylation of �-DG
disrupts its interaction with ligands and causes a certain type of
muscular dystrophy commonly referred to as dystroglycanopa-
thy. It has been reported that a uniqueO-mannosyl tetrasaccha-
ride (Neu5Ac-�2,3-Gal-�1,4-GlcNAc-�1,2-Man) and a phos-
phodiester-linked modification on O-mannose play important
roles in the laminin binding activity of �-DG. In this study, we
use several dystroglycanopathy mouse models to demonstrate
that, in addition to fukutin and LARGE, FKRP (fukutin-related
protein) is also involved in the post-phosphoryl modification of
O-mannose on �-DG. Furthermore, we have found that the gly-
cosylation status of�-DG in lung and testis isminimally affected
by defects in fukutin, LARGE, or FKRP. �-DG prepared from
wild-type lung- or testis-derived cells lacks the post-phosphoryl
moiety and shows little laminin-binding activity. These results
show that FKRP is involved in post-phosphoryl modification
rather than in O-mannosyl tetrasaccharide synthesis. Our data
also demonstrate that post-phosphoryl modification not only
plays critical roles in the pathogenesis of dystroglycanopathy

but also is a key determinant of �-DG functional expression as a
laminin receptor in normal tissues and cells.

Dystroglycan (DG),2 a cell surface receptor for several extra-
cellularmatrix proteins, plays important roles in various tissues
(1). DG consists of a heavily glycosylated extracellular� subunit
(�-DG) and a transmembrane � subunit (�-DG). �-DG and
�-DG are encoded by a single gene and post-translationally
cleaved to generate the two subunits (2). �-DG binds to extra-
cellular proteins such as laminin, agrin, perlecan, neurexin, and
pikachurin (2–7). �-DG anchors �-DG at the cell surface and
binds intracellularly to dystrophin, which in turn binds to the
actin cytoskeleton. Thus,�/�-DG functions as amolecular axis,
connecting the extracellular matrix with the cytoskeleton
across the plasma membrane (1).
O-Glycosylation of �-DG is necessary for its interaction with

ligands, and genetic disruption of the glycosylation pathway for
DG is associated with a group of muscular dystrophies known
as “dystroglycanopathy” (8–10). Six genes (POMT1, POMT2,
POMGnT1, fukutin, FKRP, and LARGE) have been identified as
causative genes for dystroglycanopathy. A common biochemi-
cal characteristic of these disorders is abnormal glycosylation
and reduced laminin-binding activity of �-DG; however, the
precise glycan structure required for�-DG ligandbinding is not
completely determined. Two unique O-mannosyl modifica-
tions have been identified in �-DG: an O-mannosyl tetrasac-
charide (Neu5Ac-�2,3-Gal-�1,4-GlcNAc-�1,2-Man) (11), and
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a phosphodiester-linked branch structure present at the C6
hydroxyl residue of O-mannose (12). The O-mannosyl tetrasa-
ccharidewas first identified onperipheral nerve�-DG (11). The
initial mannose transferred to Ser/Thr residues on the �-DG
polypeptide backbone is catalyzed by the POMT1/POMT2
complex (13). Mutations in POMT1 and POMT2 were origi-
nally identified as causative forWalker-Warburg syndrome (14,
15). POMGnT1, established as a causative gene formuscle-eye-
brain disease, encodes a glycosyltransferase that transfers
GlcNAc toO-mannose on �-DG (16). In these disorders, �-DG
lacks laminin-binding activity (17); therefore, the tetrasaccha-
ride plays an important role in the post-translational matura-
tion of �-DG as a laminin receptor. On the other hand, recent
studies have suggested that the Neu5Ac-�2,3-Gal-�1,4-
GlcNAc branch on O-mannose per se is not likely the laminin-
binding glycan of �-DG (12, 18).

fukutin was originally identified as the causative gene for
Fukuyama-type congenital muscular dystrophy (19), and FKRP
was identified as the causative gene for both MDC1C (congen-
ital muscular dystrophy type 1C ) (20) and LGMD2I (limb-gir-
dle muscular dystrophy type 2I) (21). The precise function of
fukutin and FKRP is still uncertain. Mutation of LARGE causes
muscular dystrophy in the spontaneous Largemydmousemodel
(22) and in human congenital muscular dystrophy type 1D (23).
Recently, a phosphodiester-linked modification on an O-man-
nose was identified (12). It was shown that �-DG in fukutin-
mutated Fukuyama-type congenital muscular dystrophy and
Largemydmuscle cells exhibits defective post-phosphoryl mod-
ification on the O-mannose, suggesting that this phosphory-
lated branch serves as the laminin-binding moiety. To explore
the role of phosphorylated O-mannose in functional �-DG
ligand-binding and in other forms of dystroglycanopathy, we
have investigated �-DG glycosylation in several dystroglycano-
pathy mouse models.

EXPERIMENTAL PROCEDURES

Cell Culture—TM3 and CHL cell lines were purchased from
European collection of cell cultures and the RIKEN BioRe-
source Center, respectively. TM3 cells were cultured in Ham’s
F12/DMEM (1:1) containing 5% horse serum and 2.5% fetal
bovine serum. CHL cells were cultured in DMEM containing
10% fetal bovine serum. Expression vectors for LARGE were
constructed by cloning human LARGE with a V5 tag into
pcDNA vectors (24). Transfection was carried out using Lipo-
fectamine 2000 (Invitrogen) for CHL and TM3 cells according
to the manufacturer’s instructions. Transfected cells were
grown at 37 °C and harvested at 48 h after transfection. The
transfected cells were solubilized in TBS with 1% Triton X-100.
Samples were centrifuged at 15,000 rpm for 10 min at 4 °C.
Supernatants were collected, and protein concentrations were
measured by Lowry methods, using BSA as a standard.
Animals—Largemyd mice were obtained from The Jackson

Laboratory. Generation of FKRP-neo-P448L knock-in mice,
Hp/� mice, and POMGnT1-deficient mice has been described
previously (25–27). Mice were maintained in accordance with
the animal care guidelines of Kobe University. All animal stud-
ies using FKRP-neo-P448L knock-inmicewere approved by the

Institutional Animal Care and Use Committee of the Carolinas
Medical Center.
Protein Enrichment—Frozen tissue samples were solubilized

in TBS (pH 7.4) with 1% Triton X-100. The solubilized materi-
als were incubated with wheat germ agglutinin beads, and the
DG-enriched fraction was then eluted with 0.3 M N-acetyl-D-
glucosamine in TBS containing 0.1% Triton X-100. For the
immobilized metal affinity chromatography (IMAC)-binding
assay, aqueous hydrofluoric acid (HFaq) treatment, and degly-
cosylation assay, the DG-enriched fractions were diluted in
0.25% CHAPS/water (w/v) and then desalted and concentrated
using Amicon-ultra filters (Millipore).
IMAC-binding Assay—Samples were diluted in a solution

containing 250 mM acetic acid, 30% acetonitrile, and 0.15%
CHAPS and incubated with PHOS-Select iron affinity gel
(Sigma) at room temperature for 0.5 h. Bound materials were
directly eluted with SDS-loading buffer. Equal ratios of the void
and the bound samples were used for Western blot analysis.
HFaq Treatment—Samples were incubated with 48% aque-

ous hydrofluoric acid (Wako) on ice for 12 h. Control samples
were incubated with water instead of hydrofluoric acid. After
removal of the reagents under a streamof nitrogen gas, residues
were dissolved with SDS-loading buffer for Western blot
analysis.
Deglycosylation Assay—Glycopeptidase F (peptide-N-glyco-

sidase; Wako), �-2 (3, 6, 8, 9) neuraminidase (Calbiochem),
�1–4 galactosidase (New England Biolabs), �-N-acetyl-hexo-
saminidase (Seikagaku Corp.), and O-glycosidase (Roche
Applied Science) were used according to the manufacturer’s
protocol.
Antibodies—Antibodies used for Western blotting were

mouse monoclonal antibody IIH6 against glycosylated �-DG
(Millipore) and goat polyclonal antibody against theC-terminal
domain of the �-DG polypeptide (AP-074G-C) (26).
Laminin and Agrin Overlay Assays—Recombinant mouse

laminin LG4–5 domains of laminin �1 and laminin �2 chains
fused to Fc tags were recovered from the cell culture media
using protein A beads (28). Recombinant agrin was purchased
fromR&DSystems. Laminin and agrin overlay assays were per-
formed as described previously (26).
RT-PCR Analysis—Total RNA was isolated from wild-type

mouse testis and TM3 cells using the RNeasy Plus mini kit
(Qiagen) and converted to cDNA using Superscript III reverse
transcriptase (Invitrogen). The forward and reverse primers
used in gene amplification were as follows: Large (5�-TCAAT-
CTTCTGCGAAACGTG-3� and 5�-TCCAACATTGACAGC-
AGCTC-3�), POMT1 (5�-CGGGTCTCTTGTTCCTGTG-3�
and 5�-AGTGACTGAGCACGCGCATA-3�), POMT2 (5�-
CGGAACCTGCACAGTCACTA-3� and 5�-AATCCGCCAG-
AAGTCATTTG-3�), POMGnT1 (5�-CCAAGGGGTATCTC-
CACAGA-3� and 5�-GGTCCTCTTCCAGAACCACA-3�),
fukutin (5�-CGCACTGCAGTATCACCTGT-3� and 5�-AAG-
TGGATGGCATGAGTGGT-3�), FKRP (5�-CTTCTGTCCC-
GCTTCAGTTC-3� and 5�-AACCAGAGAGAGCCCAGTCA-
3�), �3GnT1 (5�-TTCAATCGAATCAGCCAGGTA-3� and
5�-TCCTCAATTCTCCATCATCCA-3�), GAPDH (5�-CGT-
AGACAAAATGGTGAAGG-3� and 5�-GTTGTCATGGAT-
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GACCTTGG-3�), andDAG1 (5�-ACCAAAGCACCCATCAC-
CAG-3� and 5�-GTTCCCACCCAGGCATCTAC-3�).

RESULTS

Defects of Post-phosphoryl Modification in FKRP-deficient
Mice—To examine whether dystroglycanopathy models share
a commondefect in the post-phosphorylmodification of�-DG,
we performed an IMAC bead-binding assay. IMAC beads bind
to monoester-linked, but not diester-linked, phosphorylated
compounds, and it has been shown that �-DG with defects in
post-phosphoryl modification binds to IMAC beads (12). First,
we used Largemydmice (22), genetically engineered POMGnT1
knock-out mice (27), and transgenic Hp/� knock-in mice car-
rying the retrotransposal insertion in fukutin (26). �-DG in
skeletal muscle tissues from these mutant mice was not prop-
erly glycosylated, as indicated by the loss of reactivity against
the monoclonal antibody IIH6 (Fig. 1, upper panel). The hypo-
glycosylated�-DGhas a lowermolecularweight (MW) that can
only be detected by the DG core antibody (Fig. 1, lower panel).
IIH6 antibody reacts with the laminin-binding glycans present
in �-DG (17). Hypoglycosylated �-DG was captured by the
IMAC beads, indicating that the monoester-linked phosphate
residues do not undergo further modification. A small portion
of�-DGwith aMWof 150,000 in theHp/�mice (Fig. 1, arrow)
did not bind to the IMAC beads and showed reactivity against
the IIH6 antibody, whichmight be due to the residual activity of
fukutin in the Hp/� mice (26). These data support the obser-
vations made in muscle-eye-brain disease and Fukuyama-type
congenital muscular dystrophy patients’ cells and skeletal mus-
cle biopsies (12).
We next examined whether FKRP is also involved in the

post-phosphoryl modification of �-DG. Consistent with previ-

ous observations, �-DG from the skeletal muscle of homozy-
gous FKRP-neo-P448L knock-in mice (FKRP-P448L mice) was
aberrantly glycosylated, as indicated by the loss of IIH6 reactiv-
ity (25). The hypoglycosylated �-DG, showing a lower MW of
90,000 comparedwithwild-type�-DG at 150,000, bound to the
IMAC beads (Fig. 2A, lower panel). In brain tissue, IIH6-posi-
tive �-DG shows a MW of 100,000, whereas hypoglycosylated
�-DG shows a MW of 70,000. As was the case in skeletal mus-
cle, hypoglycosylated �-DG from the homozygous mouse
bound to IMAC beads (Fig. 2A). It has been reported that treat-
ment with cold HFaq cleaves the phosphodiester linker in
�-DG (12). After HFaq treatment, the MW of �-DG was
reduced to�90,000, and �-DG lost IIH6-reactivity (Fig. 2B, left
panel). In contrast to themature�-DG fromheterozygous con-
trols, the hypoglycosylated �-DG from homozygous FKRP-
P448Lmuscle showed almost no change inMWafter the HFaq
treatment (Fig. 2B, right panel). Treatment with several mix-
tures of glycosidase predicted to remove N-glycan, mucin type
O-glycan, and the trisaccharide at the non-reducing end of the
Neu5Ac-�2,3-Gal-�1,4-GlcNAc-�1,2-Man glycan (12, 18)
generated stepwise decreases in the MW of �-DG through
multi-step digestions (Fig. 2C). These results indicate for the
first time that FKRP is involved in the post-phosphoryl modifi-
cation of �-DG rather than in the synthesis of the
Neu5Ac-�2,3-Gal-�1,4-GlcNAc-�1,2-Man glycan. This con-
cept is supported by the previous observation that neither
POMT1/2 nor POMGnT1 activity was reduced in lymphoblast
cells from patients with FKRP mutations (29). Overall, our
results establish and confirm that a defect in post-phosphoryl
modification onO-mannose is a common biochemical charac-
teristic in dystroglycanopathy caused by mutations in LARGE,
POMGnT1, fukutin, and FKRP.
Post-phosphoryl Moiety of �-dystroglycan Is Absent in Lung

and Testis—We have demonstrated that disruption of Large,
fukutin, or FKRP decreases theMWof �-DG in skeletal muscle
and brain due to the lack of post-phosphoryl modification. It is
known that theMWof �-DG and its reactivity to themonoclo-
nal antibody IIH6 vary among different tissues (1, 30). We
hypothesized that the low MW of �-DG in some tissues may
result from the lack of post-phosphorylmodification and/or the
Neu5Ac-�2,3-Gal-�1,4-GlcNAc-�1,2-Man glycan. Several tis-
sues from dystroglycanopathy model mice were therefore
investigated. We found that the decreases in the MW of �-DG
were relatively minor in lung and very scarce in testis from
FKRP-P448L mice and Hp/� mice when compared with litter
controls (Fig. 3A). Minor changes in �-DGMW in the lung and
testis of Large-deficient mice have been also observed else-
where (30), supporting our findings. On the other hand, �-DG
in lung and testis from POMGnT1-deficientmice clearly shows
a lower MW compared with litter heterozygous controls and
other mutant mouse strains (Fig. 3B). These results suggested
that the GlcNAc-�1,2 branch onO-mannose is present in wild-
type�-DG in lung and testis, but post-phosphorylmodification
is absent.
We examined these tissues in wild-typemice using an IMAC

bead-binding assay and HFaq treatment. In Fig. 4A, Western
blot analysis of wild-type tissues showed that�-DG in testis has
a MW of 90,000 and was not recognized by the IIH6 antibody,

FIGURE 1. Defects of post-phosphoryl modification in the dystroglycano-
pathy models. �-DG-enriched samples from skeletal muscle of wild-type,
Largemyd, POMGnT1-deficient, and fukutin-deficient Hp/� mice were sub-
jected to IMAC beads. The void (v) and bound (b) fractions were collected. An
arrow indicates the IIH6-positive intact �-DG in the Hp/� mice. An asterisk
indicates a background signal that is not specific for IIH6 antibody.
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and that lung �-DG consists of two major detectable popula-
tions (IIH6-positive � 100,000, minor form, arrow; IIH6-nega-
tive � 100,000, major form, arrowhead). Both testis and lung
IIH6-negative �-DG were found to bind to IMAC beads, in
contrast with IIH6-positive �-DG in skeletal muscle, brain,
liver, and lung (Fig. 4A). Furthermore, HFaq treatment reduced
the MW of �-DG to �75,000 in wild-type skeletal muscle,
brain, and liver. On the other hand, the MW shift observed in
testis �-DG and IIH6-negative lung �-DG was relatively minor
following HFaq treatment (Fig. 4B). These data indicate the
absence of post-phosphoryl modification on �-DG in some
wild-type tissues. Ligand overlay assays showed that IIH6-pos-
itive �-DGs in skeletal muscle, brain, and lung bound to the
ligand proteins laminin �1, �2, and agrin, whereas IIH6-nega-
tive �-DG in testis and lung did not bind to these ligands (Fig.
5). Altogether, these data confirm that IIH6-reactivity and
laminin-binding activity in �-DG are associated with post-
phosphoryl modification.
Because lung and testis tissues contain heterogeneous cell

types, we also examined the established cell lines CHL (lung
epithelial cells derived from Chinese hamster) and TM3 (Ley-
dig cells derived from mouse testis). Both CHL and TM3 cells
showed detectable amounts of endogenous �-DG using the
core antibody, but they did not react with IIH6 (Fig. 6,A andD).
RT-PCR analysis showed that known genes (Large, POMT1,
POMT2, POMGnT1, fukutin, FKRP, and �3GnT1) involved in
�-DG glycosylation were expressed in TM3 cells (Fig. 6B).
�3GnT1 has been reported to be required for laminin-binding
glycan synthesis through formation of a complex with LARGE
(31). We did not examine expression in CHL cells because
the sequences of these genes have not yet been determined in
the hamster. Endogenous �-DG in CHL and TM3 cells
bound to IMAC beads (Fig. 6A). HFaq treatment resulted in
almost no change in the MW of �-DG in both CHL and TM3
cells (Fig. 6C), as was similarly seen in lung and testis tissues
(Fig. 4B). Following sequential digestion with glycosidases,
�-DG in both CHL and TM3 cells showed stepwise reduc-
tions in MW (Fig. 6D). These data suggest that the post-
phosphoryl modification is absent from IIH6-negative �-DG
in CHL and TM3 cells.

DISCUSSION

In the present study, we demonstrate for the first time that
FKRP is involved in post-phosphoryl modification on O-man-
nose of �-DG. We also show that even in wild type, �-DG in
certain tissues such as lung and testis lacks the post-phosphoryl
modification.
Abnormal glycosylation of �-DG in dystroglycanopathies is

usually determined by a loss of reactivity against monoclonal
antibodies VIA4–1 or IIH6.Mutations in the POMT1/POMT2
complex result in O-mannosylation defects (13–15); therefore,
O-mannosyl phosphorylation does not occur. �-DG in cells
with mutations in Large, fukutin, or POMGnT1 does not
undergo furthermodification fromphospho-mannose residues

FIGURE 2. Defects of post-phosphoryl modification in the FKRP-deficient
disease model. A, IMAC bead-binding assay for FKRP-deficient mice. �-DG
enriched samples from skeletal muscle and brain of FKRP-P448L homozygous
(homo) and litter control heterozygous (hetero) mice were tested for binding
to IMAC beads. The void (v) and bound (b) fractions were collected. B, chem-
ical dephosphorylation of �-DG from FKRP-deficient mice. �-DG enriched
samples from skeletal muscle of FKRP-P448L homozygous (homo) and litter
control heterozygous (hetero) mice were treated with HFaq. *, these bands
are not likely derived from �-DG because they are not recognized by antibod-
ies against the �-DG core protein. C, enzymatic deglycosylation of �-DG from
FKRP-deficient mice. �-DG-enriched samples from skeletal muscle of FKRP-
P448L homozygous mice were digested with glycosidase mixtures (peptide-
N-glycosidase (PNGase F), neuraminidase, �1– 4 galactosidase/�-N-acetyl-
hexosaminidase, and O-glycosidase). Following the IMAC bead-binding

assay, HFaq treatment, and enzymatic digestions, the samples were analyzed
by Western blot, using antibodies against the �-DG core protein (Core) or the
functionally glycosylated form (IIH6). v, void fraction; b, bound fraction.

�-Dystroglycan in FKRP Mutants

MARCH 16, 2012 • VOLUME 287 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 9563



(12). Our data add new evidence that mutations in FKRP also
result in the absence of the post-phosphoryl moiety. It remains
unclear how defects in Large, fukutin, POMGnT1, or FKRP all
result in the same loss of the post-phosphoryl modification. A
possible explanation is that these proteins may form a complex
or be sequentially activated to create the post-phosphoryl moi-
ety. POMGnT1 catalyzes GlcNAc transfer to O-mannose, and
thus, it may not have direct involvement in the synthesis of the
post-phosphoryl structure; however, the defects in post-phos-
phoryl modification in POMGnT1-deficient cells or tissues,
shown here and in another study (12), indicate that the
GlcNAc-�1,2 branch on O-mannose might provide favorable
circumstances for the post-phosphorylmodification. Together,
these studies have suggested that recognition by IIH6 requires
at least the post-phosphoryl structure on O-mannose.
The range of �-DG molecular size and its reactivity to the

monoclonal antibody IIH6 varies widely among different tis-
sues. This has been thought to result from tissue-specific gly-
cosylation on�-DG (1, 30). Our results indicate that post-phos-
phoryl modification is tissue-specific and thus suggest that the
difference is largely determined by the extent and/or the pro-
portion of post-phosphoryl modification. In light of the lack of
post-phosphoryl modification in normal tissues such as lung
and testis, even in the presence of transcripts of all known genes
responsible for �-DG glycosylation, possible explanations are
that theymay not be properly translated; their protein products
may be inactive (e.g. improper cellular location and lack ofmod-
ification); or protein levels are not sufficient for �-DG glycosyl-
ation. Another possibility is that there could exist other yet-
to-be identified mechanisms for �-DG modification, for
example, a negative regulator, or novel genes. Supporting this
idea, a large-scale genetic study has indicated that almost half of
dystroglycanopathy cases can be explained by unidentified dis-
ease-causative genes or factors (32). Some of these cases might

be caused bymutations in unidentified disease-causative genes,
whose products are involved in post-phosphoryl modification,
and such genes might not be expressed in wild-type tissues
lacking post-phosphoryl modification of �-DG. This situation
is exemplified in studies using cancer cells. It has been reported
that several malignant cancer cell types lose the laminin-bind-
ing glycan of �-DG due to epigenetic down-regulation of
LARGEor defects in the LARGE-binding protein�3GnT1, rais-
ing the possibility of defects in post-phosphorylmodification of
�-DG in those cells (31, 33).

Reduction or loss of IIH6 reactivity can be rescued by forced
expression of LARGE (34, 35). It has been shown that exoge-
nously expressed LARGE can overcome defects in the laminin-
binding activity of �-DG in fukutin- or POMGnT1-deficient
cells or tissues (26, 34). On the other hand, if cells lack a gene
that acts via direct interaction with LARGE, such as �3GnT1,
forced expression of LARGE would fail to produce IIH6 reac-
tivity (31).We observed that forced expression of LARGE could
produce IIH6 reactivity inCHLcells, and newly produced IIH6-
reactive �-DG no longer bound to IMAC-beads (supplemental
Fig. 1). The effect of LARGE overexpression on �-DG glycosyl-
ation was also observed in TM3 cells. These data indicate that
CHL and TM3 cells might lack gene activity that is involved in
the post-phosphoryl modification, but such defects can be
compensated by overexpression of LARGE.
Our results also raised a question about the function of the

non-laminin-binding form of�-DG. It is generally thought that
�-DG function relies on its glycosylation-dependent laminin-
binding activity; on the other hand, several studies have sug-
gested that dystroglycan possesses functions beyond that of a
laminin receptor. The N-terminal domain of �-DG, which can
be shed from the core protein into the extracellular space and
body fluid (36), has been shown to promote neurite extension in
PC 12 cells, suggesting that it has a biological function (37).

FIGURE 3. �-DG in lung and testis from dystroglycanopathy models. A, �-DG was enriched from lung and testis of wild-type, Largemyd, FKRP-P448L
heterozygous or homozygous mice, and knock-in mice with a human retrotransposal allele and an intact mouse fukutin allele (Hp/�) or fukutin-deficient mice
(Hp/�), and then analyzed by Western blot. B, the molecular weight of �-DGs from lung and testis of POMGnT1-deficient mice (POMGnT1�/�) was compared
with those of litter heterozygous mice (POMGnT1�/�) and Large-deficient mice (Largemyd/myd).
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�-DG might have ligand proteins that do not require O-man-
nosyl modification; for example, a chondroitin sulfate pro-
teoglycan biglycan has been shown to interact with protein core
of the�-DGC-terminal domain in a glycosylation-independent

manner (38). DG is also thought to serve as a signalingmolecule
(39). For example, the cytoplasmic tail of �-DG interacts with
several signaling molecules, including caveolin-3, Grb2, and
mitogen-activated protein (MAP) kinase kinase 2 (40).
Although the significance of these interactions is not well
understood, it is possible thatDG serves as a scaffold to position
interacting proteins at their proper cellular location (9, 41).
Taken together, these observations suggest that the presence of

FIGURE 4. Absence of post-phosphoryl modification in wild-type lung
and testis. A, IMAC bead-binding assays for �-DG from wild-type tissues.
�-DG-enriched samples from skeletal muscle (skm), brain, liver, lung, and tes-
tis of C57BL/6 mice were tested for binding to IMAC beads. The void (v) and
bound (b) fractions were collected. The arrow indicates the IIH6-positive pop-
ulation of lung �-DG. The arrowhead indicates the IIH6-negative fraction of
lung �-DG bound to beads. An asterisk indicates a background signal that is
not specific for IIH6 antibody. B, chemical dephosphorylation of �-DG from
wild-type tissues. �-DG-enriched samples from skeletal muscle (skm), brain,
liver, lung and testis of C57BL/6 mice were treated with HFaq and then ana-
lyzed by Western blot using anti-DG core antibody.

FIGURE 5. Ligand-binding assays for lung and testis �-DG. Ligand binding
(laminin �1, �2, and agrin) was assessed in �-DG-enriched samples from skel-
etal muscle (skm), brain, lung, and testis using ligand overlay assays.

FIGURE 6. Absence of post-phosphoryl modification of �-DG in CHL and
TM3 cells. A, IMAC bead-binding assays for �-DG from CHL cells and TM3
cells. �-DG-enriched samples from CHL and TM3 cell lysates were tested for
binding to IMAC beads. The void (v) and bound (b) fractions were collected.
B, RT-PCR analysis of TM3 cells. RT-PCR analysis was performed to detect tran-
scripts encoding proteins implicated in �-DG glycosylation. C, chemical
dephosphorylation of �-DG from wild-type tissues. �-DG-enriched samples
from CHL and TM3 cell lysates were treated with HFaq. D, enzymatic deglyco-
sylation of �-DG from CHL and TM3 cells. �-DG-enriched samples from CHL
and TM3 cells were digested with glycosidase mixtures (peptide-N-glycosi-
dase (PNGaseF), neuraminidase, �1– 4 galactosidase/�-N-acetyl-hexosamini-
dase, and O-glycosidase). Following the IMAC bead-binding assay, HFaq
treatment, and enzymatic deglycosylation, the samples were analyzed by
Western blot, using antibodies against the �-DG core protein (Core) or the
functionally glycosylated form (IIH6).
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DG without post-phosphoryl modification could be function-
ally important in various tissue types.
Future work to determine the molecular structure of the

post-phosphoryl moiety, and to identify genes involved in its
biosynthesis, will contribute to understanding the biological
basis of this unique post-translational modification and disease
pathogenesis. Our present data contributes to the foundation
for such research. Recently, it has been shown that LARGE can
act as a bifunctional glycosyltransferase, with both xylosyltrans-
ferase and glucuronyltransferase activities (42). Involvement of
these activities in the post-phosphorylmodification also should
be clarified in the future.
Overall, our results indicate that phosphorylatedO-mannose

not only plays critical roles in the pathogenesis of dystrogly-
canopathy but also is a key determinant in the maturation of
�-DG as a laminin receptor in normal tissues and cells.
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